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One-dimensional (1D) nanostructured materials, including
nanotubes, nanofibers, and nanowires, have attracted much
attention due to their interesting properties and wide range of
potential applications. Considerable research has been con-
ducted on new routes to controllable synthesis of 1D nanoma-
terials. The unique properties of as-obtained 1D nanomateri-
als can lead to applications in various fields such as electron-
ics, magnetism, optics, and catalysis. Therefore, researchers
working in the 1D nanomaterials are constantly striving to
develop new fundamental science as well as potential appli-
cations. The importance of a platform that allows active
researchers in this field to present their new development in
a timely and efficient manner is, therefore, necessary.

This special issue focuses on the recent progress in pro-
duction techniques, novel properties, and applications of var-
ious 1D nanomaterials including oxides/metals/nitrides with
1D nanostructures, carbon nanotubes, and nanofibers.

A total of 11 articles are presented in the current issue
and they are all research papers. They involve spin transport
properties of AlN nanowires, photoluminescence of ZnO
nanorods, heating efficiency of iron nanowires, optical prop-
erties and thermal stability of poly(vinyl alcohol) composite
nanofibers, electrical properties of half-doped manganite sin-
gle nanowire, carbon nanotube yarns, and pristine and func-
tional single-wall carbon nanotubes. Production techniques
include a hydrothermal reaction, reducing method, chemical
vapor deposition, spinning method, and microemulsion sys-
tem. Carbon nanotubes have attracted most research interest,
maintaining their comfortable leading positions.

We are pleased to see the progress in synthesis and prop-
erties of 1D nanomaterials. We hope that this special issue
will promote further development of large-scale economi-
cally feasible 1D nanomaterial-making technologies and also
contribute to their wide use.
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Electrospinning was used to elaborate poly(vinyl alcohol) (PVA) nanofibers in the presence of embedded multiwall carbon
nanotubes (MWCNTs) in surfactant and polymer. MWCNTs were dispersed in aqueous solution using both sodium dodecyl
sulfate (SDS) as surfactant and Poly(vinyl pyrrolidone) (PVP). Changing the surfactant and polymer concentration reveals that the
maximum dispersion achievable is corresponding to the mass ratios MWCNTs : SDS—1 : 5 and MWCNTs : SDS : PVP—1 : 5 : 0.6
in the presence of the PVP. After the optimization of the dispersion process, the SEM image of the PVA/PVP/SDS/MWCNTs
electrospun fibers presents high stability of the fibers with diameter around 224 nm. Infrared spectroscopy and thermal gravimetric
analysis elucidate the type of interaction between the PVA and the coated carbon nanotube. The presence of PVP wrapped carbon
nanotubes reduced slightly the onset of the degradation temperature of the electrospun nanofibers.

1. Introduction

Electrospun nanofibers present an exciting avenue for devel-
opment of novel nanomaterials with well-defined function-
alities which have attracted researchers’ interest. Because
of their unique physical, chemical properties and a spe-
cific surface approximately two order larger than flat films,
nanofibers have great potential use in sensors [1–3], filtration
for bacteria, medical applications, tissue scaffolding [4–8],
textile fabric [9], and other applications in nanoscience
and nanotechnology. Due to their electronic, mechanical,
and thermal properties, CNTs enjoy an incomparable status
in the panoply of nanomaterials finding large range of
applications in composites. However, the fabrication of high
quality polymer-CNTs nanocomposites with predictable and
optimal performance requires homogenous dispersion of the
CNTs in polymer matrix. This is a challenging task for their

utilization due to the highly nonwetting character of CNTs
surface and strong tendency to form bundles by van der
Waals attractive forces. Currently, different approaches are
used to disperse CNTs, such as covalent or noncovalent
functionalization. From the nondestructive point of view, in
situ polymerization, polymers, and also surfactants are used
to obtain homogenous CNTs dispersion in various solvents or
matrices [10–12]. A series of cationic, anionic, and nonionic
surfactants and polymers have been studied for their ability to
suspend individual CNTs [13, 14]. The present work confronts
the dispersion assisted by surfactant as well as polymer. In
the first step, we investigate the dispersion of MWCNTs in
aqueous solution using SDS as an anionic surfactant. Differ-
ent concentrations of SDS compared to those of MWCNTs
were used, and the second step consisted in improving the
dispersion and it is stabilization while using the PVP. After the
optimization of the dispersion of MWCNTs, we elaborated
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the nanocomposite fibers via electrospinning process. The
optical properties and thermal stability of the electrospun
nanofibers will be presented.

2. Experimental

2.1. Materials. Poly(vinyl alcohol) (Mw: 70000, 99% hydro-
lyzed), poly(vinyl pyrrolidone), and sodium dodecyl sulfate
were purchased from Sigma Aldrich. Multiwall carbon nan-
otubes (CCVD method, purity >95%, outer mean diame-
ter 10–15 nm, and length 0.1–10 𝜇m) were purchased from
Arkema France.

2.2. Dispersion of MWCNTs. In a typical dispersion proce-
dure, two steps were realized in order to achieve better dis-
persion in the one hand and for preparing three suspensions
of MWCNTs. The anionic surfactant SDS, NaC12H25SO4,
is first used for the exfoliation of the CNTs by varying
the concentration to 10 wt% of MWCNTs aqueous solution.
It can penetrate easily inside the aggregates of MWCNTs,
and it was useful for improving the dispensability. After the
characterization with the UV-Vis spectroscopy, the solution
with the ratio 1 : 5 of MWCNTs : SDS was chosen. However,
this surfactant does not prevent individual nanotubes from
agglomeration after sonication process. In order to achieve
better stabilization of the dispersion, different amounts of the
nonionic PVP (C6H9ON)𝑛 which possesses both hydrophilic
and hydrophobic groups have been added to this solution to
further improve the dispersion. The temperature was around
room temperature, and all solutions were ultrasonicated for
60 min. Moreover, rings in PVP contain a proton accepting
carbonyl moiety, while PVA presents hydroxyl groups as
side groups. Indeed, interactions by hydrogen bonding can
be expected between hydroxyl groups of PVA and carboxyl
groups of PVP.

2.3. Preparation of PVA/MWCNTs/SDS/PVP Nanofibers.
PVA was dissolved in warm water by heating at 80∘C under
a continuous slight stirring for 2 h to prepare PVA solution
with the desired concentration. The PVP/SDS/MWCNTs
suspension was added to an aqueous solution of PVA to
obtain a final solution of 12 wt% PVA and 0.3 wt% of
MWCNTs. The solution of PVA/MWCNTs/SDS/PVP was
briefly sonicated and stirred to remove trapped air bubbles
and for effective mixing prior to electrospinning. After the
complete homogenization of the nanocomposite, the solution
was poured into the syringe. A voltage of 15 Kv was applied to
the solution, and the solution jet emerging from the needle
was collected on the stationary electrode (Figure 1).

2.4. Characterization. The dispersions of MWCNTs in the
surfactant and polymer were characterized using UV-visible

spectrophotometer—Cecil 2000 series which cover the full
190–1000 nm wavelength range with a narrow 1.8 nm optical
bandwidth. The baseline correction was carried out using a
quartz cuvette.

High voltage supply

Nanocomposite solution

Taylor cone

Nanofiber formation

Nanofiber mat

Collector

+

−

Taylor cone

Nanofiber formation

Nanofiber mat

Figure 1: Scheme of the electrospinning process.

The morphology of electrospun nanofibers and their aver-
age diameter were characterized using environmental scan-
ning electronic microscopy (ESEM) equipped with sonde
EDAX for the surface microanalysis.

An analysis was carried out by ATR using PerkinElmer,
Spotlight 400 FTIR Imaging system, while thermal analysis
was accomplished using SETSYS Evolution.

3. Results and Discussion

3.1. Ultraviolet-Visible Spectroscopy. It has been demonstrated
that carrier dynamics in carbon nanotubes bundles are dom-
inated by the tunnel coupling between carbon nanotubes.
These bundled carbon nanotubes are not active in the UV-
Vis region and only individual carbon nanotubes absorb in
the UV-Vis region [15]. Here, we describe combination of two
concepts for dispersing MWCNTs by using SDS as surfactant
and PVP.

To disperse MWCNTs, both maintaining stabilization
and intrinsic properties of carbon nanotubes are required. We
used the ionic surfactant to disperse MWCNTs because it is
known to disperse them in aqueous solution via noncovalent
method without affecting MWCNTs properties [16]. Since
SDS molecules have featureless absorbance in the region, we
were interested in this work. The mechanism of MWCNTs
dispersion according to the duration and power of sonication
has been studied by other researchers [15].

To obtain better dispersion, the solutions were resounded
after the variation of the mass of SDS compared to that of the
MWCNTs using the same conditions of sonication during all
experiments.

The UV-Vis absorbance spectra (Figure 2(A)) show the
prepared MWCNTs dispersion with different amounts of
SDS. The MWCNTs have characteristic absorption peak
around the wavelength of 290 nm corresponding to the
intrinsic optical properties of graphite [17] and will thus be
present in MWCNTs. Unlike optical transitions in a particle,
the carbon nanotubes present different collective excitations
of electrons, called 𝜋-plasmon, which involve the electron
orbitals 𝜎 and exist at much higher energy. Since the size of
carbon nanotubes is less than the wavelength of excitation in
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Figure 2: (A) UV-Vis optical absorbance spectra of aqueous solution of MWCNTs with different concentrations of SDS. (B) UV-Vis optical
absorbance spectra of aqueous solution of MWCNTs-SDS with different concentrations of PVP.

the UV-Vis, there is a movement phase of the charge density
and charge accumulation at the surface, and therefore 𝜋-
plasmon carbon nanotubes can be coupled with light. But
the distribution of charges at the surface of carbon nanotubes
is not in mechanical equilibrium and oscillates around the
equilibrium position. The plasmon resonance corresponds to
a strong increase in absorption at the resonant frequency.
Indeed, when we reduced the mass of SDS compared to that
of MWCNTs which was fixed at 1 mg, from 50 mg to 5 mg of
SDS, the intensity of absorbance was significantly increased,
and the best absorbance was achieved for the mass ratio of
MWCNTs : SDS—1 : 5.

To study the effect of the PVP on the dispersion of
MWCNTs in the presence of SDS, we have taken the same
quantities used for the MWCNTs : SDS, 1 : 5, which gave the
best dispersion, and different amounts of PVP were added.
All suspensions of MWCNTs-SDS-PVP were prepared in the
same conditions as the previous suspensions.

The UV-Vis spectra of all suspensions (Figure 2(B)) show
that when the mass of PVP increased from 0.04 mg to 0.6 mg
compared to the mass of MWCNTs : SDS—1 : 5 the solutions
absorbance has improved considerably and the characteristic
absorbance band of the MWCNTs is shifted to higher wave-
lengths. This redshift can be explained by the improvement
of the density fluctuations of 𝜋-plasmon of internal and
external surfaces of MWCNTs [18]. So, we can deduce that
the dispersion of MWCNTs is enhanced with the addition of
the PVP until a certain threshold. For the mass increasing
from 0.6 mg to 1.2 mg, the absorbance is found to saturate
with even a slight drop. These optimized concentrations were
used for the solutions used in electrospinning process.

3.2. SEM Analysis. The characteristics of the fibrous struc-
tures produced via the electrospinning process were observed
by SEM micrograph.

Nanofibers diameter and morphology can be controlled
by several processing parameters including solution viscos-
ity (as controlled by changing the polymer concentration),
voltage, feed solution conductivity, and capillary-to-collector
distance. In addition, the spinning process is expected to
align CNTs or their bundles along the fiber direction due to
combination of dielectrophoretic forces caused by dielectric
or conductivity mismatch between the CNTs and the polymer
solution and high shear forces induced by spinning.

The selected SEM representative images (Figure 3)
show the as-spun PVA (Figure 3(a)), PVA/SDS/MWCNTs
(Figure 3(b)), and PVA/SDS/PVP/MWCNTs (Figure 3(c))
fibers deposited on the glass substrate at 20 000x
magnification. The treatment of the images with Image
J software shows that the diameter average was varying from
230 nm for the pure PVA to 210 nm for PVA/SDS/MWCNTs.
The decrease of the fibers diameter indicates that the
incorporation of the MWCNTs into the fibers increases
the conductivity of the matrix solution, which favors the
stretching of the solution under electric field during the
electrospinning. Furthermore, for PVA/SDS/PVP/MWCNTs
composite nanofibers, the fibers diameter decreases to be
224 nm due to the increase of solution viscosity. It should be
noted that the fibers structures were completely stabilized
and any beads were observed.

3.3. FTIR Spectroscopy. To determine the interaction between
PVA, MWCNTs, and PVP, FTIR measurements of pure PVA,
PVA/SDS/MWCNTs, and PVA/SDS/PVP/MWCNTs fibers
were conducted.

The FTIR spectrum of pure PVA fibers (Figure 4(a))
shows the main characteristic bonds as follows.

The C–H stretching vibration is observed at 3283 cm−1.
The symmetric and antisymmetric –CH2 vibrations appear

at, respectively, 2940 cm−1 and 2912 cm−1. The peaks located
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Figure 3: SEM images of PVA fibers (a), PVA/SDS/MWCNTs (b). and PVA/SDS/PVP/MWCNTs (c).
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Figure 4: FTIR spectra of PVA (a), PVA/SDS/MWCNTs (b), and
PVA/SDS/PVP/MWCNTs (c).

at 1417 cm−1 and 1330 cm−1 are attributed to the –CH defor-
mation vibration. At 1089 cm−1, we observe a characteristic
peak of C–O stretching vibration. In addition, the peak of O–

H stretching vibration appears at 919 cm−1 [19, 20].

Compared to the PVA spectrum (Figure 4(a)), it could
be observed that any additional band was observed in the
PVA/SDS/MWCNTs spectra (Figure 4(b)). This indicates

that any covalent bond was created between PVA and
MWCNTs coated with SDS. Consequently, we confirmed
that MWCNTs were dispersed in the PVA via noncovalent
functionalization.

Concerning the PVA/SDS/PVP/MWCNTs nanocompos-
ite fibers, the FTIR spectra of the fibers (Figure 4(c)) showed

a characteristic peak of PVP at 1423 cm−1 which is assigned

to the deformation of CH2 in PVP. The shoulder at 1594 cm−1

is characteristic of C=C (aromatic) and C–N stretching. The

additional peak located at 1654 cm−1 is assigned to the C=O
vibration [21–23]. The appearance of this band is due to the
interaction of MWCNTs with PVP.

3.4. Thermal Analysis. Thermal gravimetric analysis (TGA)

was carried out at a heating rate of 10∘C⋅min−1 in nitrogen
atmosphere.

The thermal decomposition of the three samples was
multistage processes; it exhibits two degradation steps. In
the first region, as can be seen, the three samples dis-
played a similar behavior with degradation temperature
close to 240∘C. In fact, the degradation of isobutyl groups
[24, 25] was located at about 246∘C for the neat PVA
fibers (Figure 5(a)). This temperature was decreased slightly
for the PVA/SDS/MWCNTs fibers (Figure 5(b)) to be 239∘C,
and the shift is due to the presence of SDS in the bulk PVA
polymer matrix [26], while the PVA/SDS/PVP/MWCNTs
fibers (Figure 5(c)) degradation temperature was decreased
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Table 1: TGA results of weight loss of pure PVA, PVA/SDS/MWCNTs, and PVA/SDS/PVP/MWCNTs fibers.

Pure PVA fibers PVA/SDS/MWCNTs fibers PVA/SDS/PVP/MWCNTs fibers

Temperature (∘C) 246.5 408.9 239.8 413 242.7 396

Weight loss (%) 70 17 63.5 18.7 43.7 14

from 246∘C to 242∘C compared to the pure PVA fibers.
This change reflects the specific multiple hydrogen bonding
interaction between PVA and PVP [27].

The second stage appearing around 400∘C is correspond-
ing to the cleavage of C–C backbone of side and main chains
of PVA [25]. According to Figure 4, all these transitions were
accompanied with a weight loss as listed in Table 1.

All samples show a small loss in weight at around 100∘C
which is assigned to the detachment of residual water (from
fibers preparation). For the neat PVA, the major weight loss
(70 wt%) is at 193∘C, and this continued to increase rapidly
with temperature, until a stable plateau region appeared
between 351 and 477∘C, while the difference between the
weight loss of pure PVA and PVA/SDS/MWCNTs fibers
indicated the interfacial interaction between the matrix
and MWCNTS. When the PVP was incorporated into the
composite, the weight loss decreased considerably due to the
interaction of PVA with the MWCNTs coated by the PVP
through hydrogen bonding interaction between PVA and
PVP.

4. Conclusion

PVA electrospun nanofibers containing SDS/PVP/MWCNTs
were fabricated, using different concentrations of the SDS

and PVP in order to achieve a stable dispersion lasting
for several months. Our results showed clearly that the
absorption of the wrapped MWCNTs in aqueous solution
increased with the concentration of SDS and PVP and the best
absorption was achieved for MWCNTs : SDS : PVP—1 : 5 : 0.6.
SEM images of PVA/SDS/PVP/MWCNTs nanofibers showed
that the diameter was decreasing to around 224 nm and
the interaction between the PVA and the coated carbon
nanotubes with PVP was elucidated by FTIR and TGA.
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This research discusses the influence of morphology of nanomagnetic materials (one-dimensional iron nanowires and zero-dimen-
sional iron nanoparticles) on heating efficiency of the hyperthermia treatment. One-dimensional iron nanowires, synthesized by
reducing method in external magnetic field, are explored in terms of their material properties, magnetic anisotropy, and cyto-
toxicity of EMT-6 cells. The magnetic anisotropy of an array of nanowires is examined in parallel and perpendicular magnetic
fields by VSM. For the magnetic hyperthermia treatment tests, iron nanowires and nanoparticles with different concentrations
are heated in alternating magnetic field to measure their actual heating efficiency and SLP heating properties. The shape effects of
iron nanomaterials can be revealed from their heating properties. The cytotoxicity of nanowires with different concentrations is
measured by its survival rate in EMT-6 with the cells cultivated for 6 and 24 hours.

1. Introduction

According to the World Health Organization (WHO), can-
cers were the top causes of death all over the world. In
2008 alone, 7.6 million victims died from cancers, account-
ing for 13% of the total death toll [1]. Currently, cancer
can be treated by chemotherapy, radiation therapy, surgery,
gene therapy, and immunotherapy, and so forth. Conven-
tional hyperthermia treatments include ultrasound, radiofre-
quency, microwaves, infrared radiation, and tubes with hot
water. Some of them will cause side effect all over the patients’
bodies during the treatment [2–4].

This research is focused on the magnetic targeted hyper-
thermia treatments. This treatment can directly eliminate the
cancer cells without damaging the normal ones. Most impor-
tantly, the medication applied on the surfaces of magnetic
materials can directly perform the treatment [5, 6]. Magnetic
targeted hyperthermia treatments are conducted by placing
magnetic targeted medicines on the tumor and imposing the
alternating magnetic field (∼kHz–∼MHz) on it [7, 8].

To generate heat in an alternating field, magnetic mate-
rials activate more than four different known mechanisms,
which are generation of eddy currents, hysteresis losses,

relaxation losses, and frictional losses, and so forth. There
are two modes, rotational (Brownian) and Neel, in which
the relaxation losses in single-domain MNPs occur. The
magnetic moment fixed along the crystal easy axis revolves
away towards the external field in the Neel mode. Similar
to the hysteresis loss in multidomain magnetic particles, the
Neel mechanism can also generate heat by means of “internal
friction” caused by the movement of the magnetic moment
in an external field. In the Brownian mode, however, the
interaction between a thermal force and viscous drag in the
suspending medium will influence the particle movement
significantly. The whole particle moves towards the external
field with the moment locked along the crystal axis instead.
This phenomenon serves to account for the mechanical
friction component in a given suspending medium. Applying
the mechanism mentioned above, the local temperature of the
tumor can rise up to 42–50∘C, with that the cancer cells will
be killed [9–11].

The important factor for magnetic heating is the specific
loss power (SLP) (also called the specific absorption rate
(SAR)). SLP is equal to 𝐶×𝑚sample/𝑚metal ×Δ𝑇/Δ𝑡, where 𝐶
is the specific heat capacity of sample (𝐶water = 4.185 J/g∘C),
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𝑚sample is the mass of sample, 𝑚metal is the mass of the
magnetic material in sample, and Δ𝑇/Δ𝑡 is the slope of the
heating curve. And SLP is very sensitive to the material
properties [7, 12, 13].

The factors that affect the biodistribution of polymeric
iron nanoparticles (NPs) include the size, shape, hydropho-
bic/hydrophilic balance of the surface, and surface charge
[14]. Thus, this experiment explores the characteristic dif-
ferences of heating effectiveness between 1D iron nanowires
(NWs) and commercial iron nanoparticles (NPs) in hyper-
thermia treatments. Iron NWs reveal a special property that
may easily destroy the cancer cells by its 1D spinning radius.
The cellular toxic tests of the nanoiron are also conducted for
the iron NWs in further studies.

2. Experimental

Iron (III) chloride hexahydrate (FeCl3⋅6H2O, 98%, assay) and
sodium borohydride (98%, assay) are purchased from Sigma-
Aldrich Company and Acros Organics Company, respec-
tively. Ethanol (99.5%, assay) was obtained from Shimakyu
Pure Chemicals Company. Iron NWs are fabricated by the
reduction of iron (III) chloride under high magnetic field.
The aqueous iron (III) chloride hexahydrate (0.5 M, 0.2 mL)
is diluted with 5 mL of aqueous dextran (40 ppm) and the iron
(III) precursor is kept in an external magnetic field of about
2000 gauss. The argon gas is bubbling through the solution
to purge the dissolved oxygen. The reducing agent, NaBH4, is
added dropwisely under Ar. After 5 minutes, the products are
washed with ethanol for several times and dried at 95∘C [15].
The iron nanoparticles are obtained from Yong-Zhen Tech-
nomaterial Co., Ltd. with 10–60 nm in diameter for compari-
son.

X-ray powder diffraction (XRD) analysis of samples is
carried out at NSRRC 1C beam line. High-resolution images
of samples are examined by field emission transmission elec-
tron microscope (FE-TEM), JEOL 2100F. Magnetic hysteresis
loop is measured by using vibration sample magnetization
(VSM, Lakeshore) at room temperature.

The hyperthermia device (Power cube 64/900) used in
this study is produced by AREZZO, President Honor Ind.
Co., Ltd., Taiwan. The experimental samples are placed in
the inductive coil heater of 3 cm diameter with an optic fiber
(Luxtron One, Lambda Photometrics, UK) to measure the
raise of temperature.

The biocompatibility of iron NWs is evaluated by murine
breast cancer cells, EMT-6 cells. EMT-6 cells are cultured
in DMEM/F12 medium with 10% of the fetal bovine serum
(FBS) and 1% of penicillin-streptomycin in 5% of CO2 humid-
ified chamber at 37∘C. After the cells are seeded on multiple
plates for overnight, iron NWs dispersed in culture medium
are applied to each well of culture plates. The cells are treated
with different concentrations of nanoiron for 6 and 24 hours.
The control cell is treated in the normal culture medium
without adding iron nanowires. After incubation, the cells are
directly counted by trypan blue exclusion assay for assaying
cellular viability.
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Figure 1: X-ray diffraction patterns of (a) iron NWs; (b) JCPDS file
65-4899.

3. Results and Discussion

XRD pattern of iron NWs and JCPDS file 65-4899 are shown
in Figure 1. The diffraction angles of JCPDS file 65-4899 at
2𝜃 = 44.662∘, 65.006∘, and 82.311∘ are related to (110), (200),
and (211) planes of pure iron, respectively. This pattern shows
clearly that a strong diffraction peak corresponds to the (110)
plane. The growth orientation of iron NWs is highly depen-
dent on applied magnetic field. According to these results,
preferred crystal orientation of the iron NWs is in (110)
direction. The lattice parameters of iron NWs are less than
theoretical lattice constants. This may be due to lattice defects.

Figures 2(a)–2(d) show HR-TEM images of iron NWs.
The diameter of iron NWs is around 60 nm with length of
about 2–6 𝜇m as indicated in Figure 2(a). The selective area
diffraction (SAD) of circle area in Figure 2(a) is shown in
Figure 2(d). It indicates that iron NWs exhibit bcc crystal
structure. The diffraction planes are assigned to (110), (200),
(220), (310), and (222) from inside to outside diffraction
rings. Figure 2(c) indicates an oxide layer of about 4 nm is
passivated on the surface of iron NWs. The oxide layer on iron
NWs results from magnetite formation during the reduction
process. TEM images show that the iron NWs are synthesized
by pearl-linking of iron NPs due to external magnetic field.
Figures 2(c)-2.1 to 2(c)-5.1 are the atoms resolution related
to c1, c2, c3, c4, and c5 positions in Figure 2(c), respectively.
The d-spacing of Figures 2(c)-1.1, 2(c)-2.1, 2(c)-3.1, 2(c)-4.1,
and 2(c)-5.1 are 1.889 Å, 1.879 Å, 1.888 Å, 2.022 Å, and 1.884 Å,
respectively.

The magnetic hysteresis curve of iron NWs at room
temperature is shown in Figure 3. The results indicate that
the saturation magnetization and coercive force of iron NWs
are 157.93 emu/g and 9.74 Oe, respectively. The saturation
magnetization of iron NWs is lower than that of bulk iron
(220 emu/g) due to the existence of a high surface/volume
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Figure 2: HR-TEM images of iron NWs: (a) low-magnification image; (b) high-magnification image at square area of (a); (c) HR-TEM images
of iron NWs, 1.1, 2.1, 3.1, 4.1, and 5.1 are atomic resolution related to 1, 2, 3, 4, and 5 positions in (c), respectively; and (d) electron diffraction
pattern at circle area of (a).
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Figure 3: The hysteresis loops of iron NWs at 300 K.

ratio. And structural defects may be one of the possible causes
for decreasing magnetization of iron NWs.

As shown in Figure 4, the formations of an array of
nanowires under (a) parallel and (b) perpendicular magnetic
fields at room temperature are measured for their magnetic
properties such as coercive force and squareness ratio (rema-
nence magnetization/saturation magnetization). In Table 1,
the arrayed nanowires under the parallel magnetic field have
greater squareness ratio (about 64.20%), while those under
the perpendicular magnetic field have less squareness ratio
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Figure 4: The hysteresis loops of an array of nanowires under
parallel and perpendicular magnetic fields at room temperature are
shown in (a) and (b), respectively.

(about 14.20%). The former’s coercive force is 100 Oe less than
the latter one.

Two sets of different amounts of iron NWs (0.1 mg,
0.25 mg, and 0.5 mg) and commercial iron nanoparticles
(0.5 mg) are dispersed in 1 mL of deionized water. SEM image
of commercial iron nanoparticles produced by Yong-Zhen
Technomaterial Co., Ltd. is shown in Figure 5.
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Table 1: The Hc (coercive force) and Mr/Ms (squareness ratio) of an
array of nanowires under parallel and perpendicular magnetic fields.

Hc (Oe) Mr/Ms

Arrayed iron NWs (‖) H 520.3 64.20%

Arrayed iron NWs (⊥) H 628 14.20%

Figure 5: The SEM image of commercial iron nanoparticles.

Three different concentrations (100, 250, and 500 ppm)
of iron NWs or commercial iron nanoparticles (500 ppm)
solution in centrifuge tube is placed in the coil of inductive
heater for an hour. The rising temperature of solution with
time is shown in Figure 6. The maximal temperatures of iron
NWs of 500, 250, and 100 ppm can be 73.8∘C, 49.6∘C, and
36.0∘C, respectively. The heating rates of commercial iron
nanoparticles of 500 ppm are 0.006∘C/sec and are listed
in Table 2. When the iron nanowires and commercial iron
nanoparticles have the same concentration of 500 ppm, the
heating rates of iron NWs are much higher than those of the
commercial iron nanoparticles. The average of SLP values for
different concentrations of iron NWs and commercial iron
nanoparticles are also listed in Table 2. For iron NWs, the
SLP values are 619.7 W/g, 535.8 W/g, and 920.8 W/g; and for
commercial iron nanoparticles (500 ppm), the SLP values are
50.2 W/g. The highest SLP value (920.8 W/g) is obtained at
100 ppm of iron NWs. From the heating results of the iron
nanowires and commercial iron nanoparticles with the same
concentration of 500 ppm, the former have higher satiated
temperature and efficiency than the latter one.

As mentioned above, this study presents the hypothesis
in Figure 7 as an imaginary rundown. Because the iron
nanowires, as compared to iron nanoparticles, have more
spinning radii, the materials which are heated and stirred in
the alternating magnetic field have larger reactive areas. This
fact leads iron NWs to better heating efficiency than that of
the iron nanoparticles.

When one-dimensional iron nanowires are applied to
the tumor hyperthermia treatment, they can provide larger
frictional reactive areas than zero-dimensional iron nanopar-
ticles. This enables one-dimensional iron nanowires to have
a better heating efficiency, which reduces the treatment time
of the cancer patients.
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Figure 6: The heating effectiveness of the iron NWs in different
concentrations, (a) 500 ppm of iron NWs (0.5 mg/mL), (b) 250 ppm
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Figure 7: One-dimensional materials have large spinning radii.

Table 2: Heating effectiveness of iron NWs and commercial iron
NPs.

Samples Max. Temp. Heating rate SLP

(ppm) (∘C) (∘C/sec) (W/g)

NWs—500 73.8 0.074 619.7

NWs—250 49.6 0.032 535.8

NWs—100 36.0 0.022 920.8

NPs—500∗ 37.1 0.006 50.2
∗

NPs—500: commercial iron nanoparticles.

The cytotoxicity in response to iron NWs in different
concentrations (1, 10, 250, and 500 ppm) is performed by
directly counting the number of live cells after incubation.
Figure 8 shows the results of cytotoxicity of iron NWs in
EMT-6 cells. The number of cellular vesicles appearing in
the cytoplasm increases due to being exposed to iron NWs
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Figure 8: Survival ratio of iron NWs and NPs coculture with EMT-6 cells in concentrations of 0, 1, 10, 250, and 500 ppm for 6 and 24 hours.
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Figure 9: The optical images of (a) untreated EMT-6 cells; (b) and (c) cocultured iron NWs (10 ppm) and EMT-6 cells in 6 and 24 hours,
respectively.

at lower concentrations in shorter time. After 6 hours of
incubation, iron NWs shows cell survivability of more than
80%. Figures 9(b) and 9(c) show the optical images of EMT-6
cocultured with iron NWs for 6 and 24 hours, respectively.
The untreated cells are shown in Figure 9(a). It is also
noted that the cell morphology is transformed into spherical
shape.

4. Conclusions

This study synthesizes the iron nanowires with diameter of
about 60 nm and length of approximately 2–6 𝜇m. Their satu-
ration magnetization is about 157.9 emu/g while their coercive
force is about 9.7 Oe. They have greater squareness ratio
of about 64.2% under the parallel external magnetic field,
whereas it is only about 14.20% under the perpendicular mag-
netic field. With regard to heating efficiency, one-dimensional
iron nanowires have a better heating efficiency at the external
alternating magnetic field than that of zero-dimensional ones
at the same concentration of 500 ppm. The one-dimensional

iron nanowires have the saturated heating temperature at
about 73.8∘C (that of the nanoparticles is only 40∘C) and their
heating efficiency is about 0.074 (that of the nanoparticles is
about 0.006). These results indicate the strong shape effects
of nanomaterials on its heating efficiency. The cytotoxicity
of the iron nanowires (10 ppm) in EMT-6 cells undergoing 6
hours of toxic test has the mortality rate of about 80%. These
results indicate that with further study the iron nanowires are
feasible to be used in hyperthermia therapy.
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The paper is devoted to the analysis of the correlation effects and manifestations of general properties of 1D systems (such as spatial
heterogeneity that is associated with strong density fluctuations, the lack of phase transitions, the presence of frozen disorder,
confinement, and blocked movement of nuclear particle by its neighbours) in nonequilibrium phenomena by considering the
four examples. The anomalous transport in zeolite channels is considered. The mechanism of the transport may appear in carbon
nanotubes and MOF structures, relaxation, mechanical properties, and stability of nonequilibrium states of free chains of metal
atoms, non-Einstein atomic mobility in 1D atomic systems. Also we discuss atomic transport and separation of two-component
mixture of atoms in a 1D system—a zeolite membrane with subnanometer channels. We discuss the atomic transport and separation
of two-component mixture of atoms in a 1D system—zeolite membrane with subnanometer channels. These phenomena are
described by the response function method for nonequilibrium systems of arbitrary density that allows us to calculate the dynamic
response function and the spectrum of relaxation of density fluctuations 1D atomic system.

1. Introduction

In recent years, one-dimensional objects became available
and actively investigated due to their unique properties. They
are free chains of metals just one atom thick (Au, Ag, Pt,
In, Mn, Li, and Ni) [1–13], chains on specially prepared
surfaces of crystals with high crystalline indices [14–19], the
molecules (atoms) in subnanometer channels of complex
oxides, zeolites [20–22], carbon nanotubes [23–27], and in
some metal organic frameworks (MOF).

According to modern concepts, the common feature of
one-dimensional objects as statistical systems is spatially
inhomogeneous state and density fluctuations. These fluc-
tuations are caused by the crucial role of many-particle
correlations in 1D systems. This feature is connected with
the absence of phase transitions in 1D systems of particles
of one kind with short-range potential of the interparticle
interaction (see van Hove Theorem [28, 29]). In this case, for
certain values of the density the susceptibility of 1D system
has a maximum but stays finite in contrast to 3D systems,

where susceptibility becomes infinite in vapour-liquid and
liquid-solid phase transitions [30].

The absence of phase transition means that stable nuclei
of a new phase are not formed, and the one-dimensional
clusters nuclei that are formed in a system have a finite
lifetime and are the density fluctuations. 1D systems are
characterized by frozen disorder because the atomic particles
cannot be exchanged with their neighbours and block the
movement of each particle neighbors. For kinetic phenomena
in atomic 1D confinement system, the role of confinement
is not only to preserve the geometry of the system, but
also the system relaxation by phonons. Relaxation of the
system in confinement due to strong interparticle corre-
lations depends on the ratio of the energy of particle
interaction with confinement and interparticle interaction
[31].

This paper is devoted to the analysis of correlation effects
and manifestations of these general properties of nonequi-
librium phenomena in the four examples. The anomalous
transport in zeolite channels is considered. The mechanism
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of the transport may appear in carbon nanotubes and MOF
structures, relaxation, mechanical properties, and stability of
nonequilibrium states of free chains of metal atoms, non-
Einstein atomic mobility in 1D atomic systems. Also we
discuss atomic transport and separation of two-component
mixture of atoms in a 1D system—a zeolite membrane with
subnanometer channels.

These phenomena are described below using the response
function method for nonequilibrium systems of arbitrary
density [31]. This method allows us to calculate the dynamic
response function and the spectrum of relaxation of density
fluctuations of 1D atomic system. The spectrum contains
diffusion and hydrodynamic modes. In the latter case, the
relaxation of the system and the nuclear transport occurs
through the distribution of density waves and not by the
diffusion of particles. This relaxation mechanism becomes
the determining by increasing the density that allows one
to explain the abnormally high rate of atomic transport in
subnanometer channels. The change of relaxation mechanism
by increase of the density is associated with the observed
non-Einstein character of mobility of atomic particles (the

law for the mean square displacement 𝑥2 = 2𝐷𝑡 is violated
(𝐷 is the diffusion coefficient, and 𝑡 is the time of obser-
vation) [32]). The found spectrum of relaxation allows to
calculate the probability of decay of 1D free clusters of various
lengths [30] and to explain the dependence of the stability
of clusters of metal atoms on the chain atoms properties,
the mechanical state of a cluster under the influence of an
external force, and the number of particles in a stable cluster.
These values were measured simultaneously in experiments
[13].

The response function method was used to describe the
practically important transport of two-component mixture in
membranes with subnanometer channels.

It was shown that a phase transition in an inhomogeneous
state may occur in 1D system of particles of two kinds with the
increase of filling factor. Such a phase transition occurs due
to an effective particle attraction and is characterised by the
formation of clusters of a finite size [33]. The amplitude of the
fluctuations in the density corresponding to the formation of
such a state is the order parameter. An equation for the order
parameter for a mixture of particles in the channels is derived.
In contrast to the well-known phenomenological Landau-
Ginzburg equation [34], the coefficients of the equation are
calculated for a known interparticle interaction potential
depending on the density and temperature. The analysis of
this equation allows us to describe the observed increase
in the separation factor with increasing flux through 1D
channels at their closing by a stable clusters with a certain
concentration of the components and determine the depen-
dence of the separation on the concentration, temperature,
and density.

2. Materials and Methods

2.1. Molecular Transport in Subnanometer Channels. Molec-
ular transport in nanometer and subnanometer channels in
porous bodies is currently drawing a great deal of interest

from the standpoint of fundamental science [35–39] and
because of the many applications of membrane and nanotech-
nologies in various fields ranging from nuclear power to ecol-
ogy [40, 41]. Polycrystalline ceramic membranes consisting of
complex oxides (zeolites), possessing subnanometer channels
ranging in diameter from 0.3 to 1.4 nm, have been synthesized
recently [40]. On account of the high selectivity of molecular
transport in zeolite membranes, as compared with the well-
known polymeric membranes [41–43], new technologies for
separation, reprocessing, and utilization of materials are
being intensively developed on the basis of zeolite membranes
[41–43].

When the channel diameters in membranes decrease
to the nanometer scale, molecular transport is determined
by the Knudsen flow in the central zone of the channel,
free of interaction of molecules with walls, and particle
diffusion in the surface force field [39]. In subnanometer
channels, the interaction potentials between molecules and
the opposite walls overlap, and molecular transport occurs
under conditions of a constant interaction of molecules with
a solid. Consequently, the diffusion coefficient in the limit
of small filling numbers of a channel is determined by
the relaxation of particles on phonons and surface defects
[37]. For molecules, with the exception of light particles (H,
He), the channel walls are impenetrable, and consequently
molecular transport is possible only along the channel axes.
In this sense, it is different from diffusion in solids and
may be assumed to be one-dimensional. In contrast to
surface diffusion in channels with diameter 𝑑 > 1 nm, a
fundamentally new property of molecular transport should
appear in subnanometer channels. As the filling factor of
a channel or the diameter (𝜎) of molecules increases, so
that 𝑑 < 2𝜎, each molecule can block the motion of
two molecules. Consequently, it can be expected that as
the diameter of the molecules or the external gas pressure
increases, the molecular flux in membranes with subnanome-
ter channels should decrease. However, experiments have
shown that the diffusion flux of a number of molecules
(CH4, C2H6, and others) in a ZSM-5 zeolite membrane with
channel diameters 0.54–0.57 nm does not decrease but rather
increases as the external gas pressure increases [43]. It has
also been established that the diffusion coefficient for these
gases increases by more than an order of magnitude as the
filling factor of the channels with molecules increases. It
has been found that for a number of gases, the tempera-
ture dependence of the flux possesses a maximum and a
minimum.

In this section, the transport of a single-component
molecular gas (system of atomic particles) in subnanometer-
diameter channels is investigated theoretically.

2.1.1. Sorption Isotherm in a 1D Channel. Let us consider a
surface in contact with an ideal single-component gas with
temperature 𝑇 and pressure 𝑝. Let us assume that particles
located on the surface do not interact with one another. We
will also assume that the energy of the gas molecules on
the surface is 𝜀0. Let there be 𝑁 adsorption centers on the

surface. Then the average number 𝑁1 of particles adsorbed on
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the surface as a function of the gas pressure and temperature
has the form (Langmuir isotherm)𝑁1𝑁 = 𝑝𝑝 + 𝑝0 (𝑇) ,

𝑝0 (𝑇) ≡ 𝑇( ℎ22𝜋𝑚𝑇)−3/2

exp (−𝛽𝜀0) , (1)

where 𝑚 is the mass of a gas molecule, ℎ is Planck’s constant,

and 𝛽 = 𝑇−1 is the reciprocal of the temperature. The
method used to derive the Langmuir isotherms (1) admits
wide extensions. Specifically, this method can be used to solve
the problem of the filling factor of a cylindrical channel with
diameter 𝑑 taking into account the interparticle interaction
in the channel. Let the channel diameter be comparable to
the maximum diameter of a gas molecule. Let us consider
the equilibrium of the gas with the surface on which 𝑘 of the
channels described previously emerge. Let 𝜀1 be the binding
energy of a particle at the entrance to the channel. If the
energy 𝜀1 is negative, then it is energetically favorable for
the gas molecule to enter the channel. Let 𝑞 be the total
number of particles in a channel of length 𝐿, 𝑛 the total
number of particles in the channel and on the surface, and𝑁0 the number of settling locations in the channel. Then the
partition function for the grand canonical ensemble, taking
into account the interaction of the gas particles in the channel,
is

Θ = ∑ (𝑁 − 𝑘)! exp [𝛽𝜀0 (𝑁1 − 𝑛)](𝑁1 − 𝑛)! (𝑁 − 𝑘 − (𝑁1 − 𝑛))!
× 𝑘! exp [𝛽𝜀1 (𝑛 − 𝑞)](𝑛 − 𝑞)! (𝑘 − (𝑛 − 𝑞))!
× 𝑁0! exp (𝛽𝜀2𝑞)𝑞! (𝑁0 − 𝑞)! exp (𝛽𝜇𝑁1) 𝑍int (𝑞) ,𝑁1 + 𝑞 = 𝑛.

(2)

Here 𝜀2 is the binding energy of the particles in the channel
and 𝑍int(𝑞) is the partition function, corresponding to taking
account of the interaction of the gas particles in the channel.
Since 𝑍int depends on the number 𝑞 of particles in the
channel, it is impossible to calculate the partition function (2)
in the grand canonical ensemble in the general case. However,
in the problem of filling of a channel, the states for which
the number of particles in the channel 𝑞 ≫ 1 should make
the main contribution to the partition function (2). Then the
quantity 𝑍int(𝑞) can be replaced by the partition function
of interacting particles in the channel, calculated with the
average number 𝑞 of particles in the channel:𝑍int (𝑞) ≃ 𝑍int (𝑞) . (3)

The approximation (3) corresponds to the thermodynamic
limit (𝑞 ≫ 1) for gas (system of atomic particles) molecules
located in the channel. Using the relation (3), the partition
function (2) can be easily calculated. Using the condition for

equilibrium between the gas and the surface, we obtain for
the average number 𝑞 of particles in the channel𝑞𝑁0

= 𝑝𝑝 + 𝑝 (𝑇, 𝑞) , 𝑝 (𝑞, 𝑇) = exp [−𝛽𝜀 (𝑞, 𝑇)]𝛼 (𝑇) ,
(𝛼 (𝑇))−1 = 𝑇( ℎ22𝑚𝜋𝑇)−3/2, 𝜀 = 𝜀1 − 𝐹int (𝑞, 𝑇) ,

𝐹int (𝑞, 𝑇) ≡ −𝑇 ln 𝑍int (𝑞, 𝑇) .
(4)

Here 𝐹int(𝑞, 𝑇) is the free energy of interaction per atomic
particle in the channel. Instead of the number 𝑁0 of settling
locations in the channel, it is convenient to introduce the
average distance between settling locations in the channel
(𝜂 = 𝐿/𝑁0) and to replace 𝑞 by the filling factor 𝜃 ≡ 𝑞𝜎/𝐿 of
particles in the channel. Then, we obtain from (4) an equation
determining the pressure and temperature dependences of
the filling factor 𝜃 of the channel:𝜂𝜃𝜎 = 𝑝𝑝 + 𝑝 (𝑇, 𝜃) . (5)

The relations (4) show that the problem of obtaining the
equation for the adsorption 𝜃(𝑝, 𝑇), determining the filling
factor at various pressures and temperatures of the gas above
the surface, reduces to calculating the quantity 𝐹int(𝜃, 𝑇) ≡−𝑇 ln 𝑍int(𝜃, 𝑇), determining the “correction” to the pressure
as a result of the interaction of the particles in the channel.
Thus, to obtain the adsorption isotherms in the system under
study, it is necessary to calculate the total free energy of the
particles in a subnanometer channel taking into account their
interaction with the channel wall and with one another. For
this, we will consider 𝑁 particles in a channel whose size is
comparable to the average particle diameter. In the general
case, the total potential energy of such a system can be written
as

𝐸 (r1, . . . , r𝑁) = 𝑁∑
𝑖,𝑗=1

𝑉(r𝑖 − r𝑗) + 𝑁∑
𝑖=1

𝑈(r𝑖) . (6)

Here 𝑉(r𝑖 − r𝑗) is the potential energy of the pair interaction
of the particles located at points with coordinates r𝑖 and r𝑗;𝑈(r𝑖) is the interaction energy between a particle located at
the point r𝑖 and the channel walls. We will transform the
expression for the pair interaction potential of the particles
using the fact that the channel diameter is comparable to
the particle diameter. Then the interaction potential depends
only on the particle coordinates along the channel 𝑟. We write
the expression for 𝑉(r𝑖 − r𝑗) in the form

𝑉(r𝑖 − r𝑗) ≡ 𝑉 (𝑥𝑖 − 𝑥𝑗, 𝑦𝑖 − 𝑦𝑗, 𝑟𝑖 − 𝑟𝑗)≃ 𝑉 (𝑟𝑖 − 𝑟𝑗, 0, 0) ≡ Φ (𝑟𝑖 − 𝑟𝑗) . (7)

This relation holds when the channel diameter is comparable
to the particle diameter, and the pair interaction potential𝑉(r𝑖 − r𝑗) of the particles is not a long-range potential.
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It is convenient to represent the interaction energy between a
particle and the channel walls in the form𝑈 (r𝑖) = 𝑈 (r𝑖 , 𝑟𝑖) . (8)

Here r𝑖 is a dimensionless two-dimensional radius vector in
a plane perpendicular to the channel. It is convenient to write
the partition function of such a system in the form

𝑍𝑁 ∝ ∫𝑑r1 ⋅ ⋅ ⋅ 𝑑r𝑁𝑑𝑧1 ⋅ ⋅ ⋅ 𝑑𝑧𝑁 exp (−𝛽𝑈𝑁)
× exp [−𝛽 𝑁∑

𝑖=1

𝑈(r𝑖 , 𝑟𝑖)] . (9)

Here 𝑈𝑁 = ∑
1≤𝑖,𝑗≤𝑁

Φ(𝑟𝑖 − 𝑟𝑗) . (10)

The integration over the particle coordinates in a plane
perpendicular to the channel can be performed exactly:

∫𝑑r1 ⋅ ⋅ ⋅ 𝑑r𝑁 exp [−𝛽 𝑁∑
𝑖=1

𝑈(r𝑖 , 𝑟𝑖)]
= ∫𝑑r1 exp [−𝛽𝑈 (r1, 𝑟1)] ∫ 𝑑r2 exp [−𝛽𝑈 (r2, 𝑟2)]

× ⋅ ⋅ ⋅ × ∫ 𝑑r𝑁 exp [−𝛽𝑈 (r𝑁, 𝑟𝑁)]
≡ exp [−𝛽 𝑁∑

𝑖=1

Ψ (𝑟𝑖)] .
(11)

Here Ψ(𝑟𝑖) is the effective potential in which a particle moves
in the channel as a result of the interaction of the particle with
the walls:

exp [−𝛽Ψ (𝑟)] ≡ ∫ exp [−𝛽𝑈 (r, 𝑟)] 𝑑r. (12)

Let us assume that the energy of a gas molecule interacting
with the channel surface is constant and equal to 𝜀1 =Ψ(𝑟min) = Ψ(0). Then

𝑍
𝑁 ∝ exp (−𝛽𝑁𝜀2) ∫ 𝑑𝑟1 ⋅ ⋅ ⋅ 𝑑𝑟𝑁 exp (−𝛽𝑈𝑁) . (13)

The energy 𝜀1 physically corresponds to the binding energy
of a particle in the surface potential Ψ(𝑟). Thus, under the
assumptions made previously, the gas in the channel can
be assumed to be one-dimensional (the channel diameter is
comparable to the maximum diameter of an atomic particle).
It is well known [44, 45] that the partition function of a
one-dimensional gas with an arbitrary interaction potential
can be calculated exactly under certain assumptions, which
are formulated in the following. Indeed, let us consider
an equilibrium system of 𝑁 particles in a channel which
possesses only one degree of freedom per particle that are

located in the segment [0, 𝐿] of the 𝑟 axis. The total partition
function of the system has the form

𝑍𝑁 = ( 𝑚𝑇2𝜋ℎ2 ) 𝑄𝑁𝑁! exp (−𝛽𝑁𝜀1) , (14)

where

𝑄𝑁 = ∫𝐿

0
⋅ ⋅ ⋅ ∫𝐿

0
exp (−𝛽𝑈𝑁) 𝑑𝑟1 ⋅ ⋅ ⋅ 𝑑𝑟𝑁𝑈𝑁 = ∑

1≤𝑦≤𝑁−1

Φ(𝑟𝑖+1 − 𝑟𝑖) . (15)

Here Φ(𝑟) is the pair interaction potential of the particles
in the channel. To calculate 𝐹int, the cofactor responsible for
the partition function of an ideal gas must be eliminated
from the partition function (14). In our problem, the cofactor
corresponding to a gas of particles in a channel without a pair
interaction potential between the particles is already included
in the expression (2). Thus, since the partition function of a
one-dimensional gas without an interaction has the form

𝑍int = ( 𝑚𝑇2𝜋ℎ2 )𝑁/2 𝐿𝑁𝑁! exp (−𝛽𝑁𝜀2) , (16)

we obtain from (2)

𝐹int = −𝑇 ln 𝑍�̃� (𝜃, 𝑇)𝑍𝑖𝑑

= −𝑇 ln (𝑄𝑁𝐿𝑁 ) . (17)

Thus, the problem has been reduced to calculating the
configuration integral

𝑄𝑁 = ∫ ⋅ ⋅ ⋅ ∫ exp [−𝛽 {Φ (𝜉1) + Φ (𝜉2)+ ⋅ ⋅ ⋅ + Φ (𝜉𝑁)}] 𝑑𝜉1 ⋅ ⋅ ⋅ 𝑑𝜉𝑁,𝜉𝑖 ≡ 𝑟𝑖+1 − 𝑟𝑖.
(18)

In studying the configuration space of a system of particles in
a one-dimensional channel, it should be kept in mind that the
quantities 𝜉𝑖 are not independent. They are related as

𝑁∑
𝑗=1

𝜉𝑗 = 𝐿, (19)

where 𝐿 is the total length of the channel. Physically, this rela-
tion corresponds to the impossibility of particles penetrating
one another and the condition of “blocking” of particles with
diameter 𝜎 in a channel whose diameter 𝑑 < 2𝜎. An explicit
expression for the configuration integral can be obtained
if the explicit form of the pair interaction potential of the
particles is known. We will consider a simple but nontrivial
case: a system of hard spheres with diameter𝜎. The expression
for the interatomic interaction energy in this case is

Φ𝑖 (𝜉) = {∞ for 𝜉 < 𝜎,0 for 𝜉 ≥ 𝜎. (20)
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We obtain for 𝐹int in the hard-sphere approximation𝐹int (𝜃, 𝑇) = −𝑇 ln (1 − 𝜃) . (21)

Thus, in the hard-sphere approximation, the adsorption
isotherm for a gas in a subnanometer channel has the form𝜂𝜃𝜎 = (1 − 𝜃) 𝑝(1 − 𝜃) 𝑝 + 𝑝0 (𝑇) ,

𝑝0 (𝑇) ≡ 𝑇( ℎ22𝜋𝑚𝑇)−3/2

exp (−𝛽𝜀1) . (22)

The relation (22) makes it possible to construct the depen-
dence of the filling factor on the gas pressure for various
molecules. It should be kept in mind that the sign of the
energy 𝜀1 determines the possibility or impossibility of a
particle entering a channel: for 𝜀1 > 0, it is energetically
favorable for a gas particle to enter the channel for any
external pressure greater than 𝑝0. For 𝜀1 < 0, the particles
must overcome a potential barrier to enter the channel.
The configuration integral can be calculated exactly for an
arbitrary interaction between the particles in the channels
[45]. This makes it possible to obtain an equation of state of a
1D gas for an arbitrary interaction. Thus, for an interparticle
interaction potential of the form

Φ (𝑧) = {{{{{
+∞ for 𝑟 ≤ 𝜎,−𝜀 for 𝜎 < 𝑟 ≤ 𝜎 + 𝑅,0 for 𝑟 < 𝑅 + 𝜎, (23)

where 𝑟 is the effective radius of attraction, the equation of
state of a one-dimensional gas is

𝑝1D𝜎(1𝜃 − 1) = 𝑇 − 𝑝1D𝑅[ exp (𝛽𝑝1D𝑅)1 − exp (−𝛽𝜀) − 1]−1. (24)

In the limits 𝜀 → 0 and 𝑅 → 0, this equation
becomes the equation of state of a system of hard spheres.
The isotherms calculated numerically starting from (24) are
presented in Figure 1. It is also evident in this figure that
at high temperatures the gas behaves almost as an ideal gas
(𝑝1D ∝ 𝜃). At low temperatures the isotherms seem to
consist of two parts. For high density 𝜃 ≃ const, which is
typical for a condensed phase, whereas at pressure less than
a characteristic value a gas-like phase for which 𝑝1D ∝ 𝜃
appears.

It can be shown that at a transition from one regime to
another, the free energy of the system has no singularities. For
this reason, there is no exact analogy with phase transitions.
This assertion agrees completely with the Landau-van Hove
Theorem [44], according to which any one-dimensional
model of a gas with a finite interaction radius does not
undergo phase transitions. On the other hand, it should be
expected that for sufficiently low temperatures, as the filling
factor 𝜃 increases, the gas in the channel tends to form clusters
whose size increases with the filling factor. The number and
size of the clusters grow with the total number of particles
in the system in a manner so as to ensure the existence
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Figure 1: Reduced “pressure” (𝑝1D) (24) of a one-dimensional gas
in a channel versus the filling factor (𝜃) of the channel at various
temperatures 𝑡 = 𝑇/𝑇0.
of such clusters in the thermodynamic limit, where 𝑁 →∞, 𝐿 → ∞, and 𝑁/𝐿 = const. This agrees completely
with the formation of nuclei of a new phase in three-
dimensional systems with first-order phase transitions [34,
46]. On the other hand, in our one-dimensional system, in
contrast to three-dimensional systems, a continuous behavior
of thermodynamic quantities determined as derivatives of the
free energy of the system with respect to the temperature,
pressure, and filling factor should be expected in the entire
range of variation of the thermodynamic parameters. For
example, the specific heat calculated using the relation (24)
will possess a maximum at the “critical” point. This fact
has been observed experimentally [35], which attests to
the applicability of the one-dimensional model employed
previously.

2.1.2. Transport in a Dense 1D System. The gas flux through a
membrane is the main experimentally measurable parameter
(Section 2.1.3). Particle transport is usually described using a
relation between the outgoing particle flux and the param-
eters of the problem, such as, for example, the difference of
the gas pressures on different sides of the membrane. This
description is based on Fick’s relation between the gas flux
density J, the gradient of the gas concentration, and the

diffusion coefficient 𝐷, using the conservation law for the
number of particles:

J = −𝐷∇𝑛, (25)𝜕𝑛𝜕𝑡 + div J = 0. (26)

In the relations (25) and (26), J is the flux, 𝐷 is the
diffusion coefficient, and ∇𝑛 is the gradient of the particle
concentration. The relation (25) is actually a definition of

the diffusion coefficient 𝐷. Thus, the problem of determining
the particle flux through a channel reduces to calculating the
diffusion coefficient. A more general method of describing
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transport is to calculate the characteristic relaxation time of
density fluctuations arising or specially created in the system
under study [47]. Formally, the problem of determining
this time reduces to calculating the characteristic frequency
or spectrum 𝜔(k) for the system under study. Thus, when
the particle density is low and there is no interparticle
interaction, an explicit expression for the spectrum 𝜔(k) can
be easily obtained from the relation (25). Indeed, let 𝑛0 be the
average particle concentration in the system. From (25), we
obtain an equation determining the dynamics of the density
fluctuations 𝛿𝑛(r, 𝑡) = 𝑛 − 𝑛0:𝜕 (𝛿𝑛)𝜕𝑡 = 𝐷Δ (𝛿𝑛) . (27)

Switching to a Fourier representation of the density fluctua-
tions𝛿𝑛 (r, 𝑡) = 1(2𝜋)4 ∫𝑑k 𝑑𝜔 exp (−𝑖k ⋅ r − 𝑖𝜔𝑡) 𝛿𝑛 (k, 𝜔) ,

(28)

we obtain an expression determining the reciprocal of the
relaxation time of the density fluctuations 𝛿𝑛 in the case at
hand: 𝜔0 (k) = − 𝑖𝐷𝑘2. (29)

It is obvious that a spectrum of this type is characteristic for
systems where relaxation to equilibrium occurs by diffusion.
Let us consider a system of interacting particles with arbitrary
density. Assume that we have been able to calculate the

characteristic relaxation time 𝜔−1 of density fluctuations in
the system. If the spectrum of relaxation times in such a
system has the form𝜔 (k) = − 𝑖𝐷 (k, 𝑛0) 𝑘2, (30)

then it is natural to consider the quantity 𝐷(k, 𝑛0) to be
the diffusion coefficient in the system, provided that in the
limit of low densities 𝑛0 the quantity 𝐷(k, 𝑛0) becomes the
diffusion coefficient for a low-density system of particles:

lim
𝑛0→0

𝐷(k, 𝑛0) = 𝐷. (31)

This definition of the diffusion coefficient means that the
system possesses a diffusion characteristic mode. Proceeding
from the definition (30), to calculate the diffusion coefficient𝐷(k, 𝑛0), it is necessary to know the characteristic modes
of a weakly nonequilibrium system. If these characteristic
modes have the form (30), then 𝐷(k, 𝑛0) will be the diffusion
coefficient of the system. It is obvious that the diffusion
coefficient in the general case is nonlocal and is a functional
of the density of the diffusing particles. The expression for
the flux of diffusing particles will have a form generalizing
equation (25):

J = −∫𝑑r𝐷(r, r, 𝑛 (r, 𝑡)) ∇𝑛 (r, 𝑡) . (32)

The equation, obtained using this relation, for the particle
number density in the system is in general a nonlinear

integrodifferential equation. When studying the diffusion of
a single-component gas in subnanometer channels, it should
be kept in mind that the pair interaction potential between
the particles is of short range, and no phase transitions occur
in the system of particles in the channel (see the preceding
section). In this case, it can be assumed that the diffusion
coefficient 𝐷(r, r, 𝑛(r, 𝑡)) is local:𝐷(r, r, 𝑛 (r, 𝑡)) = 𝐷 (𝑛 (r, 𝑡)) 𝛿 (r − r

) . (33)

The corresponding expression for the flux of diffusing parti-
cles and the equation for their density become

J = −𝐷 (𝑛) ∇𝑛,𝜕𝑛𝜕𝑡 = ∇ (𝐷 (𝑛) ∇𝑛) . (34)

For low densities, the relation (34) becomes (25), which is
the first term in the expansion of the flux in odd powers of
the density gradient. Thus, for systems where the relaxation
spectrum of the fluctuations is of the form (30), the diffusion
coefficient can be determined starting from the explicit form
of this spectrum. The expression obtained for the diffusion
coefficient in this case is a generalization of the expressions
obtained for the diffusion coefficient in various models,
specifically, in the Maxwell-Stefan model [43].

It is convenient to calculate the relaxation spectrum using
the response functions [31, 48, 49]. Let us formulate the
basis of this formalism. Consider the system of the atomic
particles, which can interact with each other as well as the
environment such as liquid, solid, or surface. Let us show,
following [49], that many-particles distribution functions of
such a system are the density functionals. Assume that each
particle at the coordinate r interacts with time-dependent
external field V(r, 𝑡). In order to describe such a system,
one can use Liouville equation for many-particle distribution
function 𝐹(𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡), where 𝑥𝑖 = (r𝑖, p𝑖) are the
coordinates and th momentum of the particles. Solving the
Liouville equation with the fixed initial distribution function
and for the different external potentials 𝑉(r1, r2, . . . , 𝑡) =∑𝑖 V(r𝑖, 𝑡), one can obtain one-to-one conformance between𝐹(𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡) and 𝑉(r1, r2, . . . , 𝑡). On the other hand,
introducing the density of the particles

𝑛 (r, 𝑡) = ∫𝑑Γ𝑛𝐹 (𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡) , (35)

where 𝑑Γ is the phase space element, and 𝑛 is the density
operator, one can obtain one-to-one conformance between
the external field 𝑉(r1, r2, . . . , 𝑡) and the density 𝑛(r, 𝑡).
From this it directly follows that many-particles distribution
functions are density functionals:𝐹 (𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡) = 𝐹 (𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡, [𝑛]) . (36)

Following [49], let us write the action for the Liouville
equation in the form

𝑆 = 1𝑡2 − 𝑡1 ∫𝑡2

𝑡1

𝑑𝑡∫𝑑Γ 𝐿𝐹, (37)
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where 𝐿 is the Lagrangian of the system, which is equal to
the difference between the kinetic and potential energy of the
particles. It follows from (36) and (37) that the action 𝑆 is the
density functional:

𝑆 = Δ [𝑛] = 1𝑡2 − 𝑡1 ∫𝑡2

𝑡1

𝑑𝑡∫𝑑Γ𝐿𝐹 (𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡, [𝑛]) .
(38)

Functional Δ[𝑛] has an extrema for the equilibrium state of
the system [48, 49]. Due to the linearity of the (38) by the
potential energy, system of the particles interacting with the
external field V(r, 𝑡) corresponds to the functional Δ[𝑛, V],
which can be expressed as

Δ [𝑛, V] = Δ [𝑛] + 1𝑡2 − 𝑡1 ∫𝑡2

𝑡1

V (r, 𝑡) 𝑛 (r, 𝑡) 𝑑r 𝑑𝑡. (39)

Functional (39) has an extrema for the stationary or quasi-

stationary 𝑛(r, 𝑡) = 𝑛0(r, 𝑡) ≡ 𝑛(0) state of the system [48, 49]𝛿Δ [𝑛]𝛿𝑛 𝑛=𝑛(0) = 0 (40)

and represents the time average of the free energy functional𝐹[𝑛(r, 𝑡), 𝑡]:
Δ [𝑛] = 𝜏−1 ∫𝜏

0
𝐹 [𝑛 (r, 𝑡) , 𝑡] 𝑑𝑡. (41)

The functional Δ[𝑛] was for the first time introduced in such
a form in the papers [31, 48]. Equation (40) determines the
density of the atomic particles 𝑛(r, 𝑡). Let us express the
free energy using the response functions defined as follows.
Consider the system in the external field 𝑒Vext(r, 𝑡) (𝑒 -
external field amplitude). The response function 𝛽(r, r, 𝑡, 𝑡)
of such a system couples the density fluctuation 𝛿𝑛(r, 𝑡) with
the external field 𝑒Vext(r, 𝑡), which generate this fluctuation
[31, 48] at 𝑒 → 0:𝛿𝑛 (r, 𝑡) = ∫𝑑r𝑑𝑡𝛽 (r, r, 𝑡, 𝑡) 𝑒Vext (r, 𝑡)𝑒→0

. (42)

It is obvious that in the case of the linear response and 𝑒 → 0,
the response function 𝛽(r, r, 𝑡, 𝑡) is independent on 𝑒. Let us
rewrite the definition (42) in the operator form𝛿𝑛 = 𝑒Vext𝛽. (43)

Such a form (43) will be used further in the paper. In the
presence of the external field, the functional Δ[𝑛, V] at 𝑒 → 0
is determined by the relation (39):

Δ [𝑛, 𝑒Vext] = Δ [𝑛] + 1𝑡2 − 𝑡1 ∫𝑡2

𝑡1

𝑒Vext (r, 𝑡) 𝑛 (r, 𝑡) 𝑑r 𝑑𝑡.
(44)

Here Δ[𝑛] is the functional at 𝑒 = 0, determined by the
formula (38). In order to obtain linear response function, let
us use the relation (39). One can rewrite the solution of the
(39) at 𝑒 → 0 with the sum 𝑛(r, 𝑡) = 𝑛(0)(r, 𝑡) + 𝛿𝑛(r, 𝑡). In

this case, one can obtain, in the first order and with respect to
(39), 𝛿Δ [𝑛]𝛿𝑛 𝑛=𝑛(0) + 𝛿2Δ [𝑛]𝛿𝑛2 𝑛=𝑛(0)𝛿𝑛 + 𝑒Vext = 0 (45)

or

−( 𝛿2Δ [𝑛]𝛿𝑛2 𝑛=𝑛(0))−1𝑒Vext = 𝛿𝑛. (46)

At 𝑒 → 0, the quantity𝛿2Δ [𝑛]𝛿𝑛2 𝑛=𝑛(0) ≡ 𝛿2Δ𝛿𝑛 (r, 𝑡) 𝛿𝑛 (r, 𝑡) (47)

is independent on 𝑒. Comparison of the relations (43) and
(46) gives the following form of the response function𝛽(r, r, 𝑡, 𝑡):

𝛽 (r, r, 𝑡, 𝑡) = −( 𝛿2Δ [𝑛]𝛿𝑛2 𝑛=𝑛(0))−1

= −( 𝛿2Δ𝛿𝑛 (r, 𝑡) 𝛿𝑛 (r, 𝑡))−1. (48)

It follows from the functional Δ[𝑛] definition that it can be
expressed as Δ [𝑛] = Δ 0 [𝑛] + Δ int [𝑛] . (49)

Here Δ 0[𝑛] corresponds to the functional of the particles
without their interaction with each other, and Δ int[𝑛] cor-
responds to the functional (38), which represents particle-
particle interactions. Two times variation of the (49), with
respect to (48), gives the following:−𝛽−1 = −𝛽−10 + 𝑅, (50)

where𝛽−10 (r, r, 𝑡, 𝑡) = − 𝛿2Δ 0 [𝑛]𝛿𝑛2 𝑛=𝑛(0) = − 𝛿2Δ 0𝛿𝑛 (r, 𝑡) 𝛿𝑛 (r, 𝑡)
(51)

is the response function of the noninteracting particles

𝑅 (r, r, 𝑡, 𝑡) = − 𝛿2Δ int [𝑛]𝛿𝑛2 𝑛=𝑛(0) = − 𝛿2Δ int𝛿𝑛 (r, 𝑡) 𝛿𝑛 (r, 𝑡) .
(52)

It is shown in the paper [31, 48] that the function 𝑅(r, r, 𝑡, 𝑡)
is connected to the effective lagged interaction between the
particles. Multiplying the relation (45) on the 𝛽 in the left
and on the 𝛽0 in the right, one can obtain the equation
on the response function. In the case of the homogeneous
quasi-stationary state of the atomic system, the functions𝛽0(r, r, 𝑡, 𝑡), 𝛽(r, r, 𝑡, 𝑡) j 𝑅(r, r, 𝑡, 𝑡) depend only on the
differences r − r j 𝑡 − 𝑡, so (50) can be rewritten as𝛽 (k, 𝜔) = 𝛽0 (k, 𝜔) + 𝛽0 (k, 𝜔) 𝑅 (k, 𝜔) 𝛽 (k, 𝜔) , (53)
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where 𝛽(k, 𝜔), 𝛽0(k, 𝜔) j 𝑅(k, 𝜔) are the Fourier transform
of the response functions 𝛽(r− r, 𝑡 − 𝑡), 𝛽0(r− r, 𝑡 − 𝑡), and𝑅(r − r, 𝑡 − 𝑡), respectively; for example,𝛽0 (r − r

, 𝑡 − 𝑡) = ∫𝑑k 𝑑𝜔 𝑒−𝑖𝜔(𝑡−𝑡)+𝑖k(r−r)𝛽0 (k, 𝜔) . (54)

Equation (53) allows us (when the 𝑅 function is known) to
determine the response function of the system of interacting
particles and relaxation spectrum of the system [31, 48].

In order to determine the relaxation spectrum, let us note,
that the expression 𝛽−1𝛿𝑛 = 𝑒Vext follows directly from (43).
Due to the response function definition (as the response of
the system on the arbitrary small external field), one can write𝛽−1𝛿𝑛 = 0. This equation has the nontrivial solutions 𝛿𝑛 ̸= 0
only if 𝛽−1 = 0. So, we can write that the relaxation spectrum
of the system 𝜔(k) is determined by the relation [31, 48]𝛽−1 (k, 𝜔) = 0. (55)

We will use the response function formalism to calculate the
response function and the diffusion coefficient of a dense
system of atomic particles in a subnanometer channel. We
will calculate first the response function 𝛽0(𝑘, 𝜔) and the
relaxation spectrum of such a gas when there is no interaction
between the particles. We write the diffusion equation for the
filling factor 𝜃 of the channel with molecules in the presence
of a weak perturbing external field 𝑒Vext(𝑥, 𝑡) in the form𝜕𝜃𝜕𝑡 = 𝐷0∇(∇𝜃 + 𝜃𝑇∇𝑒Vext) , ∇ ≡ 𝜕𝜕𝑥 . (56)

Here 𝐷0 is the diffusion coefficient for noninteracting parti-
cles. Let 𝜃0 be the equilibrium filling factor of the channel. We
will seek the solution of (56) in the form𝜃 = 𝜃0 + 𝛿𝜃 (𝑥, 𝑡) . (57)

Then, we obtain from (56), assuming the external field 𝑒ext to
be weak, an equation for 𝛿𝜃(𝑟, 𝑡):𝜕𝛿𝜃𝜕𝑡 = 𝐷0Δ𝛿𝜃 + 𝐷0𝜃0Δ𝑒Vext𝑇 . (58)

In deriving (58), only first-order infinitesimals in 𝛿𝜃 and 𝑒Vext

were retained in all terms. We will seek the solution of (58) in
the form of a Fourier integral𝛿𝜃 (𝑥, 𝑡) = 1(2𝜋)2 ∫ 𝑒𝑖𝑘⋅𝑥𝑒𝑖𝜔𝑡𝛿𝜃 (𝑘, 𝜔) 𝑑𝑘 𝑑𝜔,

𝑒Vext (𝑥, 𝑡) = 1(2𝜋)2 ∫ 𝑒𝑖𝑘⋅𝑥𝑒𝑖𝜔𝑡𝑒Vext (𝑘, 𝜔) 𝑑𝑘 𝑑𝜔. (59)

Substituting the expressions (59) into (58) and solving the
resulting linear equation for 𝛿𝜃(𝑘, 𝜔), we obtain𝛿𝜃 (𝑘, 𝜔) = 𝛽0 (𝑘, 𝜔) 𝑒Vext (𝑘, 𝜔) . (60)

Here 𝛽0 (𝑘, 𝜔) = − 𝜃0𝑘2𝐷𝑇 (𝑖𝜔 + 𝑘2𝐷0) (61)

is the response function of a gas of noninteracting diffusing
particles. Indeed, as 𝜔 → 0, the function 𝛽0(𝑘, 𝜔) reduces to
the well-known response function of an ideal equilibrium gas
with density 𝜃0 at temperature 𝑇 [38, 47]:𝛽0 (𝑘, 0) = −𝜃0𝑇 . (62)

The relaxation spectrum of such a gas is determined from the
relation (55) and has the form𝜔0 (𝑘) = − 𝑖𝐷0𝑘2. (63)

In accordance with the definition (26), the quantity 𝐷0 is the
diffusion coefficient. The relations obtained make it possible
to calculate the relaxation spectrum 𝜔(𝑘) by solving (54).
Thus, we find for the response function of a one-dimensional
system 𝛽 (𝑘, 𝜔) = 𝛽0 (𝑘, 𝜔)1 − 𝛽0 (𝑘, 𝜔) 𝑅 (𝑘, 𝜔) . (64)

Using the relations (61) and (64), we obtain an equation
determining the relaxation spectrum of the system under
study: 1 + 𝜃0𝑇 𝜔0𝜔 + 𝜔0𝑅 (𝑘, 𝜔) = 0. (65)

Equation (65) can be solved in a general form in the
quasistatic case 𝜔 → 0. Indeed, in this case, we find from
(65) 𝜔 (𝑘) = − 𝑖𝐷 (𝜃0, 𝑘) 𝑘2, (66)

𝐷(𝜃0, 𝑘) = 𝐷0 [1 + 𝜃0𝑇 𝑅 (𝑘, 0)] . (67)

It is convenient to rewrite the relation (67), introducing the

pair distribution function 𝑛2(𝑥 − 𝑥) = 𝜃20[1 + ](𝑥 − 𝑥)]:𝑇𝛽 (𝑘, 0) = −𝜃0 (1 + 𝜃0] (𝑘)) . (68)

Then we obtain from relations (53) and (61)𝑅 (𝑘, 0) = − 𝑇] (𝑘)1 + 𝜃0] (𝑘) . (69)

Substituting the expression (69) into (67) gives a relation
determining the relaxation spectrum of a dense gas in a one-
dimensional channel:𝜔 (𝑘) = − 𝑖𝐷0𝑘21 + 𝜃0] (𝑘) . (70)

We will now calculate the diffusion coefficient of a gas in a
one-dimensional channel taking into account the interaction
between hard-sphere particles. In this case, the correlation
function 𝑛2(𝑥) = 𝜃20[1+](𝑥)] has been calculated exactly [45]
with an arbitrary filling factor of the channel:𝑛2 (𝑥)

= {{{{{{{
0, 𝑟 < 𝜎,1𝜃0∑𝑚 (𝑥𝜎−1 − 𝑚)𝑚−1(𝑚 − 1)!(𝜃−10 − 1)𝑚 exp (−𝑥𝜎−1 − 𝑚𝜃−10 − 1 ) , 𝑥 > 𝜎.

(71)
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Using the relations (70) and (71), we find𝜔 (𝑘) = − 𝑖𝐷 (𝜃0) 𝑘2,
𝐷 (𝜃0) = 𝐷0 ( 1(1 − 𝜃0)2) . (72)

It follows from (72) that the general equation describing
particle transport in a dense 1D system, in accordance with
(34), has the form𝜕𝜃𝜕𝑡 = 𝜕𝜕𝑥 [𝐷0 ( 1(1 − 𝜃)2) 𝜕𝜃𝜕𝑥] . (73)

This equation can be obtained from (72) if the characteristic
local equilibration times in a dense system of particles in a
channel are short compared with the characteristic propa-
gation times of disturbances along such a system. For the
cases considered in the following, this assumption obviously
holds. We will consider solutions of (73) in the case where
complete equilibrium has been established in the channel and
the filling factor 𝜃 = 𝜃0(𝑝, 𝑇), with the function 𝜃0(𝑝, 𝑇) being
determined by the relation (23). Transport in a channel in
this case will be determined by the dynamics of the motion of
disturbances of the filling factor. The solution of (73) in this
case should be sought in the form 𝜃 = 𝜃0(𝑝, 𝑇) + 𝛿𝜃(𝑥, 𝑡). It
follows from (73) that the relaxation spectrum of disturbances
in this case has the form (72), where 𝜃 = 𝜃0(𝑝, 𝑇). Thus,
taking account of the interaction of hard-sphere particles in
a channel does not change the character of the relaxation of
its weakly nonequilibrium state: the relaxation spectrum (72)
remains a diffusion spectrum with diffusion coefficient𝐷(𝜃0).
However, it is important to underscore that transport in the
channel in this case is a collective effect and proceeds via
transport of disturbances of the equilibrium density 𝜃0(𝑝, 𝑇).
The diffusion coefficient 𝐷(𝜃0) in this case is the diffusion
coefficient of disturbances of the equilibrium density. It is
convenient to rewrite the relation (72) for the diffusion
coefficient in a different form. Using the Arrhenius character
of the diffusion coefficient for noninteracting particles

𝐷0 = 𝐷0 exp (−𝐸𝑇) (74)

(𝐷0 is proportional to the product of the squared lattice
constant of the wall material of the channel and the relaxation
frequency of particles in a channel on defects and lattice
phonons and is calculated in [37], and 𝐸 ≈ Ψ(𝑟max) (13) is
the activation energy of diffusing of noninteracting particles
in the channel), we will rewrite (72) in the form

𝐷(𝜃0) = 𝐷0 exp (−𝐸 (𝜃0)𝑇 ) ,
𝐸 (𝜃0) ≡ 𝐸 − 𝑇 ln ( 1(1 − 𝜃0)2) . (75)

This way of writing the diffusion coefficient for a gas of
interacting particles in a channel makes it possible to give

a physical interpretation for the change in the diffusion
coefficient accompanying a change in the filling factor 𝜃0.
The relation (75) shows that the interaction of particles in a
channel decreases the activation energy 𝐸 of the motion of
particles, even in the hard-sphere model. For an interaction
between hard-sphere particles such that there is no direct
attraction between the particles, the diffusion activation
energy decreases with increasing filling factor 𝜃0 as a result
of the effective interaction (see the following). Physically,
this corresponds to a change because of the presence of
another particle in a neighboring potential well, in the
parameters of the potential in which a gas particle moves.
Since the gas particles are assumed to be indistinguishable,
diffusion with the filling factor 𝜃0 ∼ 1 (when the effective

diffusion activation energy 𝐸(𝜃0) becomes comparable to the
temperature of the system) can be interpreted as a transfer of
“excitation” of the density along a chain of close gas particles.
It is obvious that the motion of such an “excitation” will occur
with substantial velocities. This leads to a large increase in the
diffusion coefficient when 𝜃0 ∼ 1. For 𝐸 = 0, the possibility
of such a diffusion mechanism is played out in [36]. We note
that for all gases investigated, the barrier 𝐸 is different from
0. This is indicated by the presence of a maximum in the
temperature dependence of the flux in a zeolite membrane
[43]. It can be assumed that the increase in the diffusion
coefficient in a channel observed with filling factors 𝜃0 ≥ 0.5
is related to the formation of clusters in the channel whose
sizes increase with the filling factor. The transport of gas in
the channel containing such clusters is determined by the
motion of “excitation” in a finite-size cluster. The formation
of clusters in a gas consisting of particles with a hard-sphere
pair interaction potential is related to the well-known [46]
appearance of an effective attraction between such particles.
This effect is manifested in the appearance of a maximum in
the correlation function 𝑛2(𝑥), describing the probability of
finding the “first” particle at a distance 𝑥 from the “second”
particle.

The relaxation spectra of the system for an arbitrary wave
vector 𝑘 can be found from (70) and (71). It is found that
the spectrum 𝜔(𝑘) contains a real part, which corresponds
to transport of an “excitation” in the system. The imaginary
part of the spectrum obtained has a minimum at a definite
value of the wave vector 𝑘 = 𝑘min, which depends on the
filling factor 𝜃0. It is natural to interpret the value 𝑅 =2𝜋/𝑘min(𝜃0) as the characteristic size of a cluster with a given

filling factor and the value 𝜏 = Im 𝜔−1(𝑘min(𝜃0)) as its
characteristic lifetime. As the filling factor increases, the value
of the effective attraction between the particles increases [46];
this could lead to the appearance of clusters consisting of two
or more particles. However, it is found that as a result of the
one-dimensionality of the channel, the lifetime of the clusters
that are formed is finite, which corresponds to the absence, as
noted previously, of a phase transition in such systems. The
dependences of the lifetime and size of the clusters formed
on the filling factor 𝜃0 are presented in Figure 2.

It is evident in the figure that increasing the filling factor
increases the lifetime and the size of the clusters formed. In
finite-size channels, for a definite value of the filling factor
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Figure 2: Size (𝑟 = 𝑅/𝜎) (a) and lifetime (𝜏/𝜏0, 𝜏0 = 𝜎2/𝐷0) (b) of clusters versus the filling factor.

𝜃0 = 𝜃𝑐, a cluster equal in size to the length of the channel
is formed. It is obvious that the diffusion coefficient in such
a channel increases without bound as 𝜃0 → 𝜃𝑐, even though
the lifetime of such a cluster is finite. If the range of relaxation
frequencies𝜔(𝑘) is known, then an expression that defines the
relaxation of the Fourier components of the particle density
in the channel 𝑛(𝑘, 𝑡) in the case of arbitrary density 𝑛(𝑘, 𝑡) is
given by ̇𝑛 (𝑘, 𝑡) = 𝑖𝜔 (𝑘) 𝑛 (𝑘, 𝑡) . (76)

From (76), we can get that the equation for the amplitude
of the fluctuations can be written as𝛿 ̇𝑛 (𝑘, 𝑡) = 𝑖𝜔 (𝑘) 𝛿𝑛 (𝑘, 𝑡) . (77)

Equation (77) describes the relaxation of 𝑘 component of
the density fluctuation at arbitrary wave vector. In particular,
at 𝑘 ̸= 0, this equation allows to describe the relaxation of
density fluctuations and propagation of disturbances on the
cluster of finite size in the case of the formation of the cluster.
At 𝑘 → 0, the equation describes the relaxation of density
fluctuations on large spatial scales. This value is related to the
macroscopic flux. Let us write the equation of continuity to
calculate the flux 𝑗: ̇𝑛 + 𝜕𝑗𝜕𝑥 = 0. (78)

After applying the Fourier transform, (78) takes the form𝑖𝑘𝑗 (𝑘, 𝑡) = − ̇𝑛 (𝑘, 𝑡) . (79)

Using (76) and (79), one can get for 𝑗(𝑘)𝑗 (𝑘, 𝑡) = 𝑛 (𝑘, 𝑡) 𝜔 (𝑘)𝑘 . (80)

Using the relation (70) we find that ](𝑘) and therefore
the spectrum contains both real and imaginary parts, cor-
responding to the “hydrodynamic” (real part of 𝜔(𝑘)) and
diffusive (imaginary part of 𝜔(𝑘)) transport of particles.
Therefore, (80) for the flux 𝑗(𝑘, 𝑡) contains terms relating to
hydrodynamic transport of particles in a cluster and diffusive
transport of particles in the space between clusters. We note
that the response function method can be used to take into
account the interaction of particles in a channel for a potential
that is different from a hard-spheres interaction, similarly to
the way this was done previously.

Analysis of the experimental data showed that for high
filling factors 𝜃0 ∼ 1, the dependence of the diffusion
coefficient 𝐷(𝜃0), calculated from the relation (72), leads to a
discrepancy between theory and experiment (Section 2.1.3).
This discrepancy could be due, in our opinion, to the above-
described influence of a finite channel length, the asphericity
of the gas molecules, and the possible breakdown of one
dimensionality of the problem. These effects lead to the
following dependence of the diffusion coefficient on the
filling factor:

𝐷(𝜃0) = 𝐷0 ( 1(1 − 𝜁𝜃0)2) . (81)

Here 𝜁 is a coefficient that takes into account the finite
size of the channel, the possible deviation of the chan-
nel from one-dimensionality, and the asphericity of the
molecules. The relations (72), (81), and (52) make it possible
to describe transport in a subnanometer channel for different
values of parameters such as the gas pressure and the
pressure difference outside the membrane, the temperature
of the membrane, and the type of gas molecules. As an
example, we present the dependence, calculated according
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to (72), (81), and (23), of the diffusion coefficient in a
subnanometer channel on the relative temperature 𝑇/𝑇0 for
various relative pressures 𝑝/𝑝0 (Figure 3).

It is evident in the figure that the character of the tem-
perature dependence of the relative diffusion coefficient in
subnanometer channels is substantially different at different
pressures 𝑝. For example, if the pressure is high (𝑝/𝑝0 >1), the dependence of 𝐷/𝐷0 on 𝑇/𝑇0 has a pronounced
maximum at temperatures 𝑇 ∼ 0.5𝑇0 (curve 1). As pressure
decreases, the magnitude of this maximum decreases and the
maximum itself shifts into the region of lower temperatures
(curves 2, 3). A further decrease of pressure to values 𝑝/𝑝0 <1 results in the appearance of a minimum in the dependence
of 𝐷/𝐷0 on 𝑇/𝑇0 in the temperature range 𝑇 ∼ 0.5𝑇0. The
maximum occurs at 𝑇 ∼ 0.3𝑇0. Since for 𝑝/𝑝0 < 1, the
flux depends on 𝑝 and the average distance between particles
in the channel is much greater than the diameter of the
particles, the increase in the diffusion coefficient for 𝑇 ∼0.5𝑇0 is due to the temperature dependence of the diffusion
coefficient 𝐷0 on individual molecules in the channel. At high
temperatures, all curves saturate at a value corresponding
to 𝐷/𝐷0 = 1. In the next section, the theoretical laws
obtained previously will be compared with the experimental
data.

2.1.3. Analysis of the Experimental Data: Comparison of The-
ory with Experiment. Quite extensive experimental investi-
gations of the sorption and transport properties of a series of
organic molecules (CH4, C2H6, 𝑛-C4H8, 𝑖-C4H8, and others)
and the inert gases Ar, Ne, and Kr in ZSM-5 zeolite mem-
branes (MFI, silicate-1) have now been performed. The results
are presented in [42, 50, 51]. According to [52], ZSM-5 zeolite
membranes have a complicated chemical and crystalline
structure. The chemical structure of zeolite membranes is
given by the formula

Na𝑛 [Si96−𝑛Al𝑛O192] ⋅ 16 H2O, 𝑛 ≤ 8. (82)

For small values of 𝑛, zeolite membranes of this type are
called silicate-1 membranes. The crystalline structure of ZSM-
5 membranes has been studied quite well. It consists of a 3D
structure, consisting of sinusoidal channels with a circular
cross section (0.54 ± 0.02 nm) parallel to the 𝑎 axis [53], which
intersect straight channels with an elliptical cross section(0.57-0.58) × (0.51 − 09.52) nm2 parallel to the 𝑏 axis [010]
[50, 54]. Cavities ∼0.9 nm in size form at the intersection
of the channels. The sorption capacity of ZSM-5 zeolite is
determined by the number of sorbed (entering the channels)
molecules per cell of a crystal. According to [50, 55], the
cell parameters are 𝑎 = 2.007 nm, 𝑏 = 1.992 nm, and𝑐 = 1.342 nm. A single cell is a structure consisting of
four segments of 0.46 nm linear channels, four segments of
0.66 nm sinusoidal channels, and four 0.54 nm intersections.
Depending on the structure of a molecule, sorption of one
or two molecules per intersection is possible. In [50], the
sorption capacity of ZSM-5 was measured for a number of
molecules. It was concluded that the molecules CH4, C3H8,
and 𝑛-C4H10 are sorbed with one molecule per intersection,
while nitrogen, 𝑛-hexane, and 𝑝-xylene are sorbed with two
molecules per intersection. Thus, for gases of the type CH4,𝑛-C3H8, and C4H10, channels in the crystal structure of
ZSM-8 can be treated as one dimensional. For nitrogen-type
molecules, two molecules can be arranged at an intersection,
and therefore molecules can change places at an intersection
(absence of blocking). Nonetheless, since there are signifi-
cantly more nitrogen molecules in a channel (24 molecules
per unit cell [50]), the one-dimensional model can also be
used for this gas. Analysis of the experimental data presented
[43, 55–58] shows that all gases investigated can be condi-
tionally divided into two groups. The first group of gases,
containing, specifically, Ar, Kr, Ne, and CH4, is characterized
by a linear pressure dependence of the filling factor 𝜃; that is,
Henry’s law holds for them [43]. For these gases, the pressure
dependence of the flux is nearly linear, and the diffusion
coefficient is essentially independent of the filling factor [55].
The temperature dependence of the flux is characterized by
the presence of a minimum at temperatures 𝑇 ∼ 400 K
(e.g., for Ar and Kr), while a maximum is not observed in
the diffusion coefficient [57, 58]. Here neon, whose diffusion
coefficient increases with temperature [58], is an exception.
The second group of gases, containing, specifically, i-C4H10,
C2H4, C2H6, and C4H8, is characterized by a dependence of
the filling factor 𝜃 on the pressure 𝑝 in the form of a curve
that saturates [43]. For these gases, the pressure dependence
of the flux is likewise characterized by a curve that emerges
at a value that is pressure independent [55]. For this group
of gases, the diffusion coefficient depends strongly on the
filling factor [56]. The temperature dependence of the flux is
characterized by the existence of a maximum and minimum
at high (𝑇 > 500 K) temperature [57]. The model, constructed
in this paper, of the sorption and transport properties makes
it possible to describe these dependences of transport in one-
dimensional channels on the basis of general assumptions.
Figure 4 shows the dependence of the diffusion coefficient𝐷 on the filling factor 𝜃 (solid line), calculated using (81)
and the experimental data obtained in [57] for various gases.
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We note that the dependence (81) presented in Figure 4 takes
into account the asphericity of the molecules, equal to 𝜁 =0.86. For inert gases and methane (first group of gases), the
diffusion coefficient measured in the range of filling factors𝜃0 < 0.5 depends weakly on 𝜃0. A large increase in the
diffusion coefficient at 𝜃0 ∼ 1 is observed for gases of the type
C2H6 and 𝑛-C4H8 (second group of gases). This behavior of
the diffusion coefficient 𝐷(𝜃) can be satisfactorily described
on the basis of the model proposed, which takes account of
the pair interaction of particles with a very simple form of
the interaction potential for hard spheres. It is obvious that
this coefficient is different for different molecules.

The physical mechanism leading to an increase of the
diffusion coefficient consists in a decrease of the activation
barriers for diffusion, which is due to an interaction of the
particles for high filling factors. Indeed, it follows from the

relation (75) for the effective diffusion activation energy 𝐸(𝜃0)
that in this case, when the filling factor is low, 𝜃0 ≪ 1,
gas diffusion in the channel can be studied in the single-
particle approximation neglecting the pair interaction of
the gas particles with one another. As the filling factor
increases, the diffusion activation energy decreases as a
result of the effective attraction of the gas particles to one
another. This can be interpreted as the formation of widely
separated clusters. Diffusion in each cluster can be treated as
a transfer of “excitation” along a chain of close gas particles.
A further increase of the filling factor increases the cluster
lifetime and decreases the average intercluster distance and,
in consequence, increases the diffusion coefficient. For 𝜃0 ∼1, the diffusion process can be regarded as a motion of this
“excitation” along the entire channel, when the arrival of
a particle at the channel entrance results in the end-most
particle leaving the channel.

Figure 5(a) shows the temperature dependences of the gas
flux through a membrane for ethane and argon, calculated

using the formulas (5) and (81) and a relation following
from (81): 𝐽 ∝ 𝐷(𝜃0(𝑇, 𝑝))𝜃0(𝑇, 𝑝). These dependences were
compared with the experimental values obtained in [42]. It
is evident that the theoretical and experimental results agree
satisfactorily with one another. The temperature dependence
can also be understood on the basis of the model developed
in the present work. Indeed, it follows from the relation (5)
that at low temperatures (𝑇 → 0), the filling factor 𝜃0 ∼ 1.

The effective diffusion activation energy 𝐸(𝜃0) is 𝐸0 at
zero temperature (56). The diffusion coefficient of the gas
particles in the channel (81) approaches zero as a result of
the “freezing out” of the thermal motion of the particles
in the potential field of the channel surface. Increasing the

temperature decreases 𝐸(𝜃0) without appreciably changing

the filling factor. The value of 𝐸(𝜃0) reaches a minimum
at a certain temperature 𝑇0. It is obvious that the diffu-
sion coefficient reaches its maximum value precisely at this
temperature. It follows from (54) and (75) that a further
increase of temperature decreases the filling factor 𝜃0, and
this is accompanied by an increase in the effective diffusion
activation energy right up to the value 𝐸0 which is attained
for 𝜃0(𝑝, 𝑇) ≈ 𝜃0 ≪ 1 at some temperature 𝑇 = 𝑇1(𝑝). The
temperature 𝑇1 corresponds to a minimum in the function𝐷(𝑇). A further increase of the diffusion coefficient with
increasing temperature corresponds to the variation of the
coefficient according to the Arrhenius law 𝐷 ∝ exp(−𝐸0/𝑇).
Figure 5(b) shows the temperature dependence of the flux
for argon, calculated using (81) and the data from [57]. We
note that the theory developed in the present paper predicts
that the presence of a minimum at 𝑇 ∼ 400 K should be
accompanied by the appearance of a maximum at 𝑇 ∼ 200 K.
In this connection, for further elaboration of the theory, it is
of interest to make an experimental search for a maximum
in the temperature dependence of the flux for argon near𝑇 ∼ 200 K. Thus, two types of behavior of particles in
a channel, which have different diffusion mechanisms, can
be distinguished in the pressure and temperature ranges
investigated. For the first group, this is the diffusion of
single particles in a channel, and for the second group it is
diffusion as a result of a collective interaction of particles in a
completely filled channel. Such behavior of single-component
gases is a direct consequence of the real one-dimensionality
of subnanometer channels, where molecules cannot change
places with one another. The proposed model is based on
two basic assumptions: (1) the pair interaction between gas
particles plays the decisive role in the description of the
state and transport phenomena in a one-component gas in
subnanometer channels, and (2) as a result of the fact that
the channel diameter is comparable to the diameter of the
gas molecules, such channels can be assumed to be one
dimensional. The one-dimensionality of the system studied
is actually due to the fact that the gas molecules do not have
classical transverse degrees of freedom. This difference from
the conventional systems plays a fundamental role in the
analysis of all phenomena described above.

We note that (73) derived previously possesses, besides
the solution described in the text, strongly nonuniform
nonstationary soliton-like solutions. It should be expected



Journal of Nanomaterials 13

0

0.2

0.4

0.6

0.8

1

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

𝐽

𝑇/𝑇0

(a)

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2

𝐽

𝑇/𝑇0

(b)

Figure 5: Relative flux versus the relative temperature 𝑇/𝑇0, 𝑇0 = 296 K. Solid lines—theoretical curves calculated using (5), (34), and (81);
dots—experimental data for ethane (a) [42] and argon (b) [58].

that an experimental consequence of the existence of such
solutions will be the appearance of substantial fluctuations
of the gas flux through a membrane. The proposed model
satisfactorily describes the equilibrium properties of a gas
in a channel (specifically, the filling factor) and the weakly
nonequilibrium properties of the gas, such as the diffusion
coefficient and flux. It should be noted that a satisfactory
description of the equilibrium properties, for example, the
adsorption isotherm, has been obtained previously on the
basis of a number of phenomenological models [42]. A qual-
itative analysis of the maximum (but not minimum) in the
temperature dependence of the relative diffusion coefficient is
presented in [43]. A model describing the dependence of the
diffusion coefficient on the filling factor on the basis of a one-
particle approximation by introducing into the diffusion rate
jumps of individual particles a phenomenological correction

factor 𝜒 = (1 − 𝜃0)−1 has been proposed in [36]. However,
even though each of the phenomena indicated previously
can be described on the basis of individual models, the
approximations used in so doing either are not physically
substantiated or completely contradict one another.

2.2. Particle Mobility and Diffusion in 1D System. Although,
in many cases, the parameters of 1D systems can be calcu-
lated exactly, their complete theoretical description has not
yet been accomplished. 1D systems belong to the class of
strongly fluctuating systems [59]; thus, in contrast to systems
of higher dimensionalities, they cannot unambiguously be
described only by mean values such as mean density and
compressibility [59]. The transport properties of 1D systems
can also be rather specific (see [43, 57, 60] and Section 2.1).
Recent ab initio calculations [61] have shown that water
flux through hydrophobic nanotubes is more than one order
of magnitude higher than the estimated ordinary diffusion
flux. The permeation experiments on zeolite membranes [57]
have shown that for gases, whose particle diameter is larger
than half the zeolite channel diameter, the increase of the
diffusion coefficient with density is more than one order of

magnitude larger than would be expected for one-particle
diffusion. On the other hand, there are also experimental
results, for example, obtained using nuclear magnetic reso-
nance (NMR) and quasi-elastic neutron scattering (QENS)
techniques, indicating that the particle mobility in 1D systems
can decrease and the mean square displacement (MSD) can
become proportional not to time, as it is in the case of a
normal (Einstein) diffusion, but to the square root of time,⟨𝑥2⟩ ∼ 𝑡1/2 (so-called single-file diffusion mode (SFD))
[43, 62–67]. Moreover, the experiments [64, 66] show that
both the Einstein and SFD diffusion modes can exist for
the same particles but at different densities and observation
times. Furthermore, for certain investigated gases, a density
increase leads to a transition from the Einstein diffusion to
the SFD mode [64]. Thus some experiments suggest that the
particle mobility in 1D systems must decrease with increasing
density, whereas others show that diffusion accelerates as
density becomes larger. An explanation for this contradiction
is absent at present.

Diffusion in 1D systems has been studied in numerous

theoretical works [36, 57, 67–73]. The dependence ⟨𝑥2⟩ ∼ 𝑡1/2
has been obtained for a 1D system within the screened-gas
model, which partly takes into account correlations between
the particles [68–73]. It has been suggested [70–73] that the
appearance of the two diffusion modes, characterized by the
different time dependences of MSD, can be explained by a
transition from the one-particle diffusion mode, occurring
at short times, to SFD appearing at longer times when the
particle mobility is limited by its neighbors. In this case

at 𝑡 → ∞ the dependence of MSD is always ⟨𝑥2⟩ ∼𝑡1/2. Although this approach can describe the experimentally
observed dependences of MSD, corresponding to SFD, it
fails to explain the increase of the diffusion coefficient and
transport acceleration observed in dense 1D systems [43]. The
physical reason for this failing is that the proposed model
[60] considered the system of individual tagged particles,
whereas in experiments one does not follow the diffusion
of a particular particle but rather deals with the system
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of many of identical particles. We propose a description
for the particle diffusion [57] and mobility [43, 62–65] in
1D systems of identical particles with blocking effect (BE)
when the motion of a particle is blocked by other particles
or clusters. According to our model, different mobility and
diffusion transport mechanisms can be realized in a 1D
system depending on its density. At low densities, an ordinary
diffusion of single particles takes place. As density increases,
a formation of 1D clusters of a finite size and lifetime takes
place. In this case, there are two competing mechanisms
prevalent in the system: a barrier-free propagation of density
perturbations (“collective diffusion” (CD)) [60] and a block-
ing effect. When BE dominates, the SFD mode is realized,
whereas when the CD mechanism prevails, we predict an
essential transport acceleration, as compared to the one-
particle diffusion mode. In this case, MSD is Einstein-like
with the diffusion coefficient increasing with density. The
proposed model consequently takes into account all the time-
space correlations occurring in a 1D system composed of
identical particles with an arbitrary interaction potential. This
model is able to describe the experimentally observed MSD
dependencies at different densities as well as the transport
acceleration with increasing density of a 1D system. To
describe the transport properties of a 1D system, we apply
the response function method (see Section 2.1 and [31, 32,
48]). This approach allows one to consistently take into
account many-body correlations and obtain the diffusion
coefficient and MSD for a 1D system of arbitrary density.
Within response function method, we calculate the response
function 𝛽(𝑘, 𝜔), which determines the Fourier image of the
density fluctuation 𝛿𝑛(𝑘, 𝜔) occurring in the 1D system in
the external field of frequency 𝜔 and wave number 𝑘. The
relaxation spectrum of a density fluctuation (𝜔(𝑘)) can be

calculated from the relation 𝛽−1(𝑘, 𝜔) = 0. Note that in
response function method, 𝛿𝑛(𝑥, 𝑡) can be interpreted as a
distribution function if 𝑡 ≫ 𝑎2/𝐷, where 𝑎 is the particle
diameter and 𝐷 is the one-particle diffusion coefficient [48].
A density fluctuation 𝛿𝑛(𝑥, 𝑡) in a 1D system is determined by
the relation (87), and the MSD can be expressed as

⟨𝑥2⟩ = ∫𝑥2𝑑𝑥 𝑑𝑘𝑒−𝑖𝜔(𝑘)𝑡𝑒𝑖𝑘𝑥∫𝑑𝑥𝑑𝑘𝑒−𝑖𝜔(𝑘)𝑡𝑒𝑖𝑘𝑥 . (83)

It is evident from (87) and (83) that MSD is determined
by the relaxation spectrum 𝜔(𝑘). The evaluation of 𝜔(𝑘) is
reduced to the solution of Dyson equation for the response
function (55) and for the 1D system takes the form (70), where
](𝑘, 𝜃) is the Fourier image of the pair correlation function of
interacting particles. The function ](𝑘, 𝜃) can be obtained for
a 1D system with an arbitrary interaction potential Φ(𝑥) [45]:

] (𝑘, 𝜃) = 2𝑛0 ( 𝜙 (𝑝 (𝜃) − 𝑖𝑘𝑎)𝜙 (𝑝 (𝜃)) − 𝜙 (𝑝 (𝜃) − 𝑖𝑘𝑎) + 𝜃𝑖𝑘𝑎) ,
𝜙 (𝑧) = ∫∞

0
𝑒−𝑧𝑥 exp (−Φ (𝑥)𝑇 ) ,1𝜃 + (ln 𝜙 (𝑧))𝑧=𝑝(𝜃) = 0.

(84)

Here 𝑇 is the temperature. The last expression in (84) helps
us to obtain the dependence of pressure on the filling factor
(𝑝(𝜃)). It follows from (70) and (84) that at 𝜃 → 0, the
relaxation spectrum 𝜔(𝑘) describes the one-particle diffusion𝜔(𝑘) = −𝑖𝐷0𝑘2. For 𝑘𝑎 ≫ 1, the Fourier image of the pair
correlation function ](𝑘, 𝜃) approaches zero for any arbitrary
short-range potential Φ(𝑥). This corresponds to the absence
of correlations between the particles at the length scale 𝑎 < 𝑙0,
where 𝑙0 is the average particle path between two collisions.
In this case, the relaxation spectrum 𝜔(𝑘) also describes the
one-particle diffusion mode 𝜔(𝑘) = −𝑖𝐷0𝑘2. The analysis
of the relaxation spectrum performed in Section 2.1 for the
hard-core potential has shown that due to collective effects
and density fluctuations, the 1D system can transform into
a nonhomogeneous state as density increases. This state is
characterized by the formation of 1D clusters with a finite
lifetime (Section 2.3) (Section 2.1). In this case at high density
(𝜃 → 1), long distances (𝑘 → 0), and 𝑡 → ∞ (see (70),
(84)) the spectrum becomes diffusion-like with the diffusion
coefficient increasing with density (72) that corresponds to
the CD mode existing in a nonhomogeneous, clustered 1D
system [62]. In order to describe the relaxation of density

fluctuations at times 𝑡 ≫ 𝑎2/𝐷0 (that corresponds to the long-
time limit 𝑡 → ∞) for an arbitrary filling factor 𝜃, one should
do series expansions of (70) and (84) with respect to the
parameter 𝑘𝑎 ≪ 1 and keep the expansion terms following
the first one. It is convenient to rewrite this expansion with
respect to parameter 𝑘𝑙0. Having done this, the relaxation
spectrum for 𝑘 ≪ 1/𝑎 can be written as𝜔 (𝑘) = − 𝑖 (𝐷 (𝜃) 𝑘2 + 𝐹 (𝜃) 𝑘2(𝑘𝑙0)2 + 𝑖𝐹1 (𝜃) 𝑘2 (𝑘𝑙0)) ,

(85)

where the expansion coefficients are 𝐷(𝜃) = 𝐷0𝜁(0, 𝜃), 𝐹1(𝜃)= 𝐷𝜃](0, 𝜃)𝜁2(0, 𝜃), and 𝐹(𝜃) = 𝐷𝜃2((1/2)](0, 𝜃)𝜁2(0, 𝜃) −
]2(0, 𝜃)𝜁3(0, 𝜃)). The values with apostrophes represent the
corresponding derivatives of ](𝑘, 𝜃) with respect to wave
number 𝑘, calculated at 𝑘 = 0. Equations (83) and (85)
can be used to evaluate the time dependence of ⟨𝑥2⟩ at any
length scale, starting from a diffusion path of just few particle
jumps up to those comparable to the total length of the
channel. Note that the real part of the spectrum Re 𝜔(𝑘),
which at 𝜃 → 1 corresponds to the sound mode, describes
the collective effect of density perturbation propagation

(𝛿𝑛(𝑥, 𝑡) ∼ ∫ 𝑑𝑘𝑒−𝑖𝜔(𝑘)𝑡𝑒𝑖𝑘𝑥 = ∫𝑑𝑘𝛿𝑛1(𝑘, 𝑡)𝛿𝑛2(𝑘, 𝑡)𝑒𝑖𝑘𝑥, 𝛿𝑛1 ∼𝑒𝑖Re𝜔(𝑡)𝑡), and its imaginary part Im 𝜔(𝑘) determines the
diffusion mode for the relaxation of a density fluctuation
taking into account the length-time correlations between

the particles (𝛿𝑛2 ∼ 𝑒− Im𝜔(𝑘)𝑡). Equations (87), (83), and
(85) allow us to study the mobility and distribution function
of the particles in a 1D system for different length/time
scales, filling factors and interaction potentials Φ(𝑥). Figure 6
presents the dependences of the distribution function on the
dimensionless coordinate 𝑥 = 𝑥/𝑙0, calculated for different
dimensionless times 𝑡 = 𝑡/𝜏 (𝜏 ∼ 𝑙20/𝐷0) using the square-
well interaction potential with the well depth 𝑉 ∼ 𝑇 (𝑢 =𝑉/𝑇 ∼ 1) and width 𝑅.

It is important to mention that the obtained results do not
depend on the specific form of the pair interaction potential
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Φ(𝑥); we have obtained similar results using rectangular
potentials, the Lennard-Jones and Morse potentials. We
also note that the shape of the distribution function is
independent on density as both dimensionless coordinate
and time are determined by the filling factor. The distribution
functions at different time scales clearly differ from each
other. The distribution is a Gauss-like function at short times
(𝜃2 ≪ 𝑡 < 1, 𝜃 ≪ |𝑥| < 1) that corresponds to the
one-particle diffusion (Figure 6). At 𝑡 ∼ 1, |𝑥| ∼ 1, the
distribution function varies faster than the Gauss distribution
(Figure 6) that corresponds to limited mobility of a particle
due to its blocking by other particles. At longer times (𝑡 ≫ 1,|𝑥| ≫ 1), the distribution function becomes Gauss-like again
(Figure 6) as the transport in a dense 1D system is due to the
CD mechanism [60]. In this case, the relaxation spectrum is
diffusion-like with a density-dependent diffusion coefficient𝐷𝑢(𝜃) ≈ 𝐷0/(1 − 𝜃)2.

MSDs calculated at different time and length scales
(Figure 7) using the distribution functions (Figure 6) notice-
ably differ from each other confirming the existence of several
diffusion modes in the system. At short length-time scales

(𝑡 < 𝜏, ⟨𝑥2⟩ ≪ 𝑙20), one should observe the one-particle

diffusion mode with ⟨𝑥2⟩ ∼ 𝑡 (Figure 7(a)). When ⟨𝑥2⟩ is

comparable to 𝑙20 and time 𝑡 ∼ 𝜏, the correlations between
the particles become essential that lead to the appearance
of blocking effect. In this case, MSD has a non-Einstein

character (Figure 7(b)). At longer times 𝑡 ≫ 𝜏, ⟨𝑥2⟩ ≫ 𝑙20 ,
the particle mobility is mostly determined by the second term

in (85). This leads to the reappearance of the Einstein-type

110 dependence of MSD, ⟨𝑥2⟩ = 2𝐷(𝜃)𝑡, where 𝐷(𝜃) is an
effective diffusion coefficient. Notice that the characteristic
times at which different diffusion modes can be observed
depend on the density of the system. Indeed, the average
distance between the particles and, consequently, the time𝜏 ∼ 1/𝜃2 decrease with increasing density.

Further we compare our results to those of the QENS,
NMR [43, 62–65], and permeation [57] experiments as well
as to the results of the molecular dynamics (MD) calculations
[71] summarized in Table 1. Notice that such a system can be
considered as one dimensional with the presence of BE as the
diameters of the experimentally investigated molecules are
less than the doubled diameter of the membrane channel. Our
estimates for zeolite ZSM-48 obtained using the data from
[71] show that for the low filling factor (𝜃 = 0.11) and times∼ 10 ns, the normal diffusion mode, ⟨𝑥2⟩ ∼ 𝑡, should occur
while at higher density (𝜃 = 0.48) the dependence ⟨𝑥2⟩ ∼ 𝑡1/2
should be observed, which is in a perfect agreement with the
experimental data (Table 1). In Table 1, experimental and MD
results are presented; 𝑎 and 𝑑 are the particle and membrane
channel diameters, respectively, 𝑇 is a temperature, and 𝜃 is
a degree of filling of the channel. The fifth column represents
the data on the motion mode of a particle in a channel (“SFD”
means 𝑥2 ∼ 𝑡𝛼, 𝛼 < 1, “normal” corresponds to 𝑥2 ∼ 𝑡). The
observation time of corresponding modes is represented in
the sixth column.

The experimental results obtained for ethane molecules in
zeolite AlPO4-5 and for methane molecules in zeolite ZSM-
48 (Table 1) are successfully described by our model. Indeed,
using (85), one can write MSD for the SFD mode at 𝐹(𝜃) > 0
as ⟨𝑥2⟩ = (1 − 𝜃) 𝑙0√32𝐷𝑡𝐹 (𝜃),

𝐹 (𝜃) = 𝐷0𝜃2 (12] (0, 𝜃) 𝜁2 (0, 𝜃) − ]
2 (0, 𝜃) 𝜁3 (0, 𝜃)) .

(86)

Equation (86) with 𝐹(𝜃) = 1 is identical to the relation
derived in [62] with the accuracy of the numeric coefficient√32. Note that 𝐹(𝜃) describes the correlations effects in a 1D
system of interacting particles. Using (86) and the parameters

for AlPO4-5 [62], we obtain ⟨𝑥2⟩ ∼ 3 𝜇m for times ∼100 ms
that is in good agreement with the values reported in [62, 64].

At short times 𝑡 ≤ 𝑙20/𝐷 ∼ 10−8 s, the main contribution
comes from the first term in (85), and, in this case, the normal
diffusion mode is realized. Our results obtained using (83)
and (85) at 𝑢 = 1 and the experimental data for ethane
molecules in zeolite AlPO4-5 are compared in Figure 8.

The dependence of the diffusion coefficient on the filling
factor was investigated for several gases (CH4, C2H6, and
C3H8) in silicalite-1 membrane at times 𝑡 > 10 s [57]. The
diffusion coefficients for these gases were found to increase
more than 20 times as the filling factor varied from 0 to
0.9. This observation can be explained by the collective
effect of density perturbation propagation through a 1D
clustered system. The calculated dependence of the relative

diffusion coefficient 𝐷/𝐷0 = (Im 𝜔(𝑘)/𝐷0𝑘2)𝑘=0 on the
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Table 1: Experimental and MD results: 𝑎 and 𝑑 are the particle and membrane channel diameters, respectively.

Method Molecule, zeolite 𝑇, K 𝜃 Diffusion mode Observation time Reference

NMR
C2H6, 𝑎 = 3.8Å 300 0.15 SFD 100 ms

[62]
AlPO4-5, 𝑑 = 7.3Å

NMR

180 0.003 SFD 2 ms

CF4, 𝑎 = 4.7Å 0.03 SFD 150 ms
[71]

AlPO4-5, 𝑑 = 7.3Å 0.11 SFD 50 ms

0.22 SFD 150 ms

MD CF4, 𝑎 = 4.7Å 180 0.11 SFD 10−8 s

QENS

CH4, 𝑎 = 3.8Å 155 0.3 Normal 10−8 s

AlPO4-5, 𝑑 = 7.3Å 0.45 Normal 10−8 s

C2H6, 𝑎 = 3.8Å

AlPO4-5, 𝑑 = 7.3Å

250 0.36 Normal 10−8 s

0.6 Normal 10−8 s [64]

0.72 Normal 10−8 s

CH4, 𝑎 = 3.8Å 155 0.11 Normal 10−8 s

ZSM-48, 𝑑 = 5.6Å 0.48 SFD 10−8 s
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Figure 8: MSD versus time at 𝑢 = 1, 𝑅 = 𝑎. The solid line shows the
results calculated using (55), (70), (87), and (85); points represent the
experimental data for the diffusion of ethane in zeolite AlPO4-5 [61].
The insert shows the dependence of the relative diffusion coefficient
on the filling factor obtained for several gases (solid line) using (84)
and (85) and 𝑉/𝑇 = 1. Points are the experimental data from [57].

filling factor 𝜃 in comparison with experimental results is
presented in Figure 8 (insert). The figure shows that the
diffusion coefficient is only weakly dependent on the filling
factor for 𝜃 < 0.5 (Figure 8 insert) but it rapidly increases
when the filling factor becomes larger. This behavior of 𝐷(𝜃)
can be easily understood as at low filling factors, the particles
inside the membrane channel do not interact with each other,
no clusters are formed, and particle motion is purely diffusive.

The increase of the diffusion coefficient for 𝜃 > 0.5 is due to
the cluster formation inside the channel and activation of the
CD mode (Section 2.1).

2.3. Formation of High- and Low-Density Clusters in a 1D
System. In recent experiments [74], the one-dimensional
(1D) Au chains formed on the (110) NiAl surface have been
investigated at low temperature (𝑇 = 12 K). This surface
exhibits 1D grooves made of the rows of Ni atoms, which
suppress the transverse movements of Au adatoms allowing
them to move only along the groove. The measured Au-Au
distances in such chains were about 2.9 Å that is very close
to those in bulk gold [74]. The properties of 1D Au chains
were also investigated in experiments [8, 12, 75–77] where
they were either pulled out of a gold surface by an STM tip
or created in a process of thin film etching. Such chains were
stable during the observation time and consisted of several
gold atoms. The Au-Au distances in some of them appeared to
be strikingly large, up to 3.5–4.0 Å [75–77], whereas in others
much smaller Au-Au separations (∼2.5–2.9 Å) were observed
[8, 12, 78–80]. These results suggest that a 1D gold chain
can exist in two different states characterized by different
interatomic distances.

The ab initio calculations performed at zero temperature
have shown that a 1D gold wire should break when the Au-
Au separations exceed ∼2.9 Å [81–84]. Being in agreement
with the experiments reporting the Au-Au distances of 2.5–
2.9 Å, this result, however, does not explain the existence
of large Au-Au separations. It has lately been demonstrated
that the presence of hydrogen or other light atoms in the
wire structure can stabilize gold chains and significantly alter
their properties [3, 4, 82–88]. Assuming a somewhat ordered
distribution of impurities within the wire, one can easily
explain the experimentally observed large Au-Au separations
[6, 82, 83, 87]. Although this finding offers an intriguing
possibility to modify the wire properties by an intentional
incorporation of impurities (Im), a spontaneous formation
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of locally ordered Au-Im-Au structures seems unlikely and
remains to be proven experimentally. Another explanation
has been proposed by Sun et al. [89] who suggested that the
large Au-Au distances might result from chain melting. It is
known, however, that phase transitions do not occur in 1D
systems [34]; thus, the proposed model should be taken with
precaution.

Monoatomic chains can disintegrate due to atomic move-
ments in both longitudinal and transverse directions caused
by thermal fluctuations. The probability of disintegration
is determined by the characteristic frequencies of atomic
vibrations in the chain, and the energy barrier atoms need to
be overcome in order to leave the chain, which is comparable
with the energy per atom in the chain. A change of inter-
atomic distances due to transversal or longitudinal motion
of one of the atoms leads to a transition to a nonequilibrium
state, and the energy per atom increases. As the energy
barriers in the longitudinal and transversal directions are
comparable [90], the disintegration probabilities for these
two mechanisms appear to be comparable as well. Therefore,
further on we consider only one mechanism occurring due to
longitudinal fluctuations.

The probability of disintegration of a chain due to longitu-
dinal fluctuations is determined by the frequency spectrum of
relaxation of density fluctuations (relaxation spectrum) of the
quasi-1D system. To study the relaxation spectrum of a quasi-
1D system, we apply the previously stated response functions
for density functional method, which allows one to describe
the equilibrium and dynamical properties of a system if its
interaction potential is known. Within this method, one can
find the response function 𝛽(𝑥, 𝑡) that determines the relation
between the density fluctuation 𝛿𝑛(𝑥, 𝑡) and the external
field as well as all the space-time correlations in the system.
Additionally, one can find the free energy of the quasi-1D
system taking into account density fluctuations ([38] and
Section 2.1). A density fluctuation appearing in the quasi-1D
system can be determined as

𝛿𝑛 (𝑥, 𝑡) = Re (∫∞

0
𝑑𝑘𝐴 (𝑘) 𝑒−𝑖𝜔(𝑘)𝑡𝑒𝑖𝑘𝑥) ,

𝐴 (𝑘) = {𝐴 = const, 𝑘min ≤ 𝑘 ≤ 𝑘max∼ 0, otherwise. (87)

Here 𝑘 is the modulus of the wave number, and 𝐴(𝑘) is the
amplitude of the density fluctuation, which in the analysis of
cluster relaxation can be arbitrary and adequately considered
to be a constant for 𝑘 in the interval {𝑘min = 2𝜋/𝐿; 𝑘max =2𝜋/𝑑}. Clusters forming in the system are characterized by the
parameter 𝛿𝑛(𝑥, 𝑡), which is defined as a Fourier integral (87)
in the interval {𝑘min; 𝑘max}, where 𝐿 is the cluster length, and𝑑 is the atomic diameter. The cluster lifetime (𝑡) is determined
by the maximal magnitude of the imaginary part of the

spectrum 𝜔(𝑘) (𝜏−1 = Im 𝜔(𝑘)) in the interval 𝑘min < 𝑘 <𝑘max.
The relaxation spectrum of the 1D system 𝜔(𝑘) is deter-

mined by (70). If the relaxation of such a system is determined

by diffusion with the coefficient 𝐷0, then 𝜔0(𝑘) = −𝑖𝐷0𝑘2.𝜃 = 𝑛0𝑑 is a dimensionless density. 𝑛0 is the average number

of particles per length unit. ](𝑘, 𝜃) is a Fourier image of the
pair correlation function for interacting particles, which is
related to the Fourier component of the pair distribution
(𝑔(𝑘)) as ](𝑘) = 𝑔(𝑘) − 𝛿(𝑘), where 𝛿(𝑘) is the Dirac
delta-function. Note that the divergence must be removed
from 𝑔(𝑘) before any analysis. Otherwise reverse Fourier
transformation and the transition from wave numbers to
coordinates are impossible due to the integral divergence. For
a quasi-1D system, the pair distribution can be calculated
exactly for an arbitrary short-range interaction potentialΦ(𝑥) [44]:

𝑔 (𝑥) = 12𝜋 ∫∞

0
𝑑𝑘𝑒𝑖𝑘𝑥𝑔 (𝑘) ,

𝑔 (𝑘) = 1𝑛0 𝜙 (𝑝1D/𝑇 − 𝑖𝑘)𝜙 (𝑝1D/𝑇) − 𝜙 (𝑝1D/𝑇 − 𝑖𝑘) ,𝜙 (𝑝1D) = ∫∞

0
exp (−𝑝1D𝑥 + Φ𝑇 ) 𝑑𝑥.

(88)

Here 𝑝1D and 𝑇 are 1D pressure and temperature, respectively.
Equation (88) allows one to evaluate the pair distribution
and consequently the relaxation spectrum of the 1D system.
We have performed an extensive analysis, which has shown
that the properties of quasi-1D clusters are determined by the
presence of the repulsive and attractive terms in the potential
but not by the specific form of Φ(𝑥). In particular, we have
obtained similar results using rectangular potentials, and the
Lennard-Jones as well as Morse potentials. We notice that this
finding correlates well with the known results of the liquid
state theory [45, 46, 91]. For the sake of simplicity, we present
here the calculations of 1D pressure 𝑝1D(𝜃) (𝜃 = (𝑁𝑑/𝐿)
is dimensionless density) and pair distribution done for the
square-well potential with the well width 𝑅 and depth 𝑈0:

Φ (𝑥) = {{{{{
∞, 𝑥 ≤ 𝑑−𝑈0, 𝑑 < 𝑥 ≤ 𝑑 + 𝑅0, 𝑥 > 𝑑 + 𝑅. (89)

The performed calculations give the 𝑝1D(𝜃) dependence:

𝑝1D𝑑(1𝜃 − 1) = 𝑇 − 𝑝1D𝑅[ exp(𝑝1D𝑅/𝑇)(1 − exp (𝑈0/𝑇)) − 1]−1. (90)

Equations (88) and (90) allow one to analyze the possible
states of the quasi-1D system of the interacting particles
of an arbitrary density. They also let us to estimate the
relaxation time of a density fluctuation (cluster) as well as the
interatomic distances in the clusters. We choose to perform
this analysis using the parameters of the pair potential (89),𝑈0 = 1.1 eV, 𝑑 = 2.5 Å, and 𝑅 = 2.5 Å, corresponding to
the gold atoms [80]. For these parameters, we calculate the
compressibility 𝜂 = −(𝜕𝜃/𝜕𝑝1D) (Figure 9), pair distribution
(Figure 10), and dimensionless spectrum Ω ≡ 𝜔(𝑘)/𝜔0(𝑘)
(Figure 11).

At low densities (𝜃 < 0.67), the compressibility increases
with increasing density and it approaches its first maximum
at 𝜃 = 𝜃𝑐 = 0.18 (Figure 9). The compressibility has a
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Figure 9: The compressibility versus density for Au atoms at room
temperature.

second maximum at 𝜃 = 𝜃(1)𝑐 = 0.71. The derivative of the
compressibility equals 0 at extrema. Therefore, the presence of
extrema can indicate changes in the system state. As we show
in the following, the presence of maxima does not depend
on the specific form of the pair interaction potential Φ(𝑥),
but it is determined by the 𝑈0/𝑇 ratio (𝑈0 is a characteristic
depth of an arbitrary potential). The second maximum of the
compressibility disappears if 𝑈0/𝑇 ≪ 1. When 𝑈0/𝑇 ≫ 1,
the second maximum always exists if the condition 𝑅 ≥ 𝑑
is satisfied regardless of the specific form of the potentialΦ(𝑥). Also we have to note that the ratio 𝑈0/𝑇 provides the
existence of the second maximum whereas the position of this
maximum does not depend on the magnitude of this ratio.
This allows us to conclude that in the limiting case 𝑈0/𝑇 ≫ 1,
the variation of the temperature of a system does not lead to
any qualitative changes in a state of a system.

To demonstrate how the physical state of the system
changes at the compressibility maxima, let us analyze the
pair distribution 𝑔(𝑥) that determines the probability to find
atoms at a certain distance from each other. It has been shown
in Section 2.1 that the function 𝑔(𝑥) → 1 when 𝑥 → ∞. The
distances between the maxima of 𝑔(𝑥) are equal to 1, 2, 3, and
so forth, atomic diameters. Hence, the separation between
these maxima corresponds to the interatomic distance in the
clusters [45].

In the vicinity of the first compressibility maximum
(𝜃𝑐 = 0.18), the distance between the peaks of 𝑔(𝑥) and,
correspondingly, the interatomic distances in the clusters
are ∼3.6 Å (Figure 10(a)). At densities close to the sec-
ond maximum, interatomic distance in the cluster ≤3 Å
(Figure 10(b)). As it was mentioned above in the limiting case𝑈0/𝑇 ≫ 1, the variation of the temperature of a system does
not lead to any changes in the state of this system. Therefore,
at 𝑇 = 300 and 12 K, the magnitude of the gold cluster
interatomic distance will be the same.

As it has been noticed previously the qualitative shape and
the distance between the peaks of the pair distribution func-
tion are independent of the concrete form of the interaction
potential. The pair distributions 𝑔(𝑥) calculated for 𝜃 = 0.15

with square-well potential (solid line) and Morse potential for
the Au atoms (dashed line) are compared in Figure 11.

Figure 11 demonstrates that the distances between the
peaks are the same for both potentials, but the peaks for the
Morse potential are higher compared to the ones obtained
with the square-well potential. This difference is due to the
different characteristic length scales of the Morse and square-
well potentials. The characteristic length scale of the Morse
potential is larger than that of the square-well potential that
leads to a larger atomic attraction at long distances. Note that
in the case of the Morse potential 𝑈0 in (89) is a potential
well depth and 𝑑 + 𝑅 is the characteristic length scale of the
potential.

Further, we analyze the stability of the 1D clusters. The
change of the free energy of the 1D system (ΔΦ) due to the
cluster disintegration determines the probability of such a
disintegration [34]. ΔΦ can be divided into the following
contributions: ΔΦ0 that is the change of the free energy
due to the pair interactions in the cluster; ΔΦ1 that is the
change of the free energy coming from changes in the cluster
electronic states; and the fluctuation part ΔΦ𝑓 that is an
average fluctuation of the free energy of the 1D system
caused by cluster disintegration calculated for the stationary
state of the 1D system. Therefore, the probability of cluster
disintegration can be written as𝑊 ∝ 𝑊𝑓𝑊𝑖, 𝑊𝑓 ∝ 𝑒Δ𝐹𝑓/𝑇,𝑊𝑖 ∝ 𝑒Δ𝐹𝑖/𝑇, Δ𝐹𝑖 = Δ𝐹0 + Δ𝐹1. (91)

To estimate the cluster lifetime 𝜏 ∼ 𝑊−1, we analyze the
contributions to ΔΦ. Since there are no phase transitions
in 1D systems, ΔΦ𝑓 is always positive and its magnitude is
determined by the spectrum Ω(𝑘) [46] (Figure 12):

Δ𝐹𝑓 ∼ 𝑇∫∞

0
𝑑𝑘Ω (𝑘) (𝛿𝑛 (𝑘))2. (92)

It follows from (92) that ΔΦ𝑓, which is related to the
probability of cluster disintegration due to the loss of one
or several atoms, is determined by the maximal magnitude
of Ω(𝑘) in the interval (𝑘min = 2𝜋/𝐿; 𝑘max = 2𝜋/𝑑). In
the vicinity of the first maximum of the compressibility at𝜃 = 0.2 (Figure 9), ΔΦ𝑓 ∼ 𝑇𝑁Ω(𝑘). Here 𝑘 is the wave

number corresponding to the maximum of Ω(𝑘), 𝑘𝑑 ∼ 2
(Figure 12(a)), and 𝑁 is the number of particles in the cluster.
It follows from (91) that in this case the magnitude of 𝑊𝑓

is large for all the clusters with the length exceeding several
atomic radii. In the vicinity of the second maximum of the
compressibility at 𝜃 = 0.7 (Figure 9), ΔΦ𝑓 becomes larger as
the cluster length increases (Figure 12(b)). In this case for all
clusters with the length exceeding 𝐿, for which Ω(2𝜋/𝐿) ≫1, ΔΦ𝑓 ∼ 𝑇𝑁Ω(2𝜋/𝐿) and the probability 𝑊𝑓 is large.
Thus at all densities, only clusters of a certain maximal length
can exhibit a noticeable lifetime, and the formation of long
clusters appears to be unfavorable.ΔΦ𝑖 is the sum of the changes of the free energy of the
pair interaction between atoms in the cluster 𝜀0 and the free
energy of the cluster electronic states 𝜀1 (ΔΦ𝑖/𝑁 = 𝜀0 + 𝜀1).
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(a)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12 14 16

𝑔
(𝑥
)

𝜃 = 0.75

𝑥 (Å)
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Figure 10: Pair distribution of gold atoms at room temperature.
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Figure 11: Pair distribution calculated with both square-well (solid)
and Morse (dashed) potentials.

In the limiting case 𝑇 ≪ |𝜀1|, 𝜀1, is negative [92] and it
is determined by the overlap of the atomic orbitals. This
overlap is determined by the penetrability coefficient Γ of
the potential barrier separating the electronic potential wells
of the neighboring atoms (Section 2.4). In the quasi-classical
approximation, Γ depends exponentially on the width and
height of the potential barrier (Section 2.4). It has been shown
[92] that due to collective effects, the penetrability coefficient

Γ depends not only on the interatomic distances, but also on
the difference between the maximum and minimum values
(Δ𝑔) of the pair distribution 𝑔(𝑥) (Figure 10). The interatomic
distances in the clusters formed at the densities about 𝜃 ∼ 0.2
are larger than those for the clusters existing at 𝜃 ∼ 0.7
(Figure 10), but Δ𝑔(𝜃 = 0.75) > Δ𝑔(𝜃 = 0.2). Using the
approach of [92], we find that in this case the magnitudes|𝜀1| (|𝜀1| ∼ 𝐺) for the clusters of both kinds appear to be
similar. Thus, for our analysis of cluster stability, we can
use the value |𝑒𝜀1| ∼ 0.5 eV obtained from the measure-
ments of the cluster conductivity in the scanning tunneling
spectroscopy (STS) experiments for the Au chains on the
NiAl surface [74]. The energy 𝜀0 per atom can be written as𝜀0 ∼ (𝜃/2) ∫∞

0
𝑑𝑥Φ(𝑥)𝑔(𝑥) [46]. Calculations show that 𝜀0 is

negative and |𝜀0| ∼ 1 eV and |𝜀0| ∼ 0.7 eV for the clusters at𝜃 ∼ 0.7 and 𝜃 ∼ 0.2, respectively.
Let us now compare the lifetime and interatomic dis-

tances calculated for the 1D clusters to the known properties
of the 1D chains fabricated in experiments [74–80]. The
results of the STS experiments [74] as well as the ab initio
study of the electronic structure of gold wires on (110) NiAl
[93] suggest that the main role of the substrate is to be a
natural template insuring the one-dimensionality of the Au
chains. This allows one to suggest that the observed Au-Au
distances (∼2.9 Å) in such chains to a large extent might be
determined by the one-dimensionality of the system. Taking
into account the minimal possible distance between Au atoms
(∼2.5 Å [81]), we can estimate the density in these chains:𝜃 = (2.5/2.9) = 0.87. Thus, the fabrication of Au chains
on (110) NiAl can be understood as an artificial formation
of 1D clusters with the density 𝜃 fulfilling the condition 𝜃 >𝜃(1)𝑐 (𝜃(1)𝑐 = 0.71). As we have shown previously, the Au-
Au separations in such 1D clusters should range from 3 Å
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Figure 12: Dimensionless spectrum Ω(𝑘) versus the wave number 𝑘.

(𝜃 = 0.74) to 2.7 Å (𝜃 = 0.9) or 2.5 Å (𝜃 = 1). The
lifetime of such clusters of the length 𝐿 can be estimated as
the characteristic time (𝜏 ∼ 𝜏𝑓 exp(𝑄/𝑇)) during which an
atom stays in the potential well of the depth 𝑄 = |𝜀0| + |𝜀1| −𝑇Ω(2𝜋/𝐿) (see (91)). Here 𝜏𝑓 ∼ 𝜔−10 (𝑘 = 2𝜋/𝑑) ∼ 10−12 s.
The calculations of the spectrum Ω(𝑘) at 𝜃 = 0.87 show
that, for example, for the cluster of the length 𝐿 ∼ 15 Å,
containing ∼5 Au atoms Ω(2𝜋/𝐿) ∼ 10. In this case using
the estimates obtained previously (|𝜀1 ∼ 0.5 eV, |𝜀1| ∼ 1 eV),
one can estimate the lifetime of such chains to be 𝑡 > 1000 s
(𝑇 = 300 K). Notice that in the absence of collective effects
and attractive interaction between atoms in a quasi-1D system
the lifetime of the chain of 𝐿 ∼ 15 Å would be very short,𝜏 ∼ 𝜔−1(𝑘 = 2𝜋/𝐿) ∼ 𝐿2/𝐷 ∼ 10−9 s (here 𝐷 ∼ 10−5 s m2/s
is the diffusion coefficient for Au atoms at the surface of NiAl
[94] at 𝑇 = 300 K).

The formation of suspended Au chains by pulling them
out of the Au surface or by etching an Au film with an
electron beam [2, 8, 12, 75–79] corresponds to conditions
where considerable tensile stress is applied to the chain. The
presence of an external force corresponds to the appearance
of the one-dimensional pressure 𝑝1D = −(𝜕𝐹/𝜕𝐿), where𝐹 is a free energy of the 1D chain. One can see from (90)
that 1D chains of finite length are affected by two types of
forces: forces corresponding to the effective repulsion of the
atoms from each other as a result of their movement (the
first term in (90)) and forces corresponding to their mutual
attraction that is determined by interaction potential of atoms
with each other. The attractive force |𝑝V

1D| depends on depth
of potential well and radius of the potential 𝑅 and equals𝑝V
1D = −(𝑁2/𝐿2)𝜀𝑅 in the van der Waals approximation. Thus

a cluster is in a compressed state. The value of compression
is |𝑝V

1D| = (𝑁2/𝐿2)𝜀𝑅. The presence of such a compression

can lead to loss of stability of the cluster in the transverse
direction and formation of a zigzag configuration of a chain.
Therefore, to form a stable linear chain, it is necessary to
attach an external force to the end of a chain to compensate
the compression |𝑝V

1D|. The presence of an external force
corresponds to the appearance of one-dimensional pressure|𝑝V
1D| = −(𝜕𝐹/𝜕𝐿), where 𝐹 is the free energy of a one-

dimensional chain. Let us estimate the lifetime of these
chains.

The decrease of the tensile force corresponds to the
decrease of the density 𝜃 (90). The observation of Au chains
[75–77] containing three or more atoms and exhibiting large
Au-Au separations (∼3.6 Å) can be considered as a formation
of a 1D cluster at the pressure 𝑝1D for which 𝑦 satisfies the

condition 𝜃𝑐 < 𝜃 < 𝜃(1)𝑐 (𝜃𝑐 = 0.18, 𝜃(1)𝑐 = 0.71). The lifetime
of such chains can be estimated as 𝜏 ∼ 𝜏𝑓 exp(𝑄/𝑇), where𝑄 = |𝜀0|+|𝜀1|−𝑇Ω(𝑘), 𝑘𝑑 ∼ 2. For |𝜀1| ∼ 0.7 eV, |𝜀0| ∼ 0.5 eV
and Ω(𝑘) ∼ 10 (Figure 12(a)), it turns out that 𝜏 > 100 s
(𝑇 = 300 K). The experimentally obtained chains [1, 8, 12, 78–
80] with the Au-Au separations of 2.5–2.9 Å are formed at

the pressure 𝑝 for which 𝜃 fulfills the condition 𝜃 > 𝜃(1)𝑐 .
According to our estimations, the Au-Au separations in such
clusters should be <3 Å (Figures 10(b) and 12(b)) and their
lifetime is 𝜏 > 1000 s (𝑇 = 300 K, 𝐿 ∼ 25 Å, Ω(2𝜋/𝐿) ∼ 20)
(Figure 11).

Within the framework of these assumptions, we can also
estimate minimal lifetime of chains of other metals, such as
Ag, Ni, and Pt. Due to the lack of experimental data on the
characteristic values of 𝜀0 for these materials let us assume|𝜀1| + |𝜀2| ∼ |𝜀|, where 𝜀 is the binding energy per atom
for dimer [95]. The calculated values of minimal lifetime of
one-dimensional chains are presented in Table 2. As one can
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Table 2: Minimal chain lifetime 𝜏, minimum number of atoms in a
stable chain 𝑁min, and 𝐹0th, 𝐹0𝑒 are the estimated and experimental
values of the force required to break the cluster with a minimum
number of atoms in it correspondingly.

Ag Au Ni Pt|𝜀|, eV [95] 1.15 1.46 1.78 2.22𝑎, Å [95] 2.58 2.58 2.08 2.32𝜏, s >1 >102 >105 >107𝑁min 2 3 4 5𝐹0th, nN 1.4 2.03 1.5 2.2𝐹0𝑒, nN [13] 1.2 0.19 1.7 3.1

see, the material of a one-dimensional chain greatly affects its
stability.

Let us estimate the minimal length of stable chains and
the force that is necessary for their formation. Note that if we
consider the chain as a rod of length 𝐿 with a radius equal to
the atomic radius 𝜎, then such a rod loses its stability when

it is compressed with a force greater than 𝐹𝑐 = 𝜋3𝐸𝜎4/𝐿2
[96], where 𝐸 is the Youngs modulus. So, if the compression
pressure of the chain is |𝑝V

1D| > 𝐹𝑐, then the chain is
unstable. Therefore, the minimum compressive force that
ensures stability of the chain is |𝑝V

1D| = 𝐹𝑐. Chains of metal
atoms have a conductivity comparable to the metal one [13],
so the range of the interatomic potential is comparable to the
length of the chain 𝑅 = 𝜅𝐿, where 𝜅 ∼ 1 and varies from metal

to metal. Relations |𝑝V
1D| = (𝑁2/𝐿2)𝜀𝑅 and 𝐹𝑐 = (𝑝𝑖3𝐸𝜎4/𝐿2)

allow to estimate the minimum number of atoms in a cluster𝑁min = 𝜋(𝐸𝜎4/𝜅𝑎)1/3, where 𝑎 is an interatomic distance
in the cluster. The value |𝑝V

1D| is the force that compresses a
stable cluster without external influences on it. In this case,|𝑝V
1D| = (𝑁min/𝑎)𝜀𝜅 is a force 𝐹0 required to break the cluster

with the minimum number of atoms in it. Table 2 shows the
results of the estimations of the minimum number of particles
in the chain 𝑁min and the corresponding force required to
break the chains 𝐹0th for chains of different material. It was
assumed that 𝜅Ag = 1 for the chains of Ag. For the rest
of metal chains, this coefficient was estimated by using the
relative conductivities 𝜅𝑖 = 𝜅Ag(𝜎𝑖/𝜎Ag), 𝑖 = Au, Ni, Pt.

2.4. Transport of a Two-Component Mixture in One-Dimen-
sional Channels. The dependence of transport selectivity on
the pressure in a two-component system of atomic particles
is nonmonotonic: the selectivity attains its maximal value and
then decreases instead of increasing. Thus, the mechanism of
diffusion enhancement in 1D channel, which was proposed in
Section 2.1, is inapplicable for two-component mixtures.

The transport of a two-component mixture in sub-
nanometer channels was considered earlier [51, 97] on the
basis of the generalized phenomenological Stephan-Maxwell
equation. The authors of these publications used the depen-
dence of the chemical potential on the fill factor, taking
into account the finite size of particles, but disregarding
their interaction. The dependences obtained in [51, 97] also
indicate a monotonous increase in the diffusion coefficients,
fluxes, and selectivity upon an increase in 𝜃 and, hence,

fail to describe the experimental data for two-component
mixtures.

2.4.1. Ground State of a System in 1D Channels. Let us
consider the surface of a porous body in contact with a two-
component gas mixture at temperature 𝑇 and pressure 𝑝.
Suppose that 𝑁 adsorption centers are located on the surface.
We assume that the particles on the outer surface do not
interact with one another. We also assume that the energy

of a gas molecule on the surface is equal to 𝜀(𝑖)0 , 𝑖 = 1, 2,
depending on the species of the molecule. We also suppose
that 𝜅 cylindrical channels (𝜅 ≫ 1) of diameter 𝑑 and length𝐿 emerge at the surface. We assume that the diameter of a
cylinder is comparable to the maximal diameter of the gas

molecule. Let us assume that 𝜀(𝑖)1 is the binding energy of the𝑖th particle at the mouth of a channel, 𝑁(𝑖)
1 is the number of

particles of the 𝑖th species above the membrane, 𝑞(𝑖) is the total

number of particles of the 𝑖th species in the channel, 𝑛(𝑖) is
the total number of 𝑖th particles in the channel and on the
surface, and 𝑁0 is the number of “seats” in the channel. Then
the partition function of the grand canonical ensemble taking
into account the interaction of system of atomic particles in
the channel has the form

Θ = 2∑
𝑖=1

∑ (𝑁 − 𝑘)! exp [𝛽𝜀(𝑖)0 (𝑁(𝑖)
1 − 𝑛(𝑖))](𝑁(𝑖)

1 − 𝑛(𝑖))! [𝑛 − 𝑘 − (𝑁(𝑖)
1 − 𝑛(𝑖))]!

× 𝜅! exp [𝛽𝜀(𝑖)1 (𝑛(1)) − 𝑞(1)](𝑛(1) − 𝑞(1))! [𝜅 − (𝑛(1) − 𝑞(1))]!
× 𝑁0! exp (𝛽𝜀(𝑖)2 𝑞(𝑖))𝑞(𝑖)! (𝑁0 − 𝑞(𝑖))! exp (𝛽𝜇𝑁(𝑖)

1 )𝑍int (𝑞(1), 𝑞(2)) ,
𝑁(𝑖)
1 + 𝑞(𝑖) = 𝑛(𝑖).

(93)

Here, the second sum corresponds to summation over config-

urations 𝛽 = 𝑇(1), 𝜀(𝑖)2 is the binding energy of particles of the𝑖th component in the channel, 𝜇 is the chemical potential, and𝑍int(𝑞(1), 𝑞(2)) is the partition function corresponding to the
inclusion of particle interaction in the channel. Considering
that the main contribution to the partition function comes

from states with a large number of particles (𝑞(𝑖) ≫ 1), we

can replace partition function 𝑍int(𝑞(1), 𝑞(2)) by the partition
function for particles interacting in the channel, calculated

for the mean value 𝑞(𝑖) of the number of particles of each
species in the channel. From the physics standpoint, this cor-
responds to “averaging over channels,” when a single channel
(whose state is calculated by averaging the parameters of par-
ticles in 𝜅 channels) is considered instead of the large number
of channels. It should be noted that this approximation is
possible since the number of channels having a diameter
of 𝑑 < 1 nm and emerging on a square centimeter of the

zeolite membrane surface is large: 𝜅 ∼ 𝑙−2𝑐 ∼ 1014 cm−2 ≫1, where 𝑙𝑐 is the characteristic distance between the chan-
nels on the membrane surface (Section 2.1). Using relation
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(93) and following the method proposed in Section 2.1,
we obtain for the adsorption isotherm𝑎𝜎av

𝜃 = 𝑐 𝑝𝑝 + 𝑝(1)0 + (1 − 𝑐) 𝑝𝑝 + 𝑝(2)0 ,
𝑎𝜎av

𝑐1𝜃 = 𝑐 𝑝𝑝 + 𝑝(1)0 , 𝑎𝜎av

𝑐2𝜃 = (1 − 𝑐) 𝑝𝑝 + 𝑝(2)0 ,
𝑝(𝑖)0 = 11 − 𝑐(1 − 𝑐𝑐 )𝑐(𝛼(2)𝛼(1))𝑐 1𝛼(2) exp [−𝛽 (𝜀(𝑖)2 + 𝐹int)] ,

𝑖 = 1, . . . , 2,
𝛼(𝑖) = 1𝑇( 2𝜋ℎ2𝑚(𝑖)𝑇)3/2, 𝑖 = 1, . . . , 2,

(94)

where 𝑎 = 𝐿/𝑁0 is the mean distance between the seats
in a channel, 𝑐 is the concentration of the first component
in the gas phase above the membrane, 𝑐1 and 𝑐2 are the
concentrations of the components in a channel, 𝜎1 and 𝜎2
are the diameters of molecules of the first and second species,𝜎av ≡ (𝜎1 + 𝜎2)/2 is the average diameter, 𝜃 is the fill factor
of the channel, and 𝐹int has the meaning of the free energy
of interaction per particle in the system of atomic particles
in the channel. The concentrations of the components in the
channel are chosen so that the following relation is satisfied:𝑐1 + 𝑐2 = 1. (95)

In accordance with relations (94), the calculation of the
adsorption isotherm is reduced to the calculation of the value
of 𝐹int: 𝐹int = −𝑇 ln (𝑄𝑁𝐿𝑁 ) , (96)

where

𝑄𝑁 = ∫ ⋅ ⋅ ⋅ ∫ exp [−𝛽∑
𝑖,𝑚

𝑈(𝑥𝑤𝑖 )] 𝑑𝑥𝑤1 ⋅ ⋅ ⋅ 𝑑𝑥𝑤𝑁,
𝑖 = 1 . . . 𝑁, 𝑤 = 1, 2, (97)

𝑈(𝑥) is the potential energy of interaction of particles of
species 𝑤 separated by distance 𝑥 from each other. It is con-
venient for subsequent computations to introduce, instead
of coordinates 𝑥𝑖 of individual particles in a channel, “pair”

coordinates 𝜁𝑙𝑚𝑖 , where 𝑙 = 1, 𝑚 = 1 corresponds to the
location of two particles of the first species in the vicinity of
point 𝑧𝑖; 𝑙 = 2, 𝑚 = 2 corresponds to the same for particles of
the second species, and so on. Obviously, the coordinates are
connected through the relation

𝑁11∑
1

𝜁11𝑖 = 𝐿1, 𝑁12∑
1

𝜁12𝑖 = 𝐿2, 𝑁22∑
1

𝜁22𝑖 = 𝐿2. (98)

Here 𝑁𝑖𝑗 has the meaning of the total number of pairs of
closely spaced particles of species 𝑖 and 𝑗 and 𝐿1 (𝐿2, 𝐿3)

is the effective length “occupied” by all pairs 𝑁11 (𝑁12, 𝑁22)
of particles. Considering that 𝐿1 + 𝐿2 + 𝐿3 = 𝐿 and, as
a consequence, the impossibility of mutual penetration of
particles through one another, we can reduce integration
with respect to coordinates 𝑥𝑖 to integration with respect to
coordinates 𝜁𝑙𝑚, which corresponds to summation over all
possible configurations of pairs of particles of the first and
second species in the channel. Consequently, we obtain the
following expression for 𝑄𝑁 from (97):

𝑄𝑁 = ∫∞

0
⋅ ⋅ ⋅ ∫∞

0
𝛿(𝑁11∑

1

𝜁11𝑖 − 𝐿1)𝛿(𝑁12∑
1

𝜁12𝑖 − 𝐿2)
× 𝛿(𝑁22∑

1

𝜁22𝑖 − 𝐿3)
× 𝛿 (𝐿1 + 𝐿2 + 𝐿3 − 𝐿) exp [−𝛽∑𝑈(𝜁𝑘𝑚𝑖 )]× ∏

𝑖

𝑑𝜁11𝑖 𝑑𝜁12𝑖 𝑑𝜁22𝑖 .
(99)

Using the delta function representation in the form of a line
integral [45] and carrying out integration with respect to𝜁𝑙𝑚𝑖 independently for different values of indices 𝑙 and 𝑚, we
obtain

𝑄𝑁 = 116𝜋4 ∮ ⋅ ⋅ ⋅∮ 𝑒𝑆1𝐿1 [∫∞

0
exp (𝛽𝑈 (𝜁11𝑖 ) − 𝑆1𝜁11𝑖 )
×∏

𝑖

𝑑𝜁11𝑖 ]𝑁11
×𝑒𝑆2𝐿2[∫∞

0
exp (𝛽𝑈 (𝜁12𝑖 ) − 𝑆2𝜁12𝑖 )∏

𝑖

𝑑𝜁12𝑖 ]𝑁12
×𝑒𝑆3𝐿3[∫∞

0
exp (𝛽𝑈 (𝜁22𝑖 ) − 𝑆3𝜁22𝑖 )∏

𝑖

𝑑𝜁22𝑖 ]𝑁22
× 𝑒𝑆[𝐿−(𝐿1+𝐿2+𝐿3)] 𝑑𝑆1 𝑑𝑆2 𝑑𝑆3 𝑑𝑆.

(100)

Integrating this relation with respect to 𝜁𝑙𝑚 for the simplest
form of the intermolecular interaction potential of the hard-
sphere type

𝑈(𝜉11𝑖 ) = {0, 𝜁11𝑖 > 𝜎1∞, 𝜁11𝑖 ⩽ 𝜎1,
𝑈 (𝜉12𝑖 ) = {0, 𝜁12𝑖 > 𝜎av∞, 𝜁12𝑖 ⩽ 𝜎av,
𝑈 (𝜉11𝑖 ) = {0, 𝜁22𝑖 > 𝜎2∞, 𝜁22𝑖 ⩽ 𝜎2,

(101)
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we obtain

𝑄𝑁 = Γ (𝑁𝑐21 + 1) Γ (𝑁𝑐1𝑐2 + 1) Γ (𝑁𝑐22 + 1)4𝜋 1𝑁× [𝐿 − 𝑁(𝜎1𝑐21 + 𝜎2𝑐22 + 2𝜎av𝑐1𝑐2)]𝑁. (102)

Here we have used the definition 𝑁𝑖𝑗 = 𝑁𝑐𝑖𝑐𝑗 (𝑁 is the total
number of particles in a channel) and the representation of
a factorial in terms of the gamma function, 𝑁! = Γ(𝑁 + 1).
Eliminating the factor corresponding to an ideal system of
atomic particles from relation (102) and substituting the result
into (96), we obtain the following expression for 𝐹int:𝐹int = −𝑇 ln (1 − 𝐶𝜃) , 𝐶 ≡ 1𝜎 (𝜎1𝑐21 + 𝜎2𝑐22 + 2𝜎av𝑐1𝑐2) .

(103)

As 𝑐1 → 0 or 𝑐2 → 0, expression (103) is transformed
into the corresponding expression for the free energy of a
one-component system of atomic particles in a 1D channel
(Section 2.1). From relations (103) and (94) for the adsorption
isotherm of a two-component system of atomic particles, we
finally derive the expressions𝑎𝜎av

𝜃 = 𝑐 𝑝 (1 − 𝐶𝜃)𝑝 (1 − 𝐶𝜃) + 𝑝(1)0 + (1 − 𝑐) 𝑝 (1 − 𝐶𝜃)𝑝 (1 − 𝐶𝜃) + 𝑝(2)0 ,
𝑝(𝑖)0 = 11 − 𝑐(1 − 𝑐𝑐 )𝑐(𝛼(2)𝛼(1))𝑐 1𝛼(2) exp [−𝛽𝜀(𝑖)2 ], 𝑖 = 1, . . . , 2.

(104)

Using these relations and specifying the external conditions,
we can obtain the fill factor and the component concentration
in the channel. For 𝑐 = 0 and 𝑐 = 1, isotherm (104)
transforms into the isotherm for a one-component system of
atomic particles, which was obtained in Section 2.1. Let us
now analyze the ground state of a mixture in 1D channels.
It is known (Section 2.1) that short-lived clusters can be
formed in 1D channels in the case of a one-component
system of atomic particles. The formation of clusters can
apparently be expected in the case of a two-component
system of atomic particles also. In order to describe possible
transition to an inhomogeneous clustered state, we must
calculate and analyze the free energy of the system taking
into account fluctuations and the equation determining the
amplitude of these fluctuations in the system (equation for
the order parameter), which follows from the free energy.
Since molecular transport depends on the lifetime of clusters,
the analysis of the equation for the order parameter aims
at determining the characteristic lifetime of clusters as a
function of the channel fill factor and, hence, as a fucntion of
pressure, temperature, and composition of the mixture above
the membrane. In order to describe the ground state of the 1D
system and relaxation process to the ground state, one is to
know the free energy 𝐹 of the 1D system and two-component
functional Δ[𝑛𝛼], 𝛼 = 1, 2, determined by the relations (39),
(44). The functional Δ[𝑛𝛼] can be written in the way of (49):Δ [𝑛𝛼] = Δ 0 [𝑛𝛼] + Δ int [𝑛𝛼] . (105)

Here Δ 0[𝑛𝛼] is the functional of the non-interacting system
and Δ int[𝑛𝛼] corresponds to the particles interaction:Δ 0 [𝑛𝛼] = lim

𝜏→∞
𝜏−1 ∫𝜏

0
𝐹0 [𝑛𝛼 (𝑥, 𝑡)] 𝑑𝑡,

Δ int [𝑛𝛼] = lim
𝜏→∞

𝜏−1 ∫𝜏

0
𝐹1 [𝑛𝛼 (𝑥, 𝑡)] 𝑑𝑡, (106)

where 𝐹0 is the free energy per temperature unit of the
ideal (non-interacting) system, 𝐹1 is the fluctuation part
of the free energy due to interatomic interaction in the
mixture. Quantity Δ can be expressed in terms of the response
function 𝛽𝛼,𝛽(𝑥, 𝑥, 𝑡, 𝑡) of the two-component system, which
is defined as𝛿𝑛𝛼 (𝑥, 𝑡) = ∫𝛽𝛼𝛽 (𝑥, 𝑥𝑡, 𝑡) 𝑒𝑉ext

𝛽 (𝑥, 𝑡) 𝑑𝑥𝑑𝑡, (107)

where 𝛿𝑛𝛼(𝑥, 𝑡) is the density fluctuation of particles of
species 𝛼 and 𝑒𝑉ext(𝑥, 𝑡) is a weak external field depending
on time. Here and in the following, we assume summation
over recurrent indices. Response function 𝛿𝑛𝛼(𝑥, 𝑡) can be
derived by varying directly the mean value of functional Δ
over 𝛿𝑛(𝑥, 𝑡) [38]:

𝛽𝛼𝛽 (𝑥, 𝑥, 𝑡, 𝑡) = −( 𝛿2Δ𝛿𝑛𝛼 (𝑥, 𝑡) 𝛿𝑛𝛽 (𝑥, 𝑡))−1. (108)

Using this relation, we can obtain the expansion of functionalΔ into a series in deviations 𝛿𝑛 of density from its mean
value in the case of a multicomponent system. In the Fourier
representation, the result has the formΔ = 12 ∫𝑑𝑘 𝑑𝜔𝛽−1𝛼𝛽 (𝑘, 𝜔) 𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔)

+ 13 ∫𝑑𝑘 𝑑𝜔𝑑𝑘 𝑑𝜔 𝛿𝛽−1𝛼𝛽 (𝑘, 𝜔)𝛿𝑛𝛾 (𝑘, 𝜔)× 𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔) 𝛿𝑛𝛾 (𝑘, 𝜔)
+ 14 ∫𝑑𝑘 𝑑𝜔𝑑𝑘 𝑑𝜔 𝑑𝑘 𝑑𝜔 𝛿2𝛽−1𝛼𝛽 (𝑘, 𝜔)𝛿𝑛𝛾 (𝑘, 𝜔) 𝛿𝑛∗𝛿 (𝑘, 𝜔)×𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔) 𝛿𝑛𝛾 (𝑘, 𝜔) 𝛿𝑛∗𝛿 (𝑘, 𝜔)+ ⋅ ⋅ ⋅ .

(109)

Here 𝛽𝛼𝛽(𝑘, 𝜔) is the response function of the multi-
component system in the Fourier representation, and the
asterisk indicates complex conjugation. It follows from the
fluctuation-dissipative theorem [98] that response function𝛽𝛼𝛽(𝑘, 𝜔) is directly proportional to the pair distribution; this
enables us to calculate 𝛽𝛼𝛽(𝑘, 𝜔) for a 1D system with an
arbitrary density, for which the pair distribution is known
exactly [45]. To calculate Δ, we use the local approximation
that makes it possible to replace functional derivatives by
ordinary derivatives [38]:𝛿2𝜑𝛿𝜌 (𝑥1) 𝛿𝜌 (𝑥2) ≈ 𝛿 (𝑥 − x1) 𝛿 (𝑥 − 𝑥2) 𝑑2𝜑𝑑𝜌2 . (110)
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Using this relation, we obtain from (109)

Δ = 12 ∫𝑑𝑘 𝑑𝜔𝛽−1𝛼𝛽 (𝑘, 𝜔) 𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔)
+ 13 ∫𝑑𝑘 𝑑𝜔𝑑𝑘 𝑑𝜔 𝜕𝛽−1𝛼𝛽 (𝑘, 𝜔)𝜕𝑛𝛾 (𝑘, 𝜔)× 𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔) 𝛿𝑛𝛾 (𝑘, 𝜔)
+ 14 ∫𝑑𝑘 𝑑𝜔𝑑𝑘 𝑑𝜔 𝑑𝑘 𝑑𝜔 𝜕2𝛽−1𝛼𝛽 (𝑘, 𝜔)𝜕𝑛𝛾 (𝑘, 𝜔) 𝜕𝑛∗𝛿 (𝑘, 𝜔)×𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔) 𝛿𝑛𝛾 (𝑘, 𝜔) 𝛿𝑛∗𝛿 (𝑘, 𝜔)+ ⋅ ⋅ ⋅ .

(111)

Thus, the evaluation of functional (111) in the one-
dimensional case can be reduced to the calculation of
response functions. In the case of two-component systems,
the equations for determining partial response functions 𝛽
have the form [38]𝛽 (𝑘, 𝜔) = 𝛽(0) (𝑘, 𝜔) + 𝛽(0) (𝑘, 𝜔) �̂� (𝑘, 𝜔) 𝛽 (𝑘, 𝜔) ,

𝛽 (𝑘, 𝜔) ≡ 𝛽𝑖𝑘 (𝑘, 𝜔) = (𝛽11 (𝑘, 𝜔) 𝛽12 (𝑘, 𝜔)𝛽21 (𝑘, 𝜔) 𝛽22 (𝑘, 𝜔)) ,
�̂� (𝑘, 𝜔) ≡ 𝑅𝑖𝑘 (𝑘, 𝜔) = (𝑅11 (𝑘, 𝜔) 𝑅12 (𝑘, 𝜔)𝑅21 (𝑘, 𝜔) 𝑅22 (𝑘, 𝜔)) ,

𝛽(0) (𝑘, 𝜔) ≡ 𝛽(0)𝑖𝑘 (𝑘, 𝜔) = (𝛽(0)11 (𝑘, 𝜔) 𝛽(0)12 (𝑘, 𝜔)𝛽(0)21 (𝑘, 𝜔) 𝛽(0)22 (𝑘, 𝜔)) .
(112)

Here 𝛽𝑖𝑘(0)(𝑘, 𝜔) and 𝛽𝑖𝑘(𝑘, 𝜔) are the partial response func-
tions for noninteracting and interacting particles, respec-
tively. The quantity 𝑅𝑖𝑘(𝑘, 𝜔) describes the effective dynamic
interaction between particles and is defined as

𝑅𝑖𝑘 (𝑘, 𝜔) = 𝛿2Δ int𝛿𝑛𝑖 (𝑘, 𝜔) 𝛿𝑛𝑘 (𝑘, 𝜔) . (113)

Premultiplying expression (112) by (𝛽(0)(𝑘, 𝜔))−1 and post-

multiplying it by 𝛽−1(𝑘, 𝜔), we obtain

(𝛽(0) (𝑘, 𝜔))−1 = 𝛽−1 (𝑘, 𝜔) + �̂� (𝑘, 𝜔) . (114)

Over long time periods (𝑡 ≫ 𝜏mom), function 𝑅𝑖𝑘(𝑘, 𝜔) can be
represented in the form�̂� (𝑘, 0) = (𝛽(0) (𝑘, 0))−1 − 𝛽−1 (𝑘, 0) . (115)

In view of homogeneity and the absence of correlations in

a system of noninteracting particles, we have 𝛽(0)(𝑘, 0) =𝛽(0)(0, 0) = 𝑏𝑖𝑗, where

𝑏𝑖𝑗 ≡ − 𝜕2𝑆𝜕𝑐𝑖𝜕𝑐𝑗 , (116)

with 𝑆 being the entropy of the two-component system
of atomic particles divided by temperature in the absence
of the intermolecular interaction. In this case, we obtain
the following expression for the effective interaction from
(115): �̂� (𝑘, 0) = (𝛽(0) (0, 0))−1 − 𝛽−1 (𝑘, 0) . (117)

Substituting this expression into (114), we obtain the follow-

ing relation for response function 𝛽(𝑘, 𝜔):
𝛽−1 (𝑘, 𝜔) = (𝛽(0) (𝑘, 𝜔))−1 + 𝛽−1 (𝑘, 0) − (𝛽(0) (0, 0))−1.

(118)

In order to calculate the response function 𝛽(𝑘, 0) for a
system of interacting particles, we can use the fluctuation-

dissipative theorem connecting response function 𝛽(𝑘, 0)
with the pair correlation function for a system of interacting
particles: 𝛽𝑖𝑗 (𝑘, 0) = − [𝑏−1𝑖𝑗 + 𝑐𝑖𝑐𝑗𝜃2]𝑖𝑗 (𝑘)] . (119)

Here ]𝑖𝑗(𝑘) is the pair correlation function divided by
temperature [46]. Relation (119) is a generalization of the
relation (68) for one-component systems to two-component
systems.

Thus, the calculation of the response function can be
reduced to the calculation of the pair correlation function
or function 𝑔𝑖𝑘 called a pair distribution [46] and connected
with the pair correlation function through the relation

]𝑖𝑗 (𝑘) = 𝑔𝑖𝑗 (𝑘) − 𝑐𝑖𝑐𝑘𝛿 (𝑘) . (120)

We will calculate the pair distribution using the method
described in [45] and determine 𝑔11(𝑘). Functions 𝑔12(𝑘) and𝑔22(𝑘) are calculated similarly. Pair distribution 𝑔11(𝑥) can be
written in the form [45]

𝑔11 (𝑘) = ∞∑
𝑚=1

Ψ11
𝑚 (𝑘) − 1, (121)

where the function Ψ11
𝑚 (𝑘) is the Fourier transform of the

function Ψ11
𝑚 (𝜁), which is equal to the probability of finding

two particles of the first species separated from each other by𝑚 other particles and by distance 𝜁. Function Ψ11
𝑚 (𝑘) can be

written in the form

Ψ11
𝑚 (𝑘) = ∫𝑑𝜁𝑒𝑖𝑘𝜁 ((𝑁12∑

𝑛=0

𝑁22∑
𝑙=0

𝑄𝑚−𝑛−𝑙,𝑛,𝑙 (𝜁)
⋅ 𝑄𝑁11−(𝑚−𝑛−𝑙),𝑁12−𝑛,𝑁22−𝑙

(𝐿 − 𝜁))
× (𝑄𝑁11 ,𝑁12,𝑁22

(𝐿))−1) ,
(122)
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where 𝑄𝑚,𝑛,𝑙(𝜁) is the configuration integral corresponding
to the presence of 𝑚 pairs of particles of the first species, 𝑛
pairs of particles of the first and second species, and 𝑙 pairs of
particles of the second species in a channel. For 𝑚 = 𝑁11,𝑛 = 𝑁12, and 𝑙 = 𝑁22, the expression for configuration

integral 𝑄𝑚,𝑛,𝑙(𝜁) coincides with (98) [45]:

𝑄𝑚,𝑛,𝑙 (𝜁) = ∮𝑑𝑆[𝜑11 (𝑆)]𝑚[𝜙12 (𝑆)]𝑛[𝜙22 (𝑆)]𝑙𝑒𝑆𝜁,
𝜙𝑖𝑗 (𝑆) = ∫∞

0
𝑒−𝑆𝑥𝑒−𝑈𝑖𝑗(𝑥)/𝑇𝑑𝑥. (123)

Here 𝜁 has the meaning of a coordinate and 𝜙𝑖𝑗(𝑆) is the
Laplace mapping of function 𝑓𝑖𝑗(𝑥) ≡ exp(−𝑈𝑖𝑗(𝑥)/𝑇). In the
case of an intermolecular interaction potential in the form of
that in the hard-sphere model, we have

𝑈11 (𝑥) = {0, 𝑥 > 𝜎1∞, 𝑥 ⩽ 𝜎1,
𝑈12 (𝑥) = {0, 𝑥 > 𝜎av∞, 𝑥 ⩽ 𝜎av,
𝑈22 (𝑥) = {0, 𝑥 > 𝜎2∞, 𝑥 ⩽ 𝜎2.

(124)

Substituting these relations into (123), we obtain the following
expression for the configuration integral:

𝑄𝑚,𝑛,𝑙 (𝜉) = 𝑒𝑝𝜉/𝑇[𝜙11 (𝑝𝑇)]𝑚[𝜙12 (𝑝𝑇)]𝑛[𝜙22 (𝑝𝑇)]𝑙,
𝜙11 (𝑝𝑇) = 𝑇𝑝𝑒−𝑝𝜎1/𝑇, 𝜙12 (𝑝𝑇) = 𝑇𝑝𝑒−𝑝𝜎av/𝑇,
𝜙22 (𝑝𝑇) = 𝑇𝑝𝑒−𝑝𝜎2/𝑇.

(125)

Here 𝑝 has the meaning of one-dimensional “pressure.”
Substituting relation (125) into (122), we obtain the following
expression for pair distribution 𝑔11(𝑘):

𝑔11 (𝑘) = (𝑝/𝑇) 𝑒𝑖𝑘𝜎1(𝑝/𝑇) − 𝑖𝑘 − (𝑝/𝑇) 𝑒𝑖𝑘𝜎1 ⋅ 11 − 𝑒𝑖𝑘(𝜎av−𝜎1)

⋅ 11 − 𝑒𝑖𝑘(𝜎2−𝜎1) . (126)

In the long-wave approximation (0 ≤ 𝑘 ≤ 2𝜋/ max{𝜎1, 𝜎2}),
expression (126) contains no poles and we obtain

𝑔11 (𝑥) = 1𝜃eff

∑
𝑚,𝑥−𝑚𝑎>0

(𝑦 − 𝑚 (𝜎1/𝑎))𝑚−1(𝑚 − 1)!(1/𝜃eff − 1)𝑚
⋅ exp (− 𝑦 − 𝑚1/𝜃eff − 1) ,

𝑦 = 𝑥𝑎 (𝑐1, 𝑐2) , 𝜃eff = 𝑁 ⋅ 𝑎 (𝑐1, 𝑐2)𝐿 ,
𝑎eff (𝑐1, 𝑐2) = 𝜎1𝑐21 + 𝜎2𝑐22 + 2𝜎av𝑐1𝑐2.

(127)

Functions 𝑔12(𝑥) and 𝑔22(𝑥) can be calculated similarly.
Substituting expressions (127) and (119) into (118), we obtain

the final expression for response function 𝛽(𝑘, 0):(𝛽 (𝑘, 0))−1
= ( − 𝑎111 + 𝑎11𝜃2𝑐21Δ]11 (𝑘) − 𝑎121 + 𝑎12𝜃2𝑐1𝑐2Δ]12 (𝑘)− 𝑎211 + 𝑎21𝜃2𝑐1𝑐2Δ]21 (𝑘) − 𝑎221 + 𝑎22𝜃2𝑐22Δ]22 (𝑘) ) .

(128)

Here

Δ]𝑖𝑗 (𝑘) ≡ ]𝑖𝑗 (𝑘) − ]𝑖𝑗 (0) , 𝑎𝑖𝑗 ≡ − 𝜕2𝐹𝜕𝑐𝑖𝜕𝑐𝑗 . (129)

𝐹 is the free energy of a two-component system of atomic
particles with interaction, referred to temperature, which can

be calculated by differentiating configuration integral 𝑄𝑁

twice with respect to concentration. Function 𝛽(𝑘, 𝜔) can be
obtained by generalizing the response function of the one-
component system of atomic particles,

𝛽−10 (𝑘, 𝜔) = −1𝜃 (1 + 𝜔𝜔0) = 𝜕2𝐹𝜕𝜃2 (1 + 𝜔𝜔0) (130)

derived in Section 2.1, to the case of a two-component
mixture:

(𝛽(0) (𝑘, 𝜔))−1 = ((1 + 𝜔𝜔1) 𝑏11 (1 + 𝜔𝜔1) 𝑏12(1 + 𝜔𝜔2) 𝑏21 (1 + 𝜔𝜔2) 𝑏22),
𝜔(𝑝)1 = −𝑖𝐷1𝑘2, 𝜔(𝑝)2 = −𝑖𝐷2𝑘2.

(131)

Here 𝐷1, 𝐷2, 𝜔(𝑝)1 , and 𝜔(𝑝)2 are the diffusion coefficients
and the relaxation frequency spectra for pure components.
Substituting relations (128) and (131) into (118), we obtain the
following expression for response function 𝛽(𝑘, 𝜔):
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(𝛽 (𝑘, 𝜔))−1 = ( 𝜔𝜔(𝑝)1

𝑏11 − 𝑎111 + 𝑎11𝜃2𝑐21Δ]11 (𝑘) 𝜔𝜔(𝑝)1

𝑏12 − 𝑎121 + 𝑎12𝜃2𝑐1𝑐2Δ]12 (𝑘)𝜔𝜔(𝑝)2

𝑏21 − 𝑎211 + 𝑎21𝜃2𝑐1𝑐2Δ]21 (𝑘) 𝜔𝜔(𝑝)12

𝑏22 − 𝑎221 + 𝑎22𝜃2𝑐22Δ]22 (𝑘) ) . (132)

It is convenient for subsequent analysis to pass to new
variables. For a two-component system, the relation 𝑐1+𝑐2 = 1
holds and quantity 𝛿𝑛 can be represented in the form

𝛿n (𝑘, 𝜔) = ( 1−1) 𝜉 (𝑘, 𝜔) , (133)

where 𝜉 can be interpreted as an order parameter. Substituting
(133) into (111), we obtain the expression for functional Δ:

Δ = 12 ∫𝑑𝑘 𝑑𝜔Ω𝜉𝑘,𝜔2 + 23 ∫𝑑𝑘 𝑑𝜔𝜕Ω𝜕𝑛 𝜉𝑘,𝜔2𝜉𝑘,𝜔
+ ∫𝑑𝑘 𝑑𝜔𝜕2Ω𝜕𝑛2 𝜉𝑘,𝜔4 + ⋅ ⋅ ⋅ , (134)

where

Ω ≡ (𝛽11 (𝑘, 𝜔))−1 − (𝛽12 (𝑘, 𝜔))−1− (𝛽21 (𝑘, 𝜔))−1 + (𝛽22 (𝑘, 𝜔))−1. (135)

Series (134) can be summed and written in the form

Δ = 12 ∫𝑑𝑘 𝑑𝜔𝜉2𝑘,𝜔Ω(𝑛, 𝑐 + 𝜉𝑘,𝜔, 𝑘, 𝜔) . (136)

The formal proof of the correctness of representing quantity Δ
in form (136) without analyzing the convergence of the cor-
responding series follows from the expansion of expression
(136) into a power series of order parameter 𝜉. This expansion
exactly reproduces series (134) (at least, to within terms on
the order of 𝜉5). Using relations (132), (135), and (136), we
can obtain the dependence of functional Δ on the wave
vector and order parameter of the system. The minimum
of functional Δ determines the ground state of the system.
Substituting relation (132) into (136), evaluating the derivative
of Δ with respect to the order parameter, and applying the
inverse Fourier transformation in frequency𝜔 to the resulting
relation, we obtain

𝜕𝜉𝑘𝜕𝑡 = −𝐷𝑘2 𝜕 (𝐹1 (𝜉𝑘, 𝑘))𝜕𝜉𝑘 , (137)

where 𝐷 = (𝑏11 − 𝑏12𝐷1

+ 𝑏22 − 𝑏21𝐷2

)−1,
𝐹1 (𝜉𝑘, 𝑘) ≡ 12Ω (𝑐 + 𝜉𝑘, 𝑘) 𝜉2𝑘,

Ω (𝑐, 𝑘) = − 𝑎111 + 𝑎11𝜃2𝑐21Δ]11 (𝑘) + 2𝑎121 + 𝑎12𝜃2𝑐1𝑐2Δ]12 (𝑘)− 𝑎221 + 𝑎22𝜃2𝑐22Δ]22 (𝑘) .
(138)

Equation (137) has the same form as the equation usually
used for the order parameter. The role of the order parameter
is played in this case by the quantity defined by relation
(133). It should be noted that the order parameter here
could be either positive or negative. The cases when 𝜉 >0 and 𝜉 < 0 correspond to the density fluctuation of the
first and the second components, respectively. The role of

the diffusion coefficient is played by quantity 𝐷 depending
on the fill factor and the concentration of components in
channels via coefficients 𝑎𝑖𝑗 and 𝑏𝑖𝑗 defined by relations (116)
and (128). It should be noted that the concentration of
the components in a channel (and its fill factor) could be
determined unambiguously from isotherm (104) proceeding
from the pressure, temperature, and composition of the
system of atomic particles. Analysis of functional 𝐹1 as a
function of order parameter 𝜉 and wave vector 𝑘 makes it
possible to investigate the possibility for a transition of the
system to an inhomogeneous state. For example, when the
minimum of functional 𝐹1 is attained for 𝜉 ̸= 0, 𝑘 = 0, a
conventional phase transition to a homogeneous state takes
place [99]. The minimum at 𝜉 = 0, 𝑘 ≡ 𝑘𝑐 ̸= 0 corresponds to
the propagation of a density wave over a distance of 𝑟 ∼ 𝑘−1𝑐 .
In the case when the minimum is attained at 𝜉 ̸= 0 and 𝑘 ̸= 0,
a transition to an inhomogeneous state with clusters formed
in the system is realized [99]. Local minima here determine
metastable states. Figure 13 shows the graphs illustrating the
dependence of 𝐹1 on order parameter 𝜉𝑘 and wave vector 𝑘
for a mixture in which one of the gases (first) is a strong
sorbate, while the other gas is a weak sorbate. The chosen
parameters (𝑎 = 3.8 Å, 𝜎1 = 4.3 Å, 𝜎2 = 3.6 Å, 𝜀1 = 0.61 eV,𝜀2 = 0.38 eV, 𝑝 = 2000 kPa, and 𝑇 = 300 K) correspond to a
methane-butane molecular mixture [51] and make it possible
to describe adsorption and fluxes of these one-component
gases in zeolite membranes. It should be noted that the choice
of parameters 𝑝, 𝑇, and 𝑐 determines unambiguously the
filling factor 𝜃 and concentrations 𝑐1 and 𝑐2 of gases in a
channel.
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Figure 13: Dependence of free energy 𝐹1 on the order parameter and wave vector for various concentrations of the first component in the
mixture: (a) 𝑐 = 0.1 (𝜃 = 0.67), (b) 𝑐 = 0.25 (𝜃 = 0.71), (c) 𝑐 = 0.3 (𝜃 = 0.74), and (d) 𝑐 = 0.45 (𝜃 = 0.75).

For low concentrations of the first component in a gas
mixture and for fill factors 𝜃 ≤ 0.7, functional 𝐹1 has only
one minimum at 𝜉 = 0, 𝑘 = 0 (Figures 13(a) and 13(b)).
This corresponds to a homogeneous state of the system. An
increase in the concentration of the first component leads to
the emergence of local minima in functional 𝐹1.

In this case, the global minimum is shifted to point 𝜉 =𝜉𝑐 > 0, 𝑘 = 𝑘𝑐. In this case, the ground state of the system
becomes spatially inhomogeneous, which corresponds to
the formation of clusters in the system. This situation will
be analyzed in greater detail later. Equation (137) for the
order parameter also allows us to calculate the characteristic
relaxation times for the emerging density fluctuation depend-
ing on external conditions. For this purpose, we expand

functional 𝐹1(𝜉𝑘, 𝑘) into a series in the vicinity of 𝜉𝑘 = 0 to
within the first nonvanishing term:𝐹1 (𝜉𝑘, 𝑘) ∼ 𝜆 (𝑘) 𝜉2𝑘. (139)

Substituting (139) into (137), we obtain𝜕𝜉𝑘𝜕𝑡 = −𝜉𝑘𝜏 , 𝜏 = (2𝜆 (𝑘)𝐷𝑘2)−1. (140)

The quantity 𝜏 is the lifetime of the 𝑘th mode of the density
fluctuation emerging in the vicinity of 𝜉𝑘 = 0. The curves
describing the lifetime of the emerging fluctuation as a func-
tion of the wave vector for different mixture compositions
are shown in Figure 14. It can be seen from Figure 14 that,
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Figure 14: Dependence of lifetime 𝜏 on wave vector 𝑘 for 𝑐 = 0.1 (a), 0.3 (b), and 0.45 (c).
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Figure 15: Dependence of free energy 𝐹1 on the order parameter for different values of the wave vector for 𝑐 = 0.3: 𝑘 = 0.1 (a), 0.3 (b), and
0.5 (c).

for a low concentration of the highly adsorbed component,
the lifetime decreases monotonically with increasing wave
vector, while the free energy has a minimum at 𝜉 = 0.
From the physics standpoint, this means that the state of the
system in a channel for a given composition of the mixture
is homogeneous and the growth of clusters is energetically
disadvantageous. It should be noted that the fill factor of the
channel is small in this case, but short-lived clusters with the
lifetime

𝜏 ∼ 𝑟2𝐷 = 𝑟2𝐷0

exp (𝐸𝑎𝑇 ) (141)

can be formed due to density fluctuations. Here 𝐷 =𝐷0 exp(−𝐸𝑎/𝑇) is the diffusion coefficient of solitary par-
ticles, 𝐸𝑎 is the diffusion activation energy, and 𝑟 is the
characteristic size of fluctuations. Characteristic size 𝑟 is
determined, as in Section 2.1, from the position of the
extremum of the imaginary part of the spectrum divided
by the square of the wave vector. It should be noted that
the value of 𝑟 increases with the fill factor of the channel
Section 2.1. Expression (142) can be derived by expanding
order parameter (137) into a series in the vicinity of 𝜉 = 0.

For low concentrations, expression (141) coincides with the
characteristic diffusion decay time for density fluctuations.

An increase in the concentration of the first component
of the mixture to 𝑐 = 0.3 elevates the fill factor of the channel
to 𝜃 = 0.74 (see Figure 13(c)), while 𝐹1 acquires two more
minima for 𝑘 ∼ 1. Figure 15 shows the dependences of the
free energy on the order parameter for different values of the
wave vector at 𝑐 = 0.3. It can be seen from the figure that the
free energy minimum is attained at point 𝜉 = 0 for values
of the wave vector 0 < 𝑘 < 0.4. For 𝑘 ≈ 0.5, functional 𝐹
has two minima (at 𝜉(0)𝑐 = 0 and 𝜉(1)𝑐 = 0.35), and the state

with 𝜉(1)𝑐 is separated from the state with 𝜉(0)𝑐 by a potential

barrier. Since the global minimum is attained at 𝜉 = 𝜉(1)𝑐 , the

state with 𝜉(0)𝑐 is metastable. The ground state of the system is

attained at 𝜉 = 𝜉(1)𝑐 and is clustered. It should be noted that, in
accordance with formula (133), clusters of the first component

are formed in the channel since 𝜉(1)𝑐 > 0.
The lifetime of the clusters can be determined by passing

from (137) for the order parameter to a stochastic differ-
ential equation (Langevin equation) and the corresponding
Fokker-Plank equation via the introduction of additive noise.
Steady-state solutions to the Fokker-Planck equation define
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Figure 16: Dependence of free energy 𝐹1 on the order parameter for different values of the wave vector for 𝑐 = 0.45: 𝑘 = 0.1 (a), 0.3 (b), and
0.5 (c).

the probability for the system being in the state described by

order parameter 𝜉(1)𝑐 . For the lifetime, we have

𝜏 ∼ 𝑟2𝐷0

exp (𝐸𝑎𝑇 − 𝛿𝐹) ,
𝛿𝐹 = 𝐹1 (𝑐 + 𝜉(1)𝑐 , 𝑘𝑐) ⋅ 𝑇. (142)

The decay of a cluster formed in the system occurs via over-
coming an energy barrier of height 𝛿𝐹. From the standpoint
of physics, this can be interpreted as an effective increase in
the diffusion activation energy for the particles in the cluster.
However, for 𝑐 = 0.3, the barrier height is small (𝛿𝐹 ∼ 0.2𝑇;
see Figure 13(c)), and lifetime (142) is comparable to time
(141). A further increase in the first component concentration
in the mixture leads to negative values of the lifetime for a
certain value of 𝑘 = 𝑘𝑐 < 1 (see Figure 14(c)). In this case,

clusters with a size of 𝑟 ∼ 𝑘−1𝑐 are formed in the channel; for𝑘 < 𝑘𝑐, fluctuations decay over a finite time, while for 𝑘 > 𝑘𝑐,
the emerging density fluctuations evolve. Such a situation is
typical of transitions to an inhomogeneous condensate state
[99].

The curves describing the dependence of the free energy
on the order parameter for different values of the wave vector
are shown in Figure 16. Since functional 𝐹1 has a single
minimum at 𝜉 = 0 for 𝑘 ∼ 0, the state of particles in
the channel is homogeneous. However, as the wave vector
increases, curve 𝐹1(𝜉) acquires two more minima separated
from the state with 𝜉 = 0 by potential barriers. A further
increase in the wave vector leads to disappearance of the
barriers between the state with 𝜉 = 0 and the states
corresponding to two other minima of 𝐹1, and the state with𝜉 = 0 becomes unstable.

Thus, for a low concentration of the highly adsorbed
component, the fill factor of the channel is small and the
state of the system in the channel is homogeneous. As the
concentration of the highly adsorbed component increases,
the fill factor of the channel increases, and short-lived clusters
of the highly adsorbed component can be formed in the
channel. A further increase in the concentration (and the fill
factor of the channel) leads to an increase in the lifetime of

the clusters formed in the channel. At a certain concentration
of the highly adsorbed component, the clusters in the channel
become long lived and the ground state of the system becomes
clustered.

The formation of clusters of one of the components in a
channel may strongly affect the transport of the gas through
the membrane (see Section 2.1). In the next chapter, partial
gas fluxes through the membrane will be calculated, and the
effect of clusters on the mechanisms of transport will be
analyzed.

2.4.2. Transport in a Two-Component Gas in a High-Density
1D System. In order to calculate partial fluxes and to ana-
lyze the transport, we will use the approach proposed in
Section 2.1. It will be shown in the following that the eval-
uation of the flux can be reduced to the calculation of the
relaxation frequency spectra 𝜔(k) for density fluctuations of
the components. We can judge the mechanism of particle
transport in a subnanometer channel from the type of the
dependence of the spectrum on the wave vector of the system.
We can write the expression determining the relaxation of
the Fourier component 𝑛(𝑘, 𝑡) of the number density of
particles in a channel in the case of an arbitrary density 𝑛(𝑘, 𝑡)
under the conditions of slight deviation from equilibrium
(see Section 2.1 and [100]):̇𝑛 (𝑘, 𝑡) = 𝑖𝜔 (𝑘) 𝑛 (𝑘, 𝑡) . (143)

It follows from this relation that the equation for fluctuation
amplitude 𝛿𝑛 can be written in the form𝛿 ̇𝑛 (𝑘, 𝑡) = 𝑖𝜔 (𝑘) 𝛿𝑛 (𝑘, 𝑡) , (144)

where 𝜔(𝑘) is the relaxation frequency spectrum for the
system under study; in the case of diffusion of noninteracting
particles, this spectrum has the form [98]𝜔 = 𝜔0 (𝑘) = −𝑖𝐷𝑘2. (145)

Equation (144) describes relaxation of the 𝑘th component of
density fluctuation for an arbitrary value of the wave vector. In
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particular, this equation for 𝑘 ̸= 0 makes it possible to describe
the relaxation of density fluctuations and the propagation
of a perturbation over a finite-size cluster in the case of its
formation. For 𝑘 → 0, (144) describes the relaxation of
density fluctuation on a large spatial scale. This quantity is
associated with macroscopic fluxes. In order to calculate the
fluxes, we write the continuity equation

̇𝑛 + 𝜕𝑗𝜕𝑥 = 0 (146)

and apply the Fourier transformation to this equation:𝑖𝑘𝑗 (𝑘, 𝑡) = − ̇𝑛 (𝑘, 𝑡) . (147)

Substituting (143) into (147), we obtain the following relation
for flux 𝑗(𝑘):

𝑗 (𝑘, 𝑡) = 𝑛 (𝑘, 𝑡) 𝜔 (𝑘)𝑘 . (148)

For partial fluxes, we have

𝑗𝑖 (𝑘, 𝑡) = 𝑛𝑖 (𝑘, 𝑡)𝑘 𝜔𝑖 (𝑘) , (149)

where 𝑛𝑖 is the density of the 𝑖th component and 𝜔𝑖 is the
corresponding spectrum. The total gas flux is defined as the
sum of partial fluxes of the components:

2∑
𝑖=1

𝑗𝑖 (𝑘, 𝑡) = 𝑗 (𝑘, 𝑡) . (150)

It follows from (149) that partial fluxes are determined by
relaxation frequency spectra 𝜔𝑖(𝑘). Thus, the problem is
reduced to computing these spectra. The relaxation frequency
spectra can be determined from the condition of the existence
of nonzero density fluctuations for each component in an
arbitrarily weak external field. Consequently, applying the
Fourier transformation to (107), we find that the relaxation
frequency spectrum can be determined by solving the follow-
ing system of homogeneous equations:

𝛽−1 (𝑘, 𝜔) ( 1−1) = 0. (151)

Here matrix 𝛽−1(𝑘, 𝜔) of the response functions is defined by
relation (132). In view of 𝛿-function singularities for 𝑘 → 0
that emerge in pair correlation functions (120) appearing in
(132), we must calculate spectra 𝜔𝑖(𝑘) and the values of 𝜔𝑖(𝑘 =0), after which the renormalization procedure must be carried
out. Using (132) and passing to the limit 𝑘 → 0 for spectra𝜔𝑖(𝑘 = 0),
𝛽−1 (0, 𝜔) ( 1−1) = ( 𝜔𝜔(𝑝)1

𝑏11 − 𝜔𝜔(𝑝)1

𝑏12 + 𝑎11 − 𝑎12𝜔𝜔(𝑝)2

𝑏22 − 𝜔𝜔(𝑝)2

𝑏21 + 𝑎22 − 𝑎21) = 0,
(152)

where 𝑎𝑖𝑗, 𝑏𝑖𝑗, 𝜔(0)1 , and 𝜔(𝑝)2 are defined by relations (116),

(129), and (131). For 𝜔(0) ≡ 𝜔𝑖(𝑘 = 0), we obtain from relation
(152)

𝜔(0)1 = −𝜔(𝑝)1 (𝑎11 − 𝑎12)𝑏11 − 𝑏12 ,
𝜔(0)2 = −𝜔(𝑝)2 (𝑎22 − 𝑎21)𝑏22 − 𝑏21 . (153)

On the other hand, substituting (132) into (152), we obtain the
following expressions for relaxation frequency spectra 𝜔𝑖(𝑘)
of the system under investigation:�̃�1 (𝑘) = 𝑖𝐷1𝑘2𝑏11 − 𝑏12 [ 1𝜃2𝑐21]11 (𝑘) + 𝑏−111 − 1𝜃2𝑐1𝑐2]12 (𝑘) + 𝑏−112 ] ,
�̃�2 (𝑘) = 𝑖𝐷2𝑘2𝑏22 − 𝑏21 [ 1𝜃2𝑐22]22 (𝑘) + 𝑏−122 − 1𝜃2𝑐1𝑐2]21 (𝑘) + 𝑏−121 ] .

(154)

Tildes indicate that �̃�𝑖(𝑘 = 0) ̸= 𝜔(0)𝑖 (𝜔(0)𝑖 are defined in
relations (153)).

We will carry out the renormalization procedure for
spectra (154) taking into account relations (153), that is,
imposing the requirement�̃�𝑖 = 𝜔(0)𝑖 (𝑘 = 0) . (155)

Taking into account the value of 𝜔(0)𝑖 , we find from relations
(153) and (154) that𝑎11 − 𝑎12 = 𝑏11𝑏11𝜃2𝑐21]11 (𝑘) + 1 − 𝑏12𝑏12𝜃2𝑐1𝑐2]12 (𝑘) + 1 (156)

or 𝑎11 = 𝑏11𝑏11𝜃2𝑐21]11 (𝑘) + 1 , 𝑎12 = 𝑏12𝑏12𝜃2𝑐1𝑐2]12 (𝑘) + 1 .
(157)

Similarly, for 𝑎22, we have𝑎22 = 𝑏22𝑏22𝜃2𝑐22]22 (𝑘) + 1 . (158)

In order to separate singularities of pair correlation function
]𝑖𝑗(𝑘) for 𝑘 → 0, we expand it into a series in the vicinity of𝑘 = 0 to within first-order terms. Using relations (154), we
then obtain�̃�1 (𝑘) = 𝑖𝐷1𝑘2𝑏11 − 𝑏12 [ 1𝜃2𝑐21 (]11 (0) + 𝑘]11 (𝑘)) + 𝑏−111− 1𝜃2𝑐1𝑐2 (]12 (0) + 𝑘]12 (𝑘)) + 𝑏−112 ] ,

= 𝑖𝐷1𝑘2𝑏11 − 𝑏12 [ 𝑎111 + 𝑘𝑎11𝜃2𝑐21]11 (𝑘)− 𝑎121 + 𝑘𝑎12𝜃2𝑐1𝑐2]12 (𝑘)] .
(159)
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Taking into account the long-wave approximation and the
smallness of 𝑘, replacing the derivative in the last expression
by the difference 𝑘]𝑖𝑘(𝑘) ≈ ]𝑖𝑗(𝑘) − ]𝑖𝑗(0), omitting primes,
and carrying out similar calculations for 𝜔2, we finally obtain

𝜔1 (𝑘) = 𝑖𝐷1𝑘2𝑏11 − 𝑏12 [ 𝑎111 + 𝑎11𝜃2𝑐21 (]11 (𝑘) − ]11 (0))− 𝑎121 + 𝑎12𝜃2𝑐1𝑐2 (]12 (𝑘) − ]12 (0))] ,
𝜔2 (𝑘) = 𝑖𝐷2𝑘2𝑏22 − 𝑏21 [ 𝑎221 + 𝑎22𝜃2𝑐22 (]22 (𝑘) − ]22 (0))− 𝑎211 + 𝑎21𝜃2𝑐1𝑐2 (]21 (𝑘) − ]21 (0))] .

(160)

Using relations (104), (149), and (161) and passing to the
limit for 𝑘 → 0, we can obtain the dependence of partial
fluxes of the components on the pressure, temperature, and
composition of the mixture. For 𝑘 ̸= 0, expressions (144) and
(160) enable us to analyze the relaxation mechanism of the
emerging density fluctuation with a characteristic size of 𝑟 ≈2𝜋/𝑘.

In order to analyze the experimentally observed partial
fluxes, it is convenient to pass to the coordinate representa-
tion. Spectra (160) have the real and imaginary parts since
pair correlation function ]𝑖𝑗(𝑘) is a complex quantity in
accordance with relations (120) and (125). Separating the real
and imaginary parts of the spectra and applying the inverse
Fourier transformation to expression (149), we obtain

𝑗𝑖 = 𝑛𝑖Ψ𝑖 − 𝐷𝑖

𝜕𝑛𝑖𝜕𝑥 ,
Ψ𝑖 = Re 𝜔𝑖 (𝑘 → 2𝜋𝐿 ) ,
𝐷𝑖 = Im

𝜔𝑖 (𝑘)𝑘2 𝑘→2𝜋/𝐿

.
(161)

Here 𝐷𝑖 is the diffusion coefficient of a component, 𝐿 is the
channel length, and Ψ is the term emerging due to the mutual
effect on the mixture components in a channel for large fill
factors. It should be noted that, since 𝐿 ≫ 𝑟𝑐, where 𝑟𝑐
is the characteristic size of clusters, passing to the limit for𝑘 → 2𝜋/𝐿 in relation (161) corresponds to averaging over
characteristic scales of inhomogeneities in the case when the
ground state of the system is clustered. Separating the terms
linear in the wave vector from the real part of the spectrum,
we obtain the following expression for Ψ:

Ψ𝑖 = −𝐷𝑖

1𝑇 𝜕𝑈𝑖𝜕𝑥 + 𝑉𝑖. (162)

Here the first term describes the transport of molecules of the𝑖th component, which is induced by the effective intermolec-
ular interaction, while the second term has the meaning of the
“drag” effect familiar in the kinetics of mixtures. Substituting

(162) into (161), we obtain the final expression for partial
fluxes: 𝑗𝑖 = −𝐷𝑖

𝜕𝑛𝑖𝜕𝑥 − 𝐷𝑖

𝑛𝑖𝑇 𝜕𝑈𝑖𝜕𝑥 + 𝑉𝑖𝑛𝑖. (163)

Thus, it follows from this equation that the partial flux
is the sum of three terms. The first term corresponds to
diffusion transport, while the second term emerges due to
field diffusion. These two terms in the 𝑘 representation can
be combined into one by introducing the effective diffusion
coefficient 𝐷𝑖 = 𝐷(0)

𝑖 (1 + 𝑛𝑖𝑇𝑈 (𝑘)) . (164)

It was shown in the previous section that, for large filling
factors, clusters are formed in the system. The mechanism of
density relaxation may be different for the case of transport
over the characteristic scale 𝐿, when 2𝜋𝜎av/𝐿 ≪ 1 and𝑘 → 0 (which corresponds to macroscopic transport of
gas components through the channel), and for the case
when 𝑘 ̸= 0, which corresponds to relaxation over distances
comparable to the size of clusters formed in the system. To
prove this, we must analyze dependences Δ]𝑖𝑗(𝑘). In order
to avoid cumbersome formulas, we consider this problem
in greater detail in the limiting case of 𝑐1 = 1, which cor-
responds to a one-component mixture.

Passing to the limit for 𝑐1 → 1 in (160), we obtain the
relaxation frequency spectrum for a one-component system;
it is easy to obtain (70). It should be noted that, in accordance
with the relation (70), the pair distribution and, hence, the
pair correlation function associated with it depend not on the
wave vector 𝑘, but on the product 𝑖𝑘:𝜃] (𝑘) ≡ 𝜃] (𝑖𝑘) . (165)

Let us now write relation (164) in the form

𝜔 (𝑘) = − 𝑖𝐷0𝑘21 + 𝜃] (0) + 𝜃] (𝑘) − 𝜃] (0) = − 𝑖𝐷0𝑘21 + 𝜃] (0) + 𝜃Δ]
= − 𝑖𝐷0𝑘21 + 𝜃] (0) + 𝜃 Re Δ] + 𝜃𝑖 Im Δ] .

(166)

Separating the real and imaginary parts from relation (165),
we obtain

𝜔 (𝑘) = − 𝑖𝐷0𝑘2 ((1 − 𝜃)2 + 𝜃 Re Δ])((1 − 𝜃)2 + 𝜃 Re Δ])2 + (𝜃 Im Δ])2
− 𝐷0𝑘2𝜃 Im Δ]((1 − 𝜃)2 + 𝜃 Re Δ])2 + (𝜃 Im Δ])2 .

(167)

Here we have used the fact that1 + 𝜃] (0) ≈ (1 − 𝜃)2. (168)

This relation follows from the known relation [46]𝜕𝑝𝜕𝜃 ≃ 11 + 𝜃] (0) (169)
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describing the increase in the compressibility with density.
Using relation (165), we now expand Δ] to within first-order
terms: Δ] = 𝜕𝜃] (𝑘)𝜕 (𝑖𝑘) 𝑘=0𝑖𝑘 ≡ 𝑖𝜃] (0) 𝑘. (170)

The value of ](0) is finite for 𝜃 ̸= 0. For example, using direct
expansion into the Taylor series, we can obtain𝜃] (0) = −𝜃 + 43𝜃2 − 12𝜃3. (171)

Substituting relation (170) into (167), we get

𝜔 (𝑘) ≈ − 𝑖𝐷0𝑘2(1 − 𝜃)2(1 − 𝜃)4 + (𝜃] (0))2𝑘2 − 𝐷0𝑘3𝜃] (0)(1 − 𝜃)4 + (𝜃] (0))2𝑘2 .
(172)

To calculate the fluxes for high densities (𝜃 ∼ 1), we must
consider two limiting transitions in relation (172): for 𝜃 → 1
and 𝑘 → 0. From the standpoint of physics, the transition
for 𝜃 → 1 and 𝑘 ̸= 0 corresponds to the analysis of transport
in a dense cluster. The transition for 𝑘 → 0 and arbitrary𝜃 is equivalent to analysis of diffusion in a channel of length𝐿 ≫ 𝑟𝑐, where 𝑟𝑐 is the characteristic size of a cluster. For𝜃 → 1, we obtain, instead of relation (172),𝜔 (𝑘) = − 𝐷0𝑘𝜃] (0) . (173)

This relation shows that spectrum 𝜔(𝑘) corresponds to the
hydrodynamic mode [46], for which quantity 𝐷0/](0) is the
effective velocity of sound.

Passing in relation (172) to the limit for 𝑘 → 0 and
retaining the lowest order in wave number 𝑘, we obtain

𝜔 (𝑘) = − 𝑖𝐷0𝑘2(1 − 𝜃)2 . (174)

This relation shows that the spectrum in this case is of the
diffusion type with the diffusion coefficient

𝐷 ≈ 𝐷0(1 − 𝜃)2 , (175)

which increases indefinitely as 𝜃 → 1.
It should be noted that, in accordance with (172), both

relaxation mechanisms (hydrodynamic and diffusion) oper-
ate in the system when 𝑘 ̸= 0 and 𝜃 ̸= 1. From the standpoint of
physics, this corresponds to the diffusion transport between
clusters (diffusion mode), over which density perturbations
propagate (hydrodynamic mode). In spite of different inter-
pretations of the sequence of limiting transitions, the calcu-
lated dependences of fluxes on external conditions are found
to be equivalent from the physics standpoint. This is due
to the fact that the hydrodynamic component is manifested
in the second case in the increase in the effective diffusion
coefficient 𝐷 ≈ 𝐷0/(1 − 𝜃)2 for high values of fill factor 𝜃.

In the two-component case, the transition for 𝑘 → 0
corresponds to the transition from relation (160) to (153).

It can be seen from relation (153) that the obtained spectra

are of the diffusion type since 𝜔(0)𝑗 = −𝑖𝐷𝑗𝑘2, 𝑗 = 1, 2,

while quantities 𝑎𝑖𝑗 and 𝑏𝑖𝑗 are independent of 𝑘. The limiting
transition for 𝜃 → 1 in the two-component case involves
considerable computational difficulties. However, the above
analysis shows that the relaxation frequency spectra for the
components also acquire a hydrodynamic mode in view of
the dependence of pair correlation function (120) on factor𝑖𝑘 for 𝜃 → 1.

Depending on the sequence of limiting transition, a
decisive role in relation (163) is played either by the term
corresponding to diffusion or the nongradient (hydrody-
namic) part of the flux. Since the gas flux for arbitrary fill
factors is measured in experiments on the penetrability of
the membrane over large distance (𝐿 ≫ 𝑟𝑐, 𝑘 → 0), the
limiting transition for 𝑘 → 0 should be performed first. In
this case, the effects associated with the formation of clusters
are taken into account in the dependence of the diffusion
coefficient on the concentration and fill factor of the channel.
Numerical calculations show that the last term in relation
(160) is insignificant in the entire range of concentrations
and fill factors of the channel. Thus, the relaxation frequency
spectrum of a two-component system can be treated as a
diffusion spectrum in the entire range of concentrations and
fill factors, where the role of diffusion coefficient is played by
a quantity taking into account clustering of the components
in the channel.

It should be noted that for calculating response func-
tion (132), relaxation frequency spectra (160), and, as a
consequence, partial fluxes (163), we used the fluctuation-
dissipative theorem (119) presuming the homogeneous
ground state of the system. In the case when the ground
state of the system is clustered (see Figure 13(d)), the kinetic
version of the fluctuation-dissipative theorem [98] should be
used:⟨𝛿𝑛 (𝑥, 𝑡) 𝛿𝑛 (𝑥, 𝑡)⟩

= −𝑇∫∞

0
𝛽 (𝑥, 𝑥, 𝑡, 𝜏) (𝑓 (𝑥, 𝜏) − 𝑓 (𝑥, 𝜏)) 𝑑𝜏, (176)

where 𝑓(𝑥, 𝜏) is the probability of a particle being located at
point 𝑥. In accordance with the detailed balancing principle,
in the case when states 𝑥 and 𝑥 differ from the equilibrium
state insignificantly, we have

𝑓 (𝑥, 𝑡) ∼ 𝑓 (𝑥, 𝑡) exp (Δ𝐸𝑇 ) , (177)

where Δ𝐸 is the energy difference between states 𝑥 and 𝑥.
Using this relation, we obtain the following expression for the
fluctuation-dissipative theorem:⟨𝛿𝑛 (𝑘, 𝜔) 𝛿𝑛 (𝑘, 𝜔)⟩

= −𝑇∫𝑑𝑥𝑑𝑥𝑑𝑡 exp (𝑖𝑘𝑥) exp (𝑖𝑘𝑥) exp (𝑖𝜔𝑡)
× ∫∞

0
𝛽 (𝑥, 𝑥, 𝑡, 𝜏) exp (Δ𝐸𝑇 )𝑑𝜏.

(178)



34 Journal of Nanomaterials

Applying the Fourier transformation to this relation and
using (151), we obtain the relaxation frequency spectrum in
the form 𝜔(new) (𝑘) = 𝜔 (𝑘) exp (−Δ𝐸𝑇 ) . (179)

Thus, the application of relation (176) instead of (132) leads to
the emergence of an additional exponential term in relation
(163):

𝑗𝑖 (𝑘, 𝑡) = 𝑛𝑖 (𝑘, 𝑡)𝑘 𝜔𝑖 (𝑘) exp (−Δ𝐸𝑇 ) , (180)

where Δ𝐸 is the depth of the potential well occupied by the
system. In the case of small fill factors of the channel, the state
of the system is homogeneous and Δ𝐸 = 0 (see Figure 13(a)).
Then relation (180) transforms into (163). As the fill factor
of the channel increases, the state of the system becomes
clustered. For Δ𝐸 ≪ 𝑇, the exponential in relation (180) can
be disregarded, and the flux virtually coincides with the flux
calculated for a homogeneous state. This is due to the fact
that expression (142) for the lifetime of clusters practically
coincides with expression (141) for the lifetime of clusters in a
homogeneous state. In this case, as noted previously, density
excitation propagates via a cluster, leading to an increase in
the effective diffusion coefficient. A further increase in the
fill factor of the channel increases the value of Δ𝐸. The flux
decreases thereby, which can be explained by an increase in
the lifetime of the clusters formed in the channel. As a result,
the mechanism of excitation transport via a cluster is not
realized.

Thus, for small fill factors of the channel, the transport in
the system follows the diffusion mode. This can be demon-
strated by passing to the limit of small fill factors 𝜃 in relation
(160). Then the second term in the denominator becomes
insignificant and the spectra are reduced to diffusion spectra
(153). An increase in the fill factor results in the formation of
clusters. It was shown in the previous section that, depending
on the fill factor of the channel, the clusters formed may
be either short lived or stable in the case when the ground
state of the system is clustered. For short-lived clusters (see
Figure 13(b)), the transport between clusters occurs through
diffusion, while the transport over clusters occurs through
a rapid barrier-free transfer of density excitation, and the
arrival of a particle from one side of a cluster leads to the
emergence of a particle from the other side [100]. In this case,
the spectra contain both the diffusion and the hydrodynamic
modes, and the effective diffusion coefficient increases in
accordance with (175). An increase in the fill factor of the
channel reduces the distance between clusters and increases
their size. Since the transport over a cluster is faster than
the diffusion transport, the effective diffusion coefficient and
the partial flux increase. However, an increase in the fill
factor also increases the lifetime of the clusters formed in
the channel; as a result, the rate of excitation transfer over
a cluster decreases. In the case when a cluster is stable (see
Figure 13(d)), the transport of excitation over the cluster is
ruled out, and the presence of such a cluster in the channel
leads to blocking of transport in the system.

Using relations (160) and (180), we can calculate the
partial gas fluxes proceeding from the data on the penetra-
bility for pure components. Figures 17(a) and 17(b) show the
dependence of partial fluxes on the mixture composition in
the case when both gases are slightly adsorbed. The energies
of interaction and the diameters of particles correspond to
a methane-argon gas mixture (𝑎 = 3.8 Å, 𝜎1 = 3.6 Å, 𝜎2 =3.0 Å, 𝜀1 = 0.38 eV, 𝜀2 = 0.25 eV [51], 𝑝 = 100 kPa, and𝑇 = 300 K).

It can be seen from Figure 17(a) that an increase in
the concentration of the first component for fixed pressure
and temperature reduces the filling factor with the second
component, while the filling factor with the first component
increases thereby. A decrease in the total fill factor of the
channel in the concentration range 0 < 𝑐 < 0.4 of first compo-
nent takes place due to depletion of the channel in the second
component (Figure 17(b)). An increase in the total fill factor
of the channel for 𝑐 > 0.4 is associated with preferred enrich-
ment of the channel in the first component (see Figure 17(b)).
The partial flux of the first component in this case increases
monotonically due to an increase in the filling factor with
the first component (see Figure 17(a)), while the partial flux
of the second component decreases due to a decrease in the
filling factor with the second component. The transport is of
the diffusion type, and clusters are not formed in the channel
in view of small fill factors of the channel (𝜃 ≤ 0.25 for any
composition of the mixture).

Figures 17(c) and 17(d) show the dependence of partial
fluxes on the mixture composition in the case when one
of the gases (the first) is a strong sorbate, while the other
gas is a weak sorbate. The energy of interaction and the
diameter of particles correspond to a butane-methane gas
mixture (𝑎 = 3.8 Å, 𝜎1 = 4.3 Å, 𝜎2 = 3.6 Å, 𝜀1 = 0.61 eV,𝜀2 = 0.38 eV [51], 𝑝 = 2000 kPa, and 𝑇 = 300 K). The
behavior of the total and partial fill factors of the channel
upon an increase in the concentration of the first (highly
adsorbed) component in this case coincides qualitatively
with the case of slightly adsorbed gases described previously:
the partial filling factor with the first (highly adsorbed)
component increases monotonically against the background
of a monotonic decrease in the filling factor with the second
(slightly adsorbed) component (see Figure 17(c)).

The behavior of partial fluxes in this case is less trivial.
It can be seen from the figure that the partial flux of
the first component increases in the concentration interval0 < 𝑐 < 0.2. This is due to the fact that, in accordance
with relation (141), short-lived clusters (see Figure 13(a))
whose size increases with concentration are formed for such
concentrations and fill factors of the channel. The transport
over clusters occurs via a barrier-free transfer of density
excitation, which increases the effective diffusion coefficient.
This process is similar to the transport in one-component sys-
tems for high fill factors (see Section 2.1). It should be noted,
however, that the formation of clusters and the mechanism
of transfer of density excitation through a cluster in a two-
component mixture can be realized for smaller fill factors
(𝜃 = 0.71; see Figures 13(b), 17(c), and 17(d)) as compared
to the one-component case (𝜃 ≥ 0.8). An increase in the
concentration of the first component increases the lifetime
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Figure 17: Dependence of the total and partial fill factors of a channel (a, c) and partial fluxes (b, d) on the composition of methane-argon
(a, b) and butane-ethane mixtures (c, d): (1)—total fill factor of a channel; (2), (3)—filling factors with the first and second components,
respectively; (4), (5)—partial fluxes of the first and second components, respectively; 𝑐 is the concentration of the first component in the
mixture.

of the clusters formed in the system (see Figures 14(b) and
15(c)). As a result of this increase, the transport over clusters
becomes slower and the flux decreases. A further increase in
the concentration leads to the formation of stable clusters in
the channel (see Figures 14(c) and 16(c)); in accordance with
relation (120), the lifetime of these clusters is much longer
than the lifetime (141) of short-lived clusters since 𝛿𝐹 ≫ 𝑇.
In this case, the transfer of density excitation over clusters is
ruled out and the partial flux vanishes.

Thus, three mechanisms of particle transport in a channel
are possible in the two-component case. For small fill factors,
the transport occurs through diffusion. An increase in the
fill factor leads to the formation of short-lived clusters in
a channel. As in the one-component case, this leads to an
increase in the effective diffusion coefficient due to barrier-
free transport of density excitation over a cluster. As the fill
factor increases further, the characteristic lifetime of clusters
increases, leading to a decrease in the flux. A further increase
in the fill factor makes the clusters stable, and the so-called

blocking effect takes place, when the partial flux of one of the
components vanishes. A decrease in pressure does not lead
to a qualitative change in the behavior of the dependences of
partial fluxes on the mixture composition.

2.4.3. Comparison with Experiment. The transport of two-
component gas mixtures in zeolite membranes MFI (silicalite,
ZSM-5) with a pore diameter of ∼0.6 nm has been studied
by the technique widely used for one-component gases [51].
However, in contrast to the rich variety of experiments
with one-component gases, a consistent analysis of a two-
component mixture has not been reported in the literature.
The most detailed information on penetrability for two-
component mixtures is given in [51, 97].

The experiments [51, 97] on penetration of two-compo-
nent mixtures were made in a chamber with a porous stainless
steel substrate with a thickness of approximately 3 mm. A
polycrystalline layer of zeolite ZSM-5 with a thickness of
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∼50 𝜇m and a random orientation of crystals was deposited
on the substrate. Zeolites have a complex crystalline structure
based on silicon oxide with admixtures of sodium and
aluminum [51]. The crystalline structure of zeolite ZSM-5 is
formed by straight channels with an elliptical cross section

(0.57 × 0.52 nm2) intersecting sinusoidal channels with a
circular cross section of diameter 0.54 nm (Section 2.1). The
measured adsorption capacity and the calculated fraction
of molecules in the channel intersections make it possible
to treat the channels as one dimensional for the molecular
mixtures under study (Section 2.1). The experiments [51, 97]
were carried out at temperatures from 300 to 700 K under
pressures from 25 to 500 kPa on the external side of the
membrane. The purity of the mixture components was higher
than 99.95%. The mixture composition at the membrane exit
was measured on a quadrupole mass spectrometer with a
sensitivity of approximately 25 ppm when a Faraday cell was
used for recording. The selectivity measured in the experi-
ments was determined as the relative change in concentration𝑐 of 𝑛-butane molecules and concentration 1 − 𝑐 of methane
molecules at the membrane entrance (𝐹) and exit (𝑝):

𝛼 = ( 𝑐1 − 𝑐)𝐹 : ( 𝑐1 − 𝑐)𝑝. (181)

It should be noted that, for a constant composition of
the mixture at the membrane entrance, the selectivity is
proportional to the ratio of partial fluxes of the mixture
components at the membrane exit:

𝛼 ∼ 𝐽1𝐽2 . (182)

It was found experimentally [51] that the partial flux of the
highly adsorbed gas 𝑛-C4H10 at 𝑇 = 300 K under a total
pressure of 𝑝 = 100 kPa changes considerably (by a factor
of several units) in the presence of the slightly adsorbed
component CH4 as compared to the flux of a pure gas, while
the partial flux of the slightly adsorbed gas changes by two
orders of magnitude in the presence of the strongly absorbed
component. Depending on the mixture composition, selec-
tivity 𝛼 varies and attains its maximum value 𝛼max = 380
for a concentration ratio of 5 : 95 at the membrane entrance.
It was shown [97] that the dependences of partial fluxes
on the mixture composition and external pressure for the
mixtures studied (C2H6-CH4 and C3H8-CH4) are monotonic
in the range of experimental pressures. The partial flux of
methane decreases in the presence of the second component
(ethane or propane), while the partial flux of the second
component increases with its concentration in the mixture.
The selectivity of both mixtures increases monotonically with
the concentration of the more highly adsorbed component
in the mixture. The dependences of the partial fluxes on
the total pressure of the mixture are also monotonic, but
the pressure dependence of selectivity in ethane for the
mixture C2H6-CH4 has a peak at a pressure of 𝑝 ≈ 300 kPa
[97]. Similar dependences of partial fluxes were observed in
experiments with another mixture of slightly adsorbed gases
(CO2-N2) [53] (Figure 18).
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Figure 18: Dependence of partial fluxes on the mixture composition
for slightly adsorbed gases: (1), (2)—theoretical dependences for
CO2 and N2 fluxes, respectively; 𝑐 is the CO2 concentration above
the membrane; squares correspond to experimental data from [53];𝑎 = 3.8 Å, 𝜎1 = 3.8 Å, and 𝜎2 = 3.6 Å [51]; 𝑝 = 100 kPa, 𝑇 = 300 K.

The theory developed in the previous sections enables
us to describe peculiarities in the transport of binary gas
mixtures in zeolite membranes. In the case of a mixture
of slightly adsorbed gases, when the fill factor of a chan-
nel is small (𝜃 ≪ 1) for any mixture composition, the
system relaxes in accordance with the diffusion mechanism
corresponding to diffusion of solitary particles without the
formation of clusters in a channel. In this case, in accordance
with (104), (160), and (180), the partial flux of the first
component decreases monotonically upon an increase in the
concentration of the second component, while the partial flux
of the second component increases with its concentration in
the mixture.

Figure 18 shows that the theoretical curves calculated
by formulas (104), (160), and (180) are in good agreement
with the experimental data borrowed from [53]. The mean
distance 𝑎 between the seats in a channel was estimated
proceeding from the value corresponding to a close pack-
ing of a unit cell of a ZSM-5 membrane with nitrogen
(Section 2.1).

The filling factor for mixtures with a strongly absorbed
component depends on the mixture composition; it is signif-
icant and can be as high as 𝜃 ∼ 1. In this case, in accordance
with the arguments put forth in Section 2.4.1, the dependence
of fluxes on the mixture composition is nonmonotonic due to
the formation of clusters in a channel.

Figure 19 shows the dependence of the ratio of partial
fluxes of gases for the mixture 𝑛-C4H10-CH4 on the butane
concentration in the mixture under a pressure of 𝑝 =100 kPa at temperature 𝑇 = 300 K. It can be seen from
the figure that the ratio of partial fluxes increases with the
concentration of the highly adsorbed component (butane)
in the concentration range 0 < 𝑐 < 0.35. Analysis of
experimental data [51] and calculations based on formulas
(104), (160), and (180) show that the methane flux for a butane
concentration of 𝑐 > 0.05 changes insignificantly upon an
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Figure 19: Ratio of the partial fluxes of butane and methane as a
function of the butane concentration; 𝑐 is the concentration of 𝑛-
C4H10 above the membrane; squares correspond to experimental
data obtained in [51]; 𝑎 = 3.8 Å, 𝜎1 = 4.3 Å, and 𝜎2 = 3.6 Å [51];𝑝 = 100 kPa, 𝑇 = 300 K.

increase in the butane concentration in the mixture. In this
case, the behavior of the flux ratio is completely determined
by the behavior of the butane flux. The increase in the butane
flux is due to the fact that, in accordance with formula (141),
short-lived butane clusters are formed for concentrations 0 <𝑐 < 0.35 and for the fill factors corresponding to these
concentrations (see Figure 13(a)); the size of these clusters
increases with the concentration of the highly adsorbed
component. The transport over clusters (see Figure 13(b))
occurs via barrier-free transfer of density excitation, leading
to an increase in the effective diffusion coefficient for butane,
which is observed for 𝑐 < 0.35. The increase in the butane
concentration in the mixture increases the lifetime of the
clusters formed in the system (see Figures 14(b) and 15(c)).
With increasing lifetime, the transport over the clusters slows
down and the butane flux decreases for concentrations 𝑐 >0.35. A further increase in the concentration results in the
formation of stable clusters in a channel (see Figures 14(c) and
16(c)), leading to a rapid (exponential) decrease in the butane
flux upon an increase in its concentration in the mixture.

Thus, it follows from the theory that the butane flux
becomes exponentially small for a butane concentration of𝑐 > 0.6 in the mixture, and the transport of particles must
be blocked. It should be noted that calculations based on
formulas (104), (160), and (180) for butane concentrations
in the interval 0 < 𝑐 < 0.05 show that the methane
flux decreases approximately by an order of magnitude upon
an increase in the butane concentration, which is also in
qualitative agreement with the experimental data [51]. The
numerical difference between the predictions of the theory
developed previously and the experimental data in this range
of butane concentrations are due to the fact that relations
(104), (160), and (180) were derived for the model potential
of intermolecular interaction of the type of interaction (101)
between hard spheres. It is well known that the potentials of
hard spheres correctly describe the behavior of real systems

for high densities [46, 101]. In order to describe the behavior
of the system in the entire range of fill factors, potentials of the
Lennard-Jones type, which take into account the attraction
between particles even in the zeroth order in density, should
be used. However, although the application of this type
of potentials of intermolecular interaction does not change
the results qualitatively, it leads to the formation of butane
clusters at lower filling factors and, hence, to a sharper
decrease in the methane flux upon an increase in the butane
concentration in the concentration range under investigation.

Relations (104), (160), (180), and (181) also make it possi-
ble to derive the dependence of the selectivity on the pressure,
temperature and composition of the mixture. Figure 20(a)
shows the dependence of the ethane selectivity for the
C2H6-CH4 mixture with a concentration ratio of 50 : 50 at
the entrance on the total pressure of the mixture [97]. It can
be seen that the dependence is nonmonotonic. This is due
to the fact that the diffusion coefficient first increases due
to an increase in the pressure and fill factor of the channel
as a result of the formation of short-lived clusters, and the
partial ethane flux increases (Figure 20(b)). The increase in
the total fill factor of the channel is determined by the increase
in the partial fill factors for both components. This process
continues until the channel filling with ethane slows down.
In this case, the fill factor of the channel increases mainly
due to channel filling with methane. At such pressures, the
increase in the ethane flux slows down (see Figure 20(b)),
while the methane flux continues to increase (Figure 20(c)).
The theoretical dependences plotted in the figures show that a
further increase in pressure due to an increase in the lifetime
of ethane clusters formed in the channel must lead to a
decrease in the ethane flux (Figure 20(b)). Thus, the analysis
of experimental data proves that the theory constructed here
describes the experimental results satisfactorily.

One of the main results of the proposed theory is the
prediction of nonmonotonic dependences of partial fluxes
and selectivities on the mixture composition and pressure
(see Figures 19 and 20), while conventional models [51, 53,
97] (in particular, the generalized Maxwell-Stefan equation
[51, 97]) lead to monotonic dependences of these quantities
on the same parameters (see Figure 20(a)). The qualitative
discrepancy between the dependences in question is due to
the fact that conventional models [51, 53, 97] take into account
only the finite size of particles, in which the interaction
between particles in a channel is disregarded. It is well known
[46, 47, 101], however, that the interaction between particles
in dense systems plays a decisive role both in the construction
of the equations of state of the system and in the description of
transport. For example, the inclusion of interaction between
particles of the hard-sphere type leads to the emergence
of peaks in the pair correlation function at distances equal
to one, two, three, and so forth particle diameters [44, 46,
101]. This fact indicates the existence of “effective” attraction
between particles and necessitates the inclusion of cluster
formation in the description of the behavior of the system at
high densities, when it passes to a spatially inhomogeneous
state. It was demonstrated previously that this leads to the
emergence of nonmonotonic dependences of fluxes and
selectivities on external parameters.
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Figure 20: Dependence of the ethane selectivity (a) and of the partial fluxes of C2H6 (b) and CH4 (c) for the C2H6-CH4 mixture on the
total pressure of the mixture: (1)—calculations based on formulas (104), (160), and (180) and (181); (2)—calculations based on the generalized
Maxwell-Stefan equation [97]; squares correspond to experimental data obtained in [51]; 𝑎 = 3.8 Å, 𝜎1 = 3.8 Å, and 𝜎2 = 3.6 Å [51]; 𝐽0 =63 mmole/(m2 s), 𝑝0 = 100 kPa.

It should be noted that the stabilization of clusters in 1D
systems by the second component at high fill factors, which
has been investigated here, was obtained numerically in a
recent work [83]. It should be borne in mind, however, that,
in accordance with our previous results (Section 2.1), clusters
with a large but finite lifetime can be formed even in a one-
component system with high filling factors. It is 1D gold
clusters of this type that were apparently observed in recent
experiments under the ultrahigh vacuum conditions.

3. Results and Discussion

The analysis of the experimental data showed that for most
gases investigated, the sorption and transport can be treated
as a process in a one-dimensional (1D) system. In statistical
physics, the theoretical models of 1D systems are classical
examples of exactly solvable models [44]. It is well known [34,
46] that in 1D systems, a phase transition (condensation) does
not occur as density increases. This means that, specifically,
no critical nuclei are present in the system, and stable nuclei
of a new phase with macroscopically long lifetimes do not
appear in the system. At the same time, the system of 1D
channels in zeolite membranes consists of channels of finite
length, where for a sufficiently high filling factors, clusters
with sizes comparable to the channel length can form. Thus,
the description of molecular transport in zeolite membranes
reduces to describing transport in a 1D system, where there
are strong density fluctuations with a finite lifetime of
clusters. The density functional method [38] makes it possible
to calculate the spectrum of density fluctuations and the
diffusion coefficient for particles with arbitrary density and
arbitrary laws of interaction with one another and with the
channel walls. Since the flux measured in the experiments
performed in [41] is determined by the diffusion coefficient
and the filling factor of the channels in the membrane,
the sorption isotherm of a one-component molecular gas
is calculated separately. For the one-dimensional channels
considered in the present paper, this problem is solved exactly
for an arbitrary intermolecular interaction potential. A new

feature here is an analysis of the dependence of the lifetime
and size of the 1D clusters on the filling factor of the channel
with particles. A description of molecular transport for an
arbitrary filling factor (𝜃) of a channel is performed. It
was found that as the filling factor approaches 1, so that
blocking of the relative motion of the particles becomes
substantial, the diffusion coefficient increases. Following [31],
a new diffusion mechanism is observed. It makes it possible
to explain the transition from activated diffusion of single
particles in a channel with low filling factors to collective
fast barrier-free diffusion, which consists of the propagation
of density disturbances for large values of 𝜀0. In the hard-

sphere approximation, as 𝑁1 increases, the well-known [46]
effective attraction of the molecules—hard spheres—results
in vanishing of the energy barrier for diffusion along the
channel axis. Another consequence of the effective attraction
of molecules is the formation of molecular clusters in the
channel, which have a finite lifetime because of the one-
dimensionality of the system. The size and lifetime of the
clusters increase as 𝜃 increases. The diffusion of particles in
clusters is described as a barrier-free process of propagation
of density disturbances. The pressure, temperature, and filling
factor dependences of the flux of molecules make it possible,
even in the high-sphere model, to describe the experimental
data currently known to the authors.

We have shown that contradictory experimental data,
reporting the presence of the SFD mode and transport accel-
eration with the increasing density, can be described within
the proposed model consistently accounting for correlation
effects in a strongly fluctuating 1D system of identical parti-
cles. The molecular transport in a 1D system can change with
time going from the Einstein diffusion mode to SFD mode
and then again to a normal diffusion at large observation
times. Whereas the sequence of these modes is general, their
actual realization depends on the concrete characteristics of
the system. For example, at very low densities one expects
to observe only a normal diffusion mode. If we consider a
system of weakly interacting particles (𝑢 ≤ 1), we can see that

at low densities 𝜃 ≤ 0.2 and time scale 𝑡 < 𝑙20/𝐷0, the particles
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move independently and MSD obeys the Einstein law ⟨𝑥2⟩ ∼𝑡. At times 𝑡 > 𝑙20/𝐷0, when a particle mobility is limited

by other particles, the SFD diffusion mode (⟨𝑥2⟩ ∼ 𝑡1/2)
should appear. As the density is increased, collective effects
force the 1D system to transform into a nonhomogeneous
state, characterized by a formation of clusters with a finite
lifetime [31]. In such a clustered system, a particle moves in a
limited space between the clusters and at collision, it transfers
its momentum to a cluster. This transfer of momentum
can cause the cluster to emit a particle from the opposite
side to the impact. For a system of identical particles, such
a process, which we call collective diffusion (CD), results
in an increase of the diffusion coefficient with increasing
density [31]. Therefore at long times (𝑡 → ∞) MSD again

obeys the Einstein law ⟨𝑥2⟩ ∼ 𝑡 with an effective diffusion

coefficient 𝐷𝑢(𝜃) ∼ 𝐷0/(1 − 𝜃)2. We suggest that further
experimental investigations could confirm the reappearance
of the Einstein-like diffusion mode at high densities, which
is characterized by a diffusion coefficient increasing with
density. When the interaction between the particles in the 1D
system is strong (𝑢 ≫ 1), cluster formation occurs even at low
filling factors (𝜃 ≤ 0.2); one has the same general physical
picture but the transitions from one diffusion mode to the
other take place at lower densities.

In this paper, we also analyse the transport of a two-
component gas mixture in subnanometer channels theoret-
ically for an arbitrary filling factor. The main problem in
this case is to take into account consistently the density
effects associated with both the interaction and the finite size
of the particles. This is done in the hard-sphere model, in
which the interaction is manifested as an effective (dynamic)
attraction of particles, leading to their correlation [46]. It
is well known [46, 101] that, applying this model to 3D
system, one can describe the density effects qualitatively
and even quantitatively in some cases. The comparison with
experimental data with the obtained theoretical dependences
demonstrates the possibility of a quantitative description of
diffusion of a two-component mixture in a 1D system.

The adsorption isotherm of a mixture in 1D channels
is calculated; this isotherm relates the fill factor and the
concentration of particles in channels to the temperature,
pressure, and composition of a mixture of gases whose
diffusion is studied in experiments [51, 53, 97]. The ground
state of a mixture of particles in 1D channels is analyzed
by the density functional method [38] generalized to the
case of a two-component mixture. However, in contrast
to [38], the free energy is obtained by calculating directly
the correlation function and the response function using
the method developed for 1D systems [45]. The density
functional method is used to derive, from microscopic con-
siderations, the equation of motion for the order parameter of
the system, which is the Fourier component of the deviation
of the particle concentration from its mean value. Analysis
of this equation shows that the two-component mixture in
channels is transformed to a spatially inhomogeneous state
upon an increase in 𝜃. As a result, short-lived clusters appear
in channels, with the cluster size and lifetime increasing with𝜃. A new and unexpected result obtained in this case is the

emergence of a minimum in the fluctuating part of the free
energy as a function of the wave vector and the Fourier
component of the order parameter. Thus, at high filling levels,
the two-component mixture acquires a new property: clusters
of a definite size are stabilized by a potential barrier due
to the emergence of effective attraction between particles
in the channels. Such a situation is typical of transitions
of the system to an inhomogeneous state [99]. The lifetime
of clusters formed increases exponentially in accordance
with the Arrhenius law; at a low temperature, channels with
such clusters might be blocked for the transportation of
particles forming the mixture. It should be noted that the
idea of stabilizing the clusters of one component by the other
component in 1D systems was put forth in [83]. Thus, the
description of transport in nanochannels is reduced to the
description of diffusion in a spatially inhomogeneous high-
density one-dimensional system.

For a weakly nonequilibrium system, the problem of
computing fluxes in 1D channel is reduced to the calculation
of relaxation frequency spectra for density fluctuations of
mixture components. Spectra 𝜔𝑖(𝑘) were determined by using
the response functions derived in Section 2.4.1. Analysis of
the dependences of 𝜔𝑖 on 𝑘 and on fill factor 𝜃 proved that a
hydrodynamic spectrum 𝜔𝑖(𝑘) = 𝑐𝑖𝑘 is typical of clusters (𝜃 ∼1, finite values of 𝑘), while for transport of excitations over
distances much longer than the characteristic size of clusters
(𝑘 ≪ 1), the spectrum is of the diffusion type, 𝜔𝑖(𝑘) ∝𝐷𝑖𝑘2, for an arbitrary fill factor. In accordance with the
dependences of spectra and fluxes on the fill factor obtained
here, three regimes of particle transport can be singled out.
For 𝜃 ≪ 1, we have diffusion of solitary particles. As the value
of 𝜃 increases, the flux and the diffusion coefficient increase
due to the barrier-free (hydrodynamic) transport of particles
along the increasing part of the length of a 1D channel filled
with short-lived clusters formed in it. As the value of 𝜃
increases further and the potential barrier (𝐸𝑖) stabilizing the
clusters arises, particle fluxes decrease exponentially since the
value of 𝐸𝑖 increases with 𝜃. Thus, an increase in the fill factor
gives rise to the new property of 1D two-component systems
(transport blocking by the clusters formed). A comparison of
the theory with experimental data and discussion of results
was carried out (Section 2.4.3). The obtained dependences of
the fluxes on the mixture composition (fill factor) and of the
selectivity on pressure successfully describe the experimental
data known to the authors.

We have also considered an infinite quasi-1D system and
showed by means of statistical methods [102] that in spite
of the absence of phase transitions in an infinite quasi-1D
system it can be in two states due to collective effects [33].
These two states of a quasi-1D system are characterized by
the formation of clusters with finite lifetimes but different
structural properties [33]. Clusters in a quasi-1D system
can be interpreted as density fluctuations that can exhibit
macroscopic lifetimes. As a concrete example, we estimate
the lifetime, interatomic distances for 1D gold clusters and
compare them to the available experimental and theoretical
data on monoatomic gold chains. Depending on the den-
sity of the quasi-1D gold system, clusters with either large
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(3.5 ÷ 4.0 Å) or smaller Au-Au separations (2.5 ÷ 2.9 Å)
can have an observable lifetime. Also we have estimated the
minimal number of atoms in a 1D chain and a force required
to break a chain with a minimal number of atoms in it for
different metals (Au, Ag, Ni, and Pt). Thus we show that the
methods of statistical mechanics, in some cases, can be used
to investigate the properties of finite systems. In particular,
these methods allow one to explain experimentally observed
anomalously large interatomic distances in monoatomic Au
chains and to predict its maximal length and to estimate its
lifetime. The described approach was applied to analyze the
interatomic distances and lifetimes of quasi-1D structures of
different materials such as Ag, Ni, and Pt. The obtained results
successfully describe the experimental data.

4. Conclusions

The paper is devoted to the analysis of the correlation
effects and manifestations of general properties of 1D systems
(spatial heterogeneity that is associated with strong density
fluctuations, the lack of phase transitions, the presence of
frozen disorder, confinement, and blocked movement of
nuclear particle by its neighbours) in nonequilibrium phe-
nomena by considering the four examples. The anomalous
transport in zeolite channels is considered. The mechanism
of the transport in carbon nanotubes and MOF structures,
relaxation, mechanical properties, and stability of nonequi-
librium states of free chains of metal atoms, non-Einstein
atomic mobility in 1D atomic systems is considered.

Description of molecular transport in zeolite membranes
is reduced to the description of transport in 1D system in
which strong density fluctuations with a finite lifetime of the
clusters are presented. Response function method for density
functional allows us to calculate the spectrum of density
fluctuations and the diffusion coefficient of the particle with
arbitrary density and arbitrary laws of interaction between
particles and between a particle and a wall of the channel.
Systematic account of correlation effects leads to the fol-
lowing physical picture of transport and mobility in strong
fluctuating 1D confinement system.

Thus, if the interaction between particles in the 1D system

is low (𝑢 ≤ 1), at low densities 𝜃 ≤ 0.1 at times 𝑡 < 𝑙20/𝐷0

particles move independently of each other, and, therefore,

their mobility is of the Einstein type ⟨𝑥2⟩ ∼ 𝑡. At the times 𝑡 >𝑙20/𝐷0, the motion of the particles is limited due to blocking

by other particles that results in the SFD regime ⟨𝑥2⟩ ∼ 𝑡1/2.
1D system becomes spatially inhomogeneous due to collective
effects in it by increasing of density of system. This state is
characterized by the presence of clusters with a finite lifetime.
In such a system, the diffusion of a particle is the result of its
moving in a confined space between clusters with subsequent
transfer of momentum to a cluster. This effect results in a
disintegration of a cluster and a disconnection of the particles
from the other side of the cluster. For identical particles, this
process is a result of diffusion due to the “excitation” transfer
along the chain of closely spaced particles and leads to an
increase of a diffusion coefficient with increasing density of
particles in 1D clustered system.

A further increase of the filling factor leads to the increase
of a cluster lifetime, to the simultaneous decrease in the
average distance between these clusters, and to the increase of
diffusion coefficient. In this case, the dependence of the mean
square displacement of particles at the large times (𝑡 → ∞)
is of the Einstein type with an increased diffusion coefficient𝐷(𝜃) ∼ 𝐷0/(1 − 𝜃)2, 𝜃 ∼ 1. If the pair interaction between
particles is large, the cluster formation occurs at low densities,
so that all the discussed above becomes true for small filling
factors zeolite channels also.

Cluster of atomic particles that forms in 1D systems
allows to describe and explain the phenomena observed in
experiments, such as the formation of atomic chains with
two different interatomic distances, mechanical properties,
and stability of the nonequilibrium free chains, and allows to
calculate the minimal number of atomic particles of different
metals in free chains. In this case, it is not necessary to use
impurity atoms, the presence of which requires experimental
confirmation in the chain to explain the large interatomic
distances in the 1D chains of gold.

The description of the practically important transport of
two-component mixture in membranes with subnanometer
channels by the response function method allowed to show
that in 1D system of two types of particles at high filling
factors, a phase transition in an inhomogeneous state with the
formation of clusters of a finite size components may occur
due to an effective particle attraction.

In the framework of the response function method, the
equation of motion of the order parameter of the system
is derived. The order parameter is the Fourier compo-
nent of the density fluctuations. Analysis of this equation
shows that two-component mixture in the channels passes
into a spatially inhomogeneous state with the increase of𝜃 that results in formation of a short-lived clusters, the
size and the lifetime of which increase with increasing of𝜃.

A new result here was the occurrence of a minimum of a
dependence of fluctuation part of the free energy on the wave
vector and the Fourier component of the order parameter.
Thus, at high filling factors in the two-component mixture,
there is a new feature: the clusters of a certain size in the
channels stabilizes by a potential barrier due to the effective
attraction of particles.

Such a situation is typical for the transition to an
inhomogeneous state. The lifetime of the clusters increases
exponentially according to the Arrhenius law, and the clusters
can be locked for transport of the particles of the mixture at
sufficiently low temperature channels. The observed increase
of the separation factor with conductivity of 1D channels in
case of blocking a channel by stable clusters with a certain
concentration is described. The dependence of the separation
coefficient on the concentration, temperature, and density is
defined.

A comparison of the theory with experimental data
and results is discussed. The resulting fluxes depending
on the composition of the mixture (the filling factor) and
selectivity depending on pressure describe the experimental
data presented in the literature.
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The resistance of several pristine and functional single-wall carbon nanotubes (SWNTs) deposited and dried on interdigitated
electrode (IDE) chips was investigated to better understand how functional groups influence their resistivity. Without the external
electrical field, the resistance was generally increased for the sulfonated and fluorinated SWNTs but not for COOH-SWNTs. With
a 3 V electric field applied during depositing, while no change in resistance was found for the purified pristine SWNTs, fluorinated
SWNTs, COOH SWNTs, and Ni-SWNTs, a significant decrease in resistance was observed in sulfonated SWNTs and unpurified
pristine SWNTs, which could be due to the alignment of SWNTs in an electric field. The alignment of the sulfonated SWNTs is most
likely due to the charge of the sulfate functional group. It is interesting to note that the alignment was found in the unpurified pristine
SWNTs but not in the purified pristine ones which have lessened resistivity. The lower resistivity in the purified pristine SWNTs may
be due to the smaller number (<5%) of impurities. The significance of this research is that hydrophilic COOH-SWNTs could be a
better candidate than the hydrophobic pristine SWNTs for being used in many applications, especially in polymer nanocomposites.

1. Introduction

Carbon nanotubes have attracted extensive attention recently
because of their extraordinary thermal, electrical, and me-
chanical properties [1–3]. Due to these unique properties,
they have the potential to be used in electrical devices [4],
nanofluids [5, 6], grease [7], and sensors [8–10].

Measuring the electrical properties of carbon nanotubes
in solutions is not easy because it is difficult to get a homo-
geneous solution with carbon nanotubes. It is very hard to
dissolve or disperse the carbon nanotubes in their pristine
form in the hydrophilic fluids, such as water and ethylene gly-
col, simply because carbon nanotubes are inorganic solids
(hydrophobic) [11]. Usually chemical surfactants are added
to disperse the nanotubes. But the added chemical surfac-
tant is always a concern in such measurements because it
would complicate the interpretation of electrical conductivity
results.

An alternative approach to improve the solubility of
carbon nanotubes in water or organic solvents is by surface

modification, such as covalent, noncovalent, free-radical, and
electrochemical modification or plasma treatments [12]. The
most used and efficient method is chemical functionalization,
through which carboxyl groups or other functional groups
such as fluorinated groups and sulfonated groups are attached
to the sidewall or the ends of the single-walled carbon
nanotubes (SWNTs), leading to a reduction of the strong van
der Waals interactions among carbon nanotubes and strongly
facilitating the separation of SWNT bundles into individual
tubes [12]. For example, recently, Dr. Billups’ group at Rice
University has synthesized highly exfoliated, water soluble,
and single-walled carbon nanotubes with functional aryl
sulfonated group [13]. Therefore, no chemical surfactant is
necessary to disperse the nanotubes, thus eliminating the
influence of chemical surfactants and simplifying the exper-
imental procedure. The addition of the functional groups to
the SWNTs causes a change of the electronic structure from
a trigonal-planar local bonding geometry to a tetrahedral

geometry, leading to the transformation of sp2- into sp3-
hybridized carbon atoms [12], which may affect the intrinsic
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electronic properties of SWNTs and their potential applica-
tion in electronic devices and sensors. Therefore, it is inter-
esting to investigate the effect of the added functional groups
on electrical resistance to better understand how the chem-
ical bonds and geometric/electronic configuration affect the
electrical properties of the SWNTs.

In this paper, the electrical resistance of several pristine
and functionalized SWNTs was investigated with and without
an electric field to better understand the relationship between
nanotube structure and physical properties (thermal, electri-
cal, and mechanical).

2. Experimental and Procedure

The functional sulfonated SWNTs were obtained from Dr.
Billups’ group, Rice University. The details for the synthesis
of these materials can be found in [13]. The COOH SWNTs
were obtained from School of Mines and Nankai University
respectively. (fluorinated single-wall carbon nanotubes) F-
SWNTs were purchased from Carbon Nanotechnologies
Incorporation (CNI, Houston, TX, USA). The surfaces have
not been treated chemically or physically. Ni-coated SWNTs
were prepared using the methodology as reported previously
[14, 15]. A handheld sonic probe (Sonic Dismembrator, Model
100) was used to efficiently disperse the nanotubes into
solvents. All flocculation of the nanotubes visible to the eye
was removed by this process.

The nanotube coatings on the interdigitated electrode
(IDE) chips were applied by a Nanoject II (Drummond
Scientific Co.). The smallest drop distributed by this device
is 2.3 nL. Ten drops of each sample were put to each IDE chip
to ensure a uniform 23 nL SWNTs coating. When an electrical
field was applied, 3 V or 5 V was added to the IDE chips before
dropping the solution droplets on the electrodes. At the same
time, the IDE sensor chip is heated up to 60∘C. The electric
field is removed once the SWNTs are dried. The IDE is made
by a P-type boron-doped silicon (100) wafer with a resistivity
of 0.006–0.01 ohm-cm and thickness of 500 ± 25 𝜇m. A layer
of 0.5 𝜇m silicon dioxide was thermally grown on top of the
Si substrates. A layer of 200 nm platinum on top of 20 nm
titanium was deposited on the SiO2 layer with the designed
finger patterns. These patterns consisted of 4, 8, 12, and 50 𝜇m
finger gaps with 10 𝜇m finger width [16]. The IDE used for the
conductivity measurement is shown in Figure 1 with a finger
width of 10 𝜇m and a gap width of 12 𝜇m.

The electrical conductivities of various fillers (nanotubes)
in solid phase were measured by Keithley 2002/7001 High
performance DMM/Multipluxer and Agilent 34401 DMM
(precisely calibrated). A Keithley 237 High voltage measure
unit was used to measure the voltage of the electric field when
the nanotube coating was applied.

3. Results and Discussion

In order to better understand the influence of functional
groups on the conductivity (resistivity) of nanotubes, the
electrical resistivity of various fillers (nanotubes) in solid
phase was measured. Table 1 lists seven nanofillers (nanotu-
bes) with different functional groups and chemical structures.
All solutions were prepared to make SWNTs in the similar

Figure 1: Interdigitated electrode (IDE) chip for measuring the re-
sistance of different SWNTs.

Figure 2: Picture of five nanofiller (nanotube) solutions with dif-
ferent functional groups and chemical structures. (1) Unpurified
pristine SWNT, (2) fluorinated SWNT, (3) COOH SWNT (school
of mines), (4) COOH SWNT (outside campus), and (5) sulfonated
SWNT.

Table 1: Types of nanofillers, concentrations, and solvents.

No. Type of nanofiller Concentration, wt%
Solvent

type

1 Unpurified pristine SWNT 0.0324% DMF

2 Fluorinated SWNT 0.0364% DMF

3
COOH SWNT

(school of mines)
0.0363% DMF

4
COOH SWNT

(outside campus)
0.0365% DMF

5 Sulfonated SWNT 0.0366% DMF

6 Ni-SWNT 0.037% DMF

7 Purified pristine SWNT 0.037% DMF

concentration by wt% in order to control the amount of
nanotubes deposited on each IDE.

Pristine SWNTs were not distributed as well as the others
in Dimethylformamide (DMF) even after being set in an
ultrasonicator for 15 minutes, see Figure 2. The possible rea-
son is that the pristine nanotube is hydrophobic. The other
functional SWNTs dispersed better in DMF because they are
hydrophilic.

Table 2 lists the conductivity (resistivity) data of the
SWNTs with and without an applied electric field when
depositing the nanotubes onto the electrodes.
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Table 2: Resistance of SWNTs with and without an applied electric
field.

Coating sample
Agilent

34401 DMM
Keithley

2002 DMM
Comments

Unpurified pristine
SWNT

256 KΩ 270 KΩ
Unpurified pristine
SWNT∗ 29.9 Ω 29.9 Ω Applied

3 V

Fluorinated SWNT 41.2 KΩ 40.5 KΩ
Fluorinated SWNT∗ 39.1 KΩ 39.2 KΩ Applied

3 V

COOH SWNT(S3) 12.0 Ω 12.0 Ω
COOH SWNT(S3)∗ 16.1 Ω 16.2 Ω Applied

3 V

COOH SWNT(S4) 18.5 Ω 18.2 Ω
COOH SWNT(S4)∗ 17.8 Ω 17.8 Ω Applied

3 V

Sulfonated SWNT 5.34 KΩ 5.29 KΩ
Sulfonated SWNT∗ 25.6 Ω 25.7 Ω Applied

3 V

Ni-SWNT 17.6 Ω
Ni-SWNT∗ 26.5 Ω Applied

3 V

Purified pristine SWNT 21.5 Ω
Purified pristine SWNT∗ 34.1 Ω Applied

3 V
∗

An electric field of 3 V across the fingers with a gap size of 12 mm was ap-
plied while the SWNT samples were being coated on the IDE.
Instrument used for the resistance measurement: Keithley 2002 digital mul-
timeter and Agilent 34401 DMM.

When no electric field is applied, the resistance of the
sulfonated SWNTs and fluorinated SWNTs is 5.34 kΩ and
41.5 kΩ, respectively, which are about two to three orders of
magnitude higher than that of purified pristine ones with
a value of 21.5 Ω, indicating that functionalization generally
increases the resistance except for COOH-SWNTs and Ni-
SWNTs, with a resistance range from 12.0 Ω to 17.8 Ω, close
to or even lower than 21.5 Ω of purified pristine ones. It is
reported that coating nickel on the SWNT aids in exfoliation
of SWNTs agglomerates and enables good dispersions [17].
The enhanced dispersions and formation of continuous inter-
connections between SWNTs lead to the low electrical resis-
tance of Ni-SWNTs. In addition, coating the SWNTs with
nickel will not diminish the sidewall properties and affect the
electrical properties as in sulfonated SWNTs and fluorinated
SWNTs [17], resulting in a much lower electric resistance in
Ni-SWNTs than that of other functional SWNTs.

When a 3 V electric field was applied during coating
the SWNTs onto IDE chips, the resistance decreased from
5.34 kΩ to 25.6 Ω for sulfonated SWNTs and from 256 kΩ
to 29.9 Ω for unpurified pristine SWNTs, respectively. The
decrease in resistance is most likely caused by the nanotubes
alignment. In our previous study [15, 18], a significantly
increase in thermal conductivity was observed in the nanoflu-
ids containing magnetic-metal-coated carbon nanotubes
when a magnetic field was applied. Real images showed that

the initial randomly dispersed Ni-coated SWNTs gradually
stretched and finally aligned to form chains and clusters
which are longer than the real length of individual nan-
otubes [18]. The contact between the individual nanotubes
in these chains and clusters leads to the increase in thermal
conductivity of the nanofluids. Similarly, since the sulfated
SWNTs have charged sulfate functional groups, these charges
could make SWNTs align in an electric field, leading to the
contact enhancements among the nanotubes, thus decreasing
the electrical resistance. No change in resistance was found
in the purified pristine SWNTs when they were applied in
an electric field, which indicates that there is no alignment
for the purified pristine SWNTs in an electric field because
there is no charged functional group. The same thing (no
alignment) should also be expected for the unpurified pris-
tine SWNTs because they are the same except that there are
more impurities (e.g., metal catalysts and their oxides and
graphite) in the unpurified ones. Therefore, these impurities
in the unpurified pristine SWNTs could be the reason for the
unexpected alignment.

The resistance of the Ni-SWNTs does not change in a
3 V electric field but change in a 5 V electric field (data is
not listed) because Ni-SWNTs are slightly polarized in nature
due to the addition of Ni. These slightly polarized Ni-SWNTs
will align along the electric field when the field is strong
enough (5 V in this study) and leads to the decrease in electric
resistance. It was reported that Cu and Ti atoms adsorbed on
SWNTs are positively charged and the two nearest carbon
atoms carry a little negative charge based on the model
using pseudo-potential plane wave method [19]. Such charge
transfer increased several times when an electric field was
applied. The binding energy of Ni to SWNT is very close to
that of Ti but larger than that of Cu [20]. Therefore, similar
charge transfer would be expected in Ni-SWNTs, and it would
increase with the strength of an electric field, leading to the
polarization of the Ni-SWNTs and their alignment.

No significant change was observed for the resistance of
the fluorinated SWNTs and COOH SWNTs after an electric
field was applied to the IDE during SWNTs deposition. This
is due to that the COOH and fluorine functional groups
have no charges, and, therefore, they were not aligned under
an electric field. It is also worth noting that the resistance
of COOH SWNTs is three magnitudes lower than that of
fluorinated SWNTs. The much lower resistance of COOH-
SWNTs is because that, during the well-controlled carboxyl
functinalization, the chemical modification is limited mostly
to the opening of the tube caps at the ends and the formation
of functional groups at defect sites along the sidewall. SWNTs
functionalized in this manner basically retain their pristine
electronic properties [12]. Therefore, the resistance of the
COOH-SWNTs is very similar to that of the purified pristine
ones. It was found using the density functional theory
that vacancy-COOH pairs with a strong covalent bond are
energetically favorable on the zigzag nanotube sidewall after
acid treatment, and the electrical conductivity would be
enhanced [21]. This is the case in the present study as seen
from Table 2, the resistance of the COOH-SWNTs is pretty
close to and even lower than that of the pristine ones with
an applied electric field or not. By comparison, addition
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reactions enable the direct coupling of functional groups such
as fluorine onto the 𝜋-conjugated carbon framework of the
tubes. It is known that the formation of carbon-heteroatom
bonds will transform a sp2-hybridized configuration to that

of a sp3-hybridized structure, leading to the disruption of the
pseudo-one-dimensional lattice of the SWNTs and increase
in resistance [12]. This is consistent with the results in the
present study that the resistance of the fluorinated SWNTs is
three magnitudes higher than that of the pristine SWNTs and
COOH-SWNTs.

Previous study showed that the tensile strength of the
cross-link membrane with 5 wt% of sulfonated SWNTs and
sulfonated polystyrene is only 35 MPa, which is much lower
than the expected value by considering the extremely high
tensile strength of SWNTs (around 60 GPa) [22]. Assuming
that nanotubes disperse very well in the polymer matrix, ide-
ally, a 5 wt% nanotube loading in a film would have a tensile
strength of around ≈3 GPa. One possible explanation of the
lower than expected values is that the inserted functional
groups interfere with the conjugate structure of the nanotube,
thereby reducing its macromechanical strength. The effective
electrical conductivity measurement of sulfonated SWNTs
solution [11] provides strong evidence and support to this.
No percolation threshold phenomenon is observed in the
experiments. The linear conductivity increase versus the
weight percentage indicates that the dominant conduction
mechanism might be the ionic conduction, which is in
agreement with the chemical structure of sulfonated SWNTs
(anion SO3

− group).
The existence of anion SO3

− group in sulfonated SWNTs
is also proved in the present study. The resistivity of the
SWNTs is 5.34 kΩ, which are about two orders of magnitude
higher than that of purified pristine ones with a value of
21.5 Ω. It decreased from 5.34 kΩ to 25.6 Ω under the external
electrical field, probably caused by the nanotubes alignment
due to the existence of the anion SO3

− groups.
The motivation of the resistivity measurement of pristine

and functionalized SWNTs is to better understand the rela-
tionship between nanotube structure and physical properties
(thermal, electrical, and mechanical). Our study indicated
that macrophysical strength is damaged by addition (inser-
tion) of functional group [22]. Electrical conductivity mea-
surement could provide additional information of structure
of SWNTs. COOH-SWNTs have a resistance around 12.0 Ω,
even lower than that of purified pristine ones with a value of
21.5 Ω, indicating that COOH group would maximally reduce
the interfacial influence and keep the unbroken nanotube
conjugate structure.

Changing the SWNTs from hydrophobic to hydrophilic
with COOH group, while keeping its excellent electrical con-
ductivity, makes it a better choice than pristine one to be used
as nanofillers for various applications, especially in polymer
composites [23].

4. Conclusions

The electrical resistivity of several pristine and functional
SWNTs in solid phase was investigated with and without an
applied electric field.

Without an applied electric field, the resistance gener-
ally increased for the sulfonated and fluorinated SWNTs
but not for COOH-SWNTs. With an applied electric field,
no change was observed in resistance for purified pristine
SWNTs, COOH-SWNTs, and fluorinated SWNTs. A signif-
icant decrease in resistance was observed from sulfonated
SWNTs and unpurified pristine SWNTs when an electric field
was applied, indicating that they both align within an electric
field. The alignment of the sulfonated SWNTs is most likely
due to the charged sulfonate groups. Alignment was found in
the unpurified pristine SWNT but not the purified pristine
SWNTs, which indicates that the alignment of unpurified
pristine SWNTs is probably due to the impurities within its
structure. The lower resistivity in the purified pristine SWNTs
may be due to the smaller number (<5%) of impurities.

The results in this study show that the resistance of
pristine and functional singlewall nanotubes is correlated
to the type of functional groups and the alignment of the
nanotubes. The significance of this research is that the hy-
drophilic COOH-SWNTs show relative low resistivity, which
indicates that conjugated 𝜋 structure of nanotubes (side-
wall properties) is alive. These results demonstrate that
hydrophilic COOH-SWNTs could be a better candidate than
the hydrophobic pristine SWNTs for being used in many
applications, especially in polymer nanocomposites.
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The synthesis of pure calcium carbonate nanocrystals using a high pressure homogeniser (HPH) via a microemulsion
system produced uniform nanosized particles, which were characterised using transmission electron microscopy (TEM), field-
emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and
thermogravimetric analysis (TGA). The identified particles were aragonite polymorphs with a rod shape and were approximately
50 nm in size. The aragonite polymorph of calcium carbonate was prepared from biogenic materials, cockle shells, and exhibited
unique characteristics (i.e., a higher density than that of calcite), which makes it biocompatible and potentially suitable for
applications in the medical, pharmaceutical, cosmetic, and paint industries. The methods adopted and the nonionic surfactant
used in the synthesis of calcium carbonate nanocrystalline aragonite polymorphs were environmentally friendly and can be scaled
up for industrial production. The sources are naturally available materials that are by-products of the seafood industry, which offers
an opportunity for exploitation in numerous industrial applications.

1. Introduction

Calcium carbonate nanoparticles are abundant inorganic bio-
materials with different morphological structures that have
attracted the interest of researchers in different fields. This
interest is due to the wider application of these nanoparticles
in many industries, such as the paint, rubber, and plastics
industries. With the present focus of interest in nanotech-
nology, calcium carbonate nanoparticles have been observed
to be biocompatible for use in medicine, pharmaceutical
industries, and drug delivery systems [1, 2]. The most impor-
tant aspect with respect to the synthesis of nanoparticles is
control of the particle size, polymorphism, and morphology
of the desired material. Control of this parameter has led
to the development of new materials with unique properties
that differ from those in the bulk material [3]. Many studies
have been conducted to mimic nature in the synthesis of
nanomaterial with the aim of analysing the biogenic materials

and identifying how nature controls the morphology, size,
and polymorphism in organisms.

Biomineralization is the process by which a living organ-
ism secretes inorganic material in the form of a skeleton, a
shell, teeth, or bone [1]. These processes are natural, are often
performed with a high level of spatial control, and usually
occur in a confined reaction environment. The organic matter
or biopolymers observed in the hard tissue, such as the bones,
teeth, and shells of living organisms, have the unique capacity
to control the morphology, crystal size, polymorphism, and
structure of the inorganic material. These biopolymers are
usually soluble and are referred to as a functional matrix [1–
3]. Biomaterials are highly optimised materials with remark-
able properties, and they serve as natural archetypes for
future materials [1]. These unusual properties have recently
attracted the attention of numerous researchers, including
both materials chemists and researchers in the medical and
pharmaceutical sciences because of the biogenic origin and
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potential biocompatibilities of these materials [3]. Bioma-
terials with an optimised structure exhibit better perfor-
mance, durability, and appearance, which offers valuable
opportunities for the development of new techniques for
the synthesis and control of nanostructures materials with
potential applications in pharmaceuticals, cosmetics, drug
delivery, medicine, microelectronics, and energy technology
[3].

Biological systems are capable of producing inorganic
materials such as calcium carbonate with different structures,
morphologies, and polymorphs. Such biological systems are
observed in numerous marine organisms such as oyster
shells, coral, ivory sea urchin, and mollusc shell bivalve nacre,
whereby the main components of the shells are calcium
carbonate and other organic components, such as anionic
protein and glycoprotein [4].

Currently, research with respect to cockle shells, in which
the primary component is approximately 98-99% calcium
carbonate, is in its infancy [5, 6]. Calcium carbonate has three
anhydrous crystalline phases: calcite, which is thermodynam-
ically stable under ambient conditions; aragonite, which is a
high-pressure polymorph that is less stable than calcite; and
vaterite, which is the least stable among the three polymorphs
and has the ability to transform into one of the other two
polymorphs [7]. Different techniques for the preparation of
calcium carbonate nanoparticles have been reported, includ-
ing the precipitation of homogeneous solutions [8], water-
in-oil-in-water emulsions [9], mechanochemical and sono-
chemical syntheses [10] and water-in-oil (W/O) microemul-
sions [11]. Other preparation methods include the high-
pressure homogeniser (HPH) technique and high-gravity
precipitation. For precipitation methods, two different routes
have been reported with the only difference being the
chemicals used. The first method is based on the carbonation
process, whereby carbon dioxide gas is bubbled through
aqueous slurry of calcium hydroxide at specific temperature
in present of organic additive such as surfactant thereby
inducing precipitation of calcium carbonate. The second
method is known as double decomposition and involves the
combination of salt of calcium ions with salt of carbonate
ions, such as the reaction of calcium chloride or calcium
nitrate with sodium carbonate or ammonium carbonate [12].

Most researchers are now diverting their attention to
the microemulsion route for the synthesis of different types
of nanoparticles. Microemulsions are a thermodynamically
stable, optically transparent, isotropic dispersion of two
immiscible liquids, such as water and oil, stabilised by an
interfacial film of a surfactant molecule [13]. The system
is a single optical dispersion of thermodynamically stable
liquids that typically consists of small particle droplets with
diameters in the range of less than from 10 nm to 100 nm
[14]. A microemulsion serves as a special microreactor that
inhibits the growth of nanosized particles [15]. The advantage
of this method is that it increases the homogeneity of the
chemical decomposition at the nanolevel and allows the easy
preparation of nanocrystals of comparatively equal sizes [16].

The research in this paper was focused on the synthesis
of calcium carbonate nanocrystals from cockle shells by the
microemulsion route using a HPH. The process is a top-down

technique that occurs in a special homogenising valve at the
heart of homogenising equipment. The fluid passes through
a minute gap in the homogenising valve [17], which creates
conditions of high turbulence and shear, combined with
compression, acceleration, and a pressure drop. The impact
causes disintegration of particles and dispersion throughout
the sample [17]. After homogenisation, the particles are
uniform in size, and their sizes depend on the number
of cycles, the processing, and the operating pressure. The
homogeniser is the most efficient device for the reduction of
particle and droplet sizes.

To the best of our knowledge, no research related to the
synthesis of calcium carbonate nanocrystals from biogenic
origins or its reservoir using calcium carbonate as the main
source of calcium and carbonate ions has been reported.
Most research has focused on the use of chemical reactions,
whereby the salts of calcium and carbonate ions act as the pre-
cursors for the synthesis of calcium carbonate nanocrystals.

2. Experimental

2.1. Synthesis of Calcium Carbonate Powder. Cockle shells
were obtained from market. The calcium carbonate powders
were prepared from the cockle shells according to the pro-
cedure described by Islam et al. [18]. Samples of the cockle
shells were dried in an oven at 50∘C for 7 days, and the
shells were then crushed and blended into a fine powder,
which was sieved through a 90-𝜇m laboratory stainless steel
sieve (Endecott, London, England). The calcium carbonate
powders were finally packed into a polyethylene plastic bag
for further analyses.

2.2. Synthesis of Calcium Carbonate Nanocrystals. The syn-
thesis of calcium carbonate nanocrystals was performed
through oil-in-water (O/W) microemulsions using a HPH.
In this technique, the particles sizes are reduced after leaving
the homogenising gap by cavitations, particle collisions, and
shear forces [19, 20].

The calcium carbonate nanocrystals were prepared by the
dissolution of 2 g of dry cockle shell powder in a formulated
oil-in-water (O/W) microemulsion, which was moderately
stirred by a magnetic stirrer for 5 min at 100 rpm to form
a calcium carbonate suspension. The formulated suspension
was passed through the liquid inlet of a HPH for premilling at
a moderate pressure of 300 and 500 bars for three cycles each.
The premilled suspension was collected at the HPH outlet
and was again passed through the HPH liquid inlet at a high
pressure of 1500 bars for 25 homogenising cycles to obtain the
desired product. The product of the crystal suspension was
filtered and dried in an oven at 105∘C for 24 hours.

2.3. Characterisation of Calcium Carbonate Nanocrystals.
The following instruments were employed for the observation
and characterisation of the calcium carbonate nanocrystals.
The morphology and particle size of the nanocrystals were
analysed using a transmission electron microscope (TEM,
Hitachi H-7100) and a field-emission scanning electron
microscope (FESEM, JOEL 7600F) operated at a voltage of
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Figure 1: FESEM micrographs of (a) cockle shell calcium carbonate nanocrystals and (b) cockle shell powder.
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Figure 2: TEM images of (a) rod-shaped nanocrystals synthesised via microemulsion routes and (b) cockle shell powder without organic
additive added.
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Figure 3: FTIR spectra of calcium carbonate nanocrystals (a) and
cockle shell powder (b).

5 kV and equipped with an energy-dispersive X-ray spec-
troscopy (EDX) unit. The crystal powder was characterised
by X-ray powder diffraction (XRD) using a Rigaku X-ray
diffractometer equipped with a Cu K𝛼 (𝜆 = 0.15406 nm)
radiation source; samples were scanned at a rate of 40/min.

Pellets of the calcium carbonate nanocrystals were calibrated
in a weight proportion of 1 wt% in Ker, and analyses were
performed with a Fourier-transform infrared spectrometer
(FTIR, model 100, Perkin Elmer, 710 Bridgeport Avenue,

Shelton, CT, USA) in the range of 400–4000 cm−1. Ther-
mogravimetric analysis of the calcium carbonate nanocrys-
tals was performed using a TG-DTA instrument (Netzsch
STA449C) with an air flow of 100 mL/min and a heating rate
of 10 K/min from room temperature to 1000∘C.

3. Results and Discussion

3.1. FESEM and TEM Characterisation of Calcium Carbonate
Nanocrystals. The morphological characteristics of the cal-
cium carbonate nanocrystals presented in Figures 1(a) and
1(b) are typical FESEM micrographs of the samples under
study. The nanometre-sized and rod-shaped particles in
Figure 1(a) were synthesised in the confined microemulsion
system, whereas Figure 1(b) shows micrographs of a cockle
shell powder without any organic additives. These results
indicate a natural ability of the biological system to control
specific size and morphology, which is very difficult to
achieve using classical methods or colloid-chemistry routes
[21]. A living organism has the ability to secrete macro-
molecules, such as in oyster shells, coral, mollusc shells
and bivalve nacre. Living organisms achieve this natural
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Figure 4: EDX spectral data for calcium carbonate nanocrystals and
cockle shell powder.

phenomenon by utilising the secreted macromolecules (pro-
teins, polysaccharides, and acidic macromolecules) as the
nucleators (usually in the form of phospholipid membranes)
to modulate the formation of a unique inorganic-organic
material with a special morphology and function [21].

TEM was also used to study the calcium carbonate crystal
particles. The images of the crystal presented in both Figures
2(a) and 2(b) reveal a rod shape of calcium carbonate arag-
onite polymorphs. The particles in Figure 2(a) are uniformly
distributed at the nanometre scale and were formed in the
microemulsion system; this system is considered an ideal
medium for the preparation of inorganic nanoparticles [22].
The nanocrystal particles synthesised in the microemulsion

system presented in Figure 2(a) differ in size, being approxi-
mately 50 nm with individual particles measuring 12–30 nm;
in addition, the shape of the particles is clear, and the
difference in the particle size may result from the presence of
Tween 80 used in the prepared microemulsion. In contrast,
the particles shown in Figure 2(b) agglomerated, and the rod
shape was not clear compared with the shape in Figure 2(a),
which may be due to the differences in the preparation
conditions and the additional surfactant (Tween 80) used.
Surfactants, both ionic and nonionic, have been reported to
strongly affect the size and morphology of calcium carbon-
ate nanoparticles during synthesis [23]. However, nonionic
surfactants have a weaker effect on the morphology than do
ionic surfactants [23]. This result is most likely due to the

weak interactions between a nonionic surfactant and Ca2+

and CO3
2− ions [24]; in addition, the microemulsion route,

when used for the synthesis of nanoparticles, enables control
of the size and morphology of the obtained materials [23].

3.2. FTIR Spectra of Calcium Carbonate Nanocrystals. FTIR
spectra of the calcium carbonate nanocrystals are presented
in Figures 3(a) and 3(b). FTIR spectroscopy is an important
instrument used to identity different phases of organic and
inorganic compounds and, specifically, calcium carbonate

phases due to the differences in their carbonate ions, CO3
2−.

Carbonate ions and similar molecules have four normal
modes of vibration peaks: V1, symmetric stretching; V2, out-
of-plane bending; V3, doubly degenerate planar asymmetric
stretching; and V4, doubly degenerate planar bending [25].
The spectral data obtained for the samples reveal a broad
absorption peak of CO3

2− at ∼1455 cm−1, ∼1082 cm−1, ∼
1786 cm−1, ∼855 cm−1, and ∼709 cm−1, which have been
reported to be the common characteristic features of the
carbonate ions in calcium carbonate and are the fundamental
modes of vibration for this molecule [26]. However, the
observed bands at ∼1082 cm−1 and ∼855 cm−1 were care-
fully assigned as V1 symmetric stretching and V2 out-of-

plane bending modes of CO3
2−, respectively. The peak at ∼

1082 cm−1 was only observed in the spectrum of aragonite-

phase calcium carbonate, whose CO3
2− ions are inactive in

the infrared region. This observation was verified by other
reports in the literature on characteristic infrared bands,
which are experimentally not observed in the spectrum of
calcite [26]. In contrast, the doubly degenerate peak that

appears at ∼709 cm−1 can be attributed to the V4 in-plane
bending mode of CO3

2− ions, which indicates a structural
change in the calcium ions from the symmetry of the calcite
phase. This degeneracy can only be removed by splitting the
band into two; thus, the band is attributed to the aragonite
phase only, which has been confirmed in the literature
[26]. This assertion was also supported by a very broad

doubly degenerate band V3 at ∼1452 cm−1, which confirms the

structural changes in the symmetry of the CO3
2− molecular

ions that correspond to the asymmetric stretching mode of

CO3
2−. A similar result was also reported by Cheng et al. [27].

The fundamental changes in the positions of the vibration
mode of a molecule are caused by a modification of the
electrostatic valence of the Ca–O bond due to changes in
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Figure 5: X-ray diffraction patterns of calcium carbonate nanocrystals (a) and cockle shell powder (b).

the coordination; the Ca–O bond alteration occurs because
the displacement of the carbonate vibration mode changes
in the environment of oxygen atoms [26–28]. This evidence
further demonstrates that the synthesis involves a single
phase of calcium carbonate aragonite crystals. The observed

IR frequencies at ∼1786 cm−1 and ∼252 cm−1 are due to the
combination of the fundamental vibration frequencies of the
carbonate molecular ions assigned between (V1 and v4) and
(v1 and V3), respectively, as reported in the literature [26–28].

Both the cockle shell powder and the synthesised calcium
carbonate nanocrystals possess the same vibration frequen-
cies as observed in the FTIR data obtained in Figure 3(a).
The results demonstrate that the nonionic surfactant (Tween
80) used in the preparation of the microemulsion does not
affect the vibration frequencies because no additional peaks
were observed when the spectrum of the calcium carbonate
nanocrystals was compared with that of the cockle shell

powder in Figure 3(b). The cockle shell powder was prepared
in distilled water only and without the use of additional
organic additives or surfactants. This result may be due to
the presence of a natural or organic matrix composed of an
elastic biopolymer, such as the silk-like protein chitin; this
organic matrix secreted by marine shell plays an important
role in controlling the inorganic structure, morphology, size,
and polymorphism [28, 29].

3.3. Elemental Compositions of Synthesised Nanocrystals and
Cockle Shell Powder. The chemical compositions of the sam-
ples were analysed using EDX, which revealed the presence
of individual elements in the samples. As indicated in
Tables 1(a) and 1(b), the samples contained almost identical
elements, with no significant differences observed between
the elements detected in the two samples analysed. Both
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Figure 6: (a) Graphical representation of nanocrystal TGA results. (b) Graphical representation of cockle shells powder TGA data.
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Table 1: (a) Elemental compositions of calcium carbonate nanocrystals and (b) elemental compositions of cockle shell powder.

(a)

Spectrum Carbon Oxygen Sodium Calcium Total (%)

Spectrum 1 20.18 59.51 0.53 19.78 100.00

Spectrum 2 14.44 46.73 0.30 38.53 100.00

Spectrum 3 13.57 28.14 0.18 58.11 100.00

Mean 16.06 44.79 0.34 38.81 100.00

Standard deviation 3.59 15.78 0.17 19.17

Max. 20.18 59.51 0.53 58.11

Min. 12.65 28.14 0.18 19.78

(b)

Spectrum Carbon Oxygen Sodium Calcium Aluminium Total (%)

Spectrum 1 22.18 50.51 0.53 27.60 0.17 100.00

Spectrum 2 12.44 46.32 0.30 30.53 0.41 100.00

Spectrum 3 13.57 37.14 0.18 58.11 100.00

Mean 16.06 44.79 0.34 38.81 100.00

Standard deviation 3.59 15.78 0.17 19.17

Max. 19.82 69.52 0.36 58.11

Min. 13.57 26.42 0.16 23.87

samples contained negligible traces of elemental sodium, and
a minute percentage of aluminium was recorded only in the
cockle shell powder (Figure 4(b)). This analysis proves that
the composition of the calcium carbonate in the cockle shell
powder is not 100% pure due to the presence of other elements
such as aluminium and sodium.

3.4. X-Ray Diffraction Pattern of Calcium Carbonate
Nanocrystals. X-ray diffraction is a sensitive instrument
used for the identification of crystalline phases of inorganic
compounds. The data obtained from the X-ray diffraction
patterns in Figures 5(a) and 5(b) demonstrate the crystalline
nature and phase composition of both samples under
analysis. The X-ray diffraction pattern of the synthesised
calcium carbonate nanocrystals and cockle shell powder
in Figures 3(a) and of 3(b) exhibits characteristics peaks of
aragonite at 2𝜃 values of 26.34∘, 33.24∘, 45.98∘ and 26.31∘,
33.24∘, 45.98∘, and respectively, which correlate with (hkl)
indices of (111), (012), (221), and (021), (0.12), and (221),
respectively. These are the strongest peaks observed in
the X-ray diffraction patterns of the analysed samples.
However, peaks are also observed at 26.71∘, 26.87∘, 27.02∘,
27.38∘, 27.57∘, 27.72∘, 41.28∘, 45.62∘, 46.54∘, 48.84∘, and
52.53∘. These values also correspond with calcium carbonate
aragonite polymorphs reported in the PDF-4+ data bank of
the International Centre for Diffraction Data [30]. All the
reflections can be attributed to the pure aragonite phase of
calcium carbonate, which validates the FTIR results of the
aragonite polymorph of calcium carbonate.

3.5. Thermal Decomposition of Calcium Carbonate Nanocrys-
tals. Thermogravimetric analyses of the cockle shell powder
and the nanocrystals synthesised from the powder were

performed using the shrinking core model (SCM), whereby
the reaction usually begins from the outer layer of the
particles and moves toward the solid, which yields an ash
solid as the converted material [5]. Therefore, Figures 6(a)
and 6(b) illustrate the weight losses of the samples analysed
during the process. Both samples were stable until 300∘C
and then decomposed in two steps. The first step was the
initial process, which started with a very small weight loss
of 4.0% due to the moisture content in the samples [31]; a
similar result has been reported by Yu et al. [32] for bulk
or microcalcium carbonate, and this value would also be
the loss for nanoparticles of the same material, as reported
as by Mohamed et al. [5]. Endothermic behaviour was also
observed in the temperature range from 304 to 373∘C, which
may be due to the removal of water molecules from the
carbonate lattice and the phase transformation of aragonite
to calcite due to its unstable nature, as described previously.
The phase transition of aragonite to calcite in coral and other
marine shells occurs at a lower temperature than that of the
phase transition in aragonite of mineral origin [26]. Second,
a rapid weight loss of 41.88% and endothermic behaviour
from 600 to 800∘C were observed in both samples; in this
temperature range, volatile minerals in the sample began
to decompose, thereby releasing CO2. For the cockle shell
powder, the rate of decomposition was slower compared
with that of the nanocrystals, as shown in Figure 6(a);
this result has been reported in the literature, whereby
particles of smaller size decompose faster than larger particles
[5] because smaller-sized particles have a greater surface
area than larger particles. However, both samples remained
unchanged when the temperature reached 900∘C. This result
indicates the total decomposition of calcium carbonate to
CaO and signifies the release of CO2 from calcium carbonate,
leaving only the product, that is, “ash” [5]. This assumption
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derived from the TGA analysis is also supported by the XRD
data shown in Figure 5.

4. Conclusions

Cockle shells consist of a higher percentage of calcium
carbonate aragonite polymorphs, as described in the intro-
duction of this paper. On the basis of the analysis of calcium
carbonate nanocrystals from the cockle shell powder and
that of the powder itself, the shells are composed of the
aragonite form of calcium carbonate, which is less stable
and denser than calcite. These properties make it a potential
biomaterial for medical applications. The thermogravimetric
analyses of the two samples revealed the solid-state phase
transformation of aragonite to calcite. The transformation of
aragonite began at approximately at 300–373∘C and at 600–
700∘C; the complete removal of volatile substances occurred,
and the phase transformation of aragonite to calcite was
completed with a loss of 41% of the initial weight of the
sample. These results also demonstrate that smaller particles
decompose faster than larger particles within a short time at
low temperatures.

The methods adopted and the nonionic surfactant used in
the synthesis of aragonite nanocrystals are environmentally
friendly and could be scaled up for industrial production,
thereby permitting a greener synthesis from naturally avail-
able materials and utilising the waste shells that are a by-
product of the seafood industry. This method thus offers
a great opportunity for exploitation in numerous industrial
applications.
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We compared mechanical and electrical properties of carbon nanotube (CNT) yarns formed from four different spinning methods.
In these methods, a yarn was spun from two aligned CNT arrays. CNT yarns fabricated from each method were tested quantitatively
through the mechanical and electrical properties and reported. This improvement is considered to be caused by multiple factors,
such as reduction of the yarn diameter, densification, water evaporation, and CNT orientation. The best electrical and mechanical
property of CNT yarn was observed from the fourth spinning method where heating and tension during spinning were applied.
The introduced yarn spinning methods are appropriate for continuous mass production of high strength carbon nanotube yarns
with controlled diameter, strength, and electrical conductivity.

1. Introduction

Carbon nanotubes (CNTs) are considered one of the strong-
est and stiffest materials known. They have unique atomic
structure with interesting related properties such as high
tensile strength and Young’s modulus, high aspect ratio, and
good electrical and thermal conductivities. These unique pro-
perties open up various applications in different areas, for
example, in advance electronics, biotechnology, and nano-
mechanics.

Research efforts have been carried out to fabricate macro-
scopic threads and yarn structures to make the use of the
CNTs unique properties. However there are technical chal-
lenges to transfer individual CNT properties into spun yarn
structures because CNT bundles tend to slide in yarn micro-
structures. Therefore may be promising techniques have been
implemented to improve the strength of the CNT yarn.
One practical application is polymer dip coating which will
improve the mechanical properties of CNT yarns structures
but it will not help to improve the electrical properties of the
yarn. Other is high temperature annealing which will help
to improve the electrical and thermal properties of the CNT
yarn. However, the disadvantage of thermal annealing is high
cost and brittle behavior of the yarn structures.

There are mainly two methods of CNT yarn production:
liquid-state spinning and solid-sate spinning. Most synthetic
fibers are created from a concentrated, viscous liquid. In
liquid based spinning, CNTs are dispersed into fluids and
either extruded or coagulation spun into fibers [1–3]. The
major issue with applying this approach to CNTs is that there
is a relatively high fraction of remaining polymer and using
of short CNTs, which limits the overall strength and electrical
and thermal conductivity of the produced fiber [4]. The solid-
sate spinning can be done in two methods. One is spinning
CNT yarns directly from a furnace using floating catalyst
[5]. The second method is substrate base spinning. Spinning
directly from a furnace is a very efficient approach for con-
tinuous production of yarn that has good properties [6, 7].
Limitations of this method are the nanotubes used relatively
short and there are catalyst impurities deposited in the final
product.

Cotton and wool are naturally made fibers that are made
by solid-sate spinning. In solid state spinning, CNTs are
assembled into either yarns or sheets without the use of any
chemical additives. This process is practiced by a handful
of research groups [2, 5, 8–11]. The posttreatment methods
play an important role to improve the properties of CNTs.
Zhang et al. showed substantial increase in the strength of
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Figure 1: Schematic of the four different spinning methods (Methods 1 to 4) illustrated in the schematic corresponding to figures (a) to (d).

the CNT threads after infiltration with a polymer [10]. Zhu et
al. reported that CNT yarn load capacity can be improved by
postspun twisting which is affected by two factors: bringing
the CNTs into closer contact with one another and therefore
enhancing the van der Waals forces and higher radial com-
pressive stress [5]. Other posttreatments involve densification
with organic solvents such as ethanol and acetone, or heating
the thread at high temperatures by applying an electric
current [12]. Those posttreatment techniques require extra
processing time [13–15]. In this paper, four improved meth-
ods for spinning CNT yarns are presented. The mechanical
and electrical properties of CNT yarns made by each method
are compared.

2. Experimental Procedure

We introduce four comparative methods of CNT yarn spin-
ning. Spinnable carbon nanotube arrays were grown on
silicon wafers using Chemical Vapor Deposition (CVD) at
750∘C for 30 minutes [16]. CNT arrays about 325 𝜇m in height
were spun into yarns at about a 2000 rpm twisting rate and a
324 mm/minute pulling speed.

Based on Method 1 (spinning yarn from two CNT arrays),
two CNT forests were drawn out forming two ribbons which
were directly spun into a two-ply thread without any further
treatment (Figure 1(a)). This spinning technique has been
used by several other groups [2, 5, 8–11] and served in our
experiments as a reference (baseline) to which all the other
techniques were compared in the present work. Method 2
(two arrays with cupper hooks) was designed to employ
two copper hooks which applied small tension force to the
ribbons prior to spinning (Figure 1(b)). This arrangement
forced the ribbons to condense and spin into low tension
threads before they were combined into the final thread.
Method 3 (two arrays with cupper hooks and tension rods)
improves the second method by using the same hook system
but also implementing several tensioning rods along the spun
yarn (Figure 1(c)). The rods applied tension to the thread
in order to increase the interactions between the CNTs and
to enhance the van der Waals forces between the individual
carbon nanotubes. The intention of this arrangement was to
increase the strength and decrease the resistivity of the thread.
Method 4 (two arrays with cupper hooks and heated tension
rods) is a modification of the third one, where the tensioning
rods were modified to heat the thread simultaneously while
applying tension (Figure 1(d)). This the method we call
heating and tension spinning (HTS).

1
2

3

4 5
6

7
8

A B C D E

Figure 2: Schematic of the setup used in the proposed improved
spinning process: A: CNT forest; B: web formation zone; C: partially
twisted thread and yarn formation zone; D: tension and heat zone;
E: twisting zone; (1) spinnable CNT forest; (2) CNT web; (3) copper
hook; (4) partially twisted thread; (5) low twisted yarn; (6) heated
rod for applying tension; (7) high twisted yarn; (8) spool.

The produced yarns were collected on spools. The sam-
ples were tested to determine their electrical resistivity and
ultimate tensile strengths. Scanning electron microscopy
(SEM) was used to measure the diameters of the tested
yarns. The tensile strength measurement was conducted
with a 3345-Instron stress-strain instrument. A four-probe
setup was employed to determine the electrical properties
of the yarn using a Keithley 6220 current source and a
2182A nanovoltmeter. All the tests were conducted multiple
times to verify consistency of the acquired data.

3. Results and Discussion

3.1. Production of Carbon Nanotube Yarn. Currently, dry
spinning of CNTs is conducted by twisting the formed web
while pulling CNTs from a single substrate [2, 5, 8–11]. This
process can be improved by introducing different spinning
techniques. Recently, Hu et al. tested a modified spinning
process attempting to improve the mechanical properties of
CNT yarns [17]. They formed CNT threads under tension
spinning in a high volume heated environment. Here we
introduced resistive heating tension rods which can be used
as tension rods as well as heat sources. Therefore the process
is really simple and cost effective. This paper also provides
a detailed characterization and explanation of the improved
spinning process. Figure 2 shows the main components of the
improved spinning setup. The main steps in the process for
spinning thread are described next.

3.1.1. Web Formation. CNTS initially pulled from the forest
form a web. As the CNT bundles are pulled away from the for-
est they form a long “line” in which all the CNT centerlines are



Journal of Nanomaterials 3

CNT web

CNT array Cu hook

Low twist 
thread

Low twist 
yarn

(a) (b)

(c) (d)

Figure 3: (a) Two CNT arrays spun into a yarn using the improved spinning method, (b) TEM image of CNT web, (c) SEM image of aligned
CNT array (inset shows the forest cross-section at high magnification) and (d) HRTEM image of individual CNT with diameter ∼15 nm.

aligned and parallel. The CNT web is orthogonal to the initial
nanotube direction in the array and parallel to the substrate
surface. The web must be kept stable during the spinning
process in order to yield well-formed yarn. As shown in
Figure 3(a), smooth copper hooks are placed between the first
tension rod and the substrates. This improves the contact
between the loosely attached CNT bundles within the web.
The portion between the CNT forest and the copper hooks is
the CNT web, and just after the copper hook it is transformed
into a low twist thread. During the spinning process, those
low twisted threads are combined to form one yarn. The
joining point is called the convergence point. The conver-
gence point is located before the first tension rod. The portion
of the yarn shown in Figure 2 at position 5 is called low
twisted yarn. In general, the web is “fluffy” and for this reason
it needs to be compacted before spinning. Transmission
electron microscopy (TEM) images show that the CNT web
consists of poorly aligned and randomly orientated CNT
bundles (Figure 3(b)). The thickness of the web ranges from
50 nm to 100 nm. According to the capstan equation from the
rope theory, when yarn passes through a pulley, the change in
tension and the corresponding radial pressure on the yarn can
be written as follows [17, 18]:𝑇2𝑇1 = 𝑒𝜇𝜑, (1)

𝑁1 = 𝑇2𝜇 (𝑒𝜇𝜑 − 1) , (2)

where 𝑇1, 𝑇2, 𝜇, 𝜑, and 𝑁1 are the low incoming tension and
high outgoing tension, the frictional coefficient, the contact
angle, and the radial pressure on the yarn, respectively.

3.1.2. Thread Formed under Tension. Figure 4 illustrates the
arrangement of two copper hooks which apply a small initial
tension force to the ribbons prior to the spinning. This force
helps the ribbons to condense and spin together slightly
before they combine into partially twisted yarn. This part of
the fiber is called “low twisted yarn.” When the CNT web
passes through the copper hooks, tension increases according
to the capstan equation (1). This tension causes convergence
of the web which is observed at a point close to the copper
hooks. Further, Figure 4 displays the system using spinning
under tension, where 𝑇𝑤, 𝑇1, 𝑇5, Ω1, and Ω5 are the web
tension (incoming and outgoing after copper hook), final
tension (near the CNT yarn winding spool), twisting of pre-
formed thread, and twisting of final yarn, respectively. As
the yarn passes through different stages, it is subjected to
gradually increasing tension. The magnitude of the tension
for a 3-tension rod arrangement increases accordingly: 𝑇𝑤 <𝑇1 < 𝑇2 < 𝑇3 < 𝑇4 < 𝑇5 < 𝑇3 < 𝑇4 < 𝑇5. Thus, for the tested
spinning system, the change in tension after the last tension
rod (𝑇5) and the corresponding final radial pressure (𝑁5) on
the yarn is given by the following two equations, respectively:𝑇5 = 2 cos 𝜃𝑇1𝑒𝜇∑𝑛𝑖=1 0𝑖 ,𝑁5 = 𝑇5𝜇 (𝑒𝜇𝜑𝑖 − 1) , (3)
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Figure 4: Schematic of heating and tension spinning system (HTS)
with incorporated tension rods showing related process parameters:𝑇𝑤, 𝑇1, 𝑇5, Ω1, and Ω5 denoted as the web tension (incoming and
outgoing after copper hook), final tension (near the CNT yarn
winding spool), twisting of pre-formed thread and twisting of final
yarn respectively.

where 𝜃 is the angle between partially twisted thread and the
initially formed yarn at the convergent point (near II). Lastly,
Figure 4 illustrates various stages in yarn formation leading
to the final tension. Alignment and slip occur at the copper
hooks, where tension is first applied to the thread. This causes
increased CNT interaction in the bundles and yarn. Higher
alignment of the CNTs and bundles results in more compact
yarn. Therefore, the net effect of the multistage system is to
increase the mechanical and electrical properties of the CNT
yarn. However, we have observed after a certain maximum
tension, further increase in this parameter leads to decreased
yarn strength.

3.2. Twisting andHeating Effect on Yarn Formation. For short
bundles of CNT drawn from the forest, in the absence of
twisting action applied to the yarn, the strength of yarn is lim-
ited because of absence of significant transverse forces to bind
the CNT assembly together [5]. In order to achieve higher
mechanical and electrical properties, the CNTs and bundles
need to have maximum contact with one another. This makes
twisting a very important part in spinning CNT yarns. At
low twist, there is considerable cohesion between the CNTs
that can provide reasonable strength to the web. As twisting
increases, cohesion also increases, and at a very high level
of twisting, brittle behavior is observed [19]. The variation
in diameter of CNT yarn is shown in Figures 5(a) to 5(d) at
different stages (I to IV) of the HTS process. The SEM images
indicate that the diameter of the yarn suddenly decreased as
it passed though stage I to stage II (from 14.2 𝜇m to 12.1 𝜇m)
and then sate II to sate III (12.1 𝜇m to 10.9 𝜇m) and remained
relatively unchanged afterwards. It was observed from the
SEM images (Figures 5(a) to 5(c)) that the twisting angle of
the fibers gradually increased with the yarn passing through
the stages. We have observed when both heating and tension
are applied the diameters of the CNT yarn decreased by about
23% from 14 to 10.3 𝜇m (see Figures 5(a) and 5(d)). SEM
images demonstrated that the HTS technique improved the
uniformity along the CNT yarn (Figure 5(d)). This technique
provides two benefits. First, it increases the alignment of the
carbon nanotubes in the thread and also the interbundle
lateral cohesion. Second, it reduces the intertube distance
and increases the van der Waals force interaction between
all the CNTs. Figure 5(e) illustrated the schematic of different

positions of heating and tension spinning (HTS) stages are
illustrated in Figure 5(f). Raman spectroscopy performed on
both CNT yarn formed from treatment 1 and treatment 4 (see
Figure 5(f)) do not show important differences that can be
readily related to morphological differences in the CNTs for
different treatments.

Figure 6(a) shows the resistivity (left 𝑦-axis) and strength
(right 𝑦-axis) as a function of the tested four different meth-
ods of spinning. Substantial improvements in both the electr-
ical and mechanical properties of the threads occurred when
applying these methods. Method 4 was carried out using
an HTS system temperature of about 225∘C. Figure 6(b)
shows that the strength and electrical conductivity of CNT
yarn improve 61% and 71%, respectively, when employing
Method 4 as opposed to the Method 1. Method 1 is state
of art of spinning yarn which is practiced by most of the
research groups [8] and is used in this study as a baseline
for comparison. Spinning under tension brings the CNTs
in closer contact to each other and therefore enhances the
van der Waal interactions. The later causes increased friction
between the CNTs, which improves the load transfer between
the tubes.

The experimental results showed that treatments 2–4
brought improvement in the mechanical and electrical prop-
erties of the CNT yarns relative to treatment 1. The highest
percentage improvement compared to the baseline treatment
1 was observed for treatments 3 and 4. This effect is obviously
due to applying tension during spinning. However we also
noticed that there is a considerable improvement of CNT
yarn in treatment 4 compared to treatment 3. Figures 5(c)
and 5(d) display SEM images of CNT yarns formed from
treatment 3 and Method 4. Treatment 4 utilized three tension
rods preheated up to 225∘C. It shows that the diameter of the
CNT yarn formed from treatment 4 decreases from 10.9 to
10.2 𝜇m. We assume that the applied simultaneous heating
and tension during spinning improve the thread structure
by stretching the CNT bundles and enabling more effective
thread compactions.

Another interpretation of the results is based on the
hypothesis of collapsing the CNTs under tension, which may
be enhanced by the applied heating. It was observed by Motta
et al. that double walled tubes in yarn corresponding to diam-
eters larger than ∼5 nm collapse into structures with dog-
bone cross-sections thus forming stacks of parallel graphene
layers [7]. The applied tension and radial force change the
microscopic structure of the CNTs which tend to polygonize
from circular to hexagonal shape.

In the experiments, the mechanical and electrical proper-
ties of the CNT yarns substantially improved. This could be
due to two reasons. The first reason is the applied heat may
have caused evaporation of the absorbed water molecules
within the CNT bundles thus increasing the friction and de-
creasing the air gaps between them. The second is associated
with the possible CNT collapse due to the radial pressure
incurred from the HTS action. In this scenario stacks of
flattened nanotubes can share maximum contact area which
will cause increased yarn cohesion. The nanotubes used in
this study are double walled with diameters in the range of
8 to 12 nm which qualifies them for collapsing according to
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Figure 5: SEM images of CNT yarn at different stages of the spinning process. Stage I (a), Stage II (b), Stage III (c), and Stage IV (d), schematic
of the applied heating and tension spinning (HTS) stages (e). I-denotes the position before 1st applied tension; II before 2nd tension; III before
3rd tension; IV before winding on the spool; Raman spectra of CNT yarn formed from treatment 1 and treatment 4(f).

[17]. Thorough High Resolution TEM studies of the CNT
yarn may be able to confirm such a phenomenon.

4. Conclusions

This work introduced new and improved methods for dry
spinning of CNT yarns, which helped to positively affect the
yarn structure by stretching the CNT bundles and enabling
more effective yarn compaction. The preliminary results for
spinning CNT yarn under tension showed an improvement
of the fiber mechanical and electrical properties with respect
to a standard spinning method used as a baseline. Further

enhancement of the CNT yarn quality was observed by
introducing a heating and tension spinning (HTS) technique.
The tensile strength of the spun yarn when employing HTS
improved about 61% and the electrical conductivity increased
by ∼71%. Optimization of the new spinning techniques has
not been fully achieved and will require further studies to
understand the entire temperature and tension effect on
the quality of HTS spun yarns. Further optimization of the
spinning parameters employing the HTS environment is
required, since the results obtained are promising for man-
ufacturing high performance CNT-based yarns. Such experi-
ments are in progress and will be reported in the near future.
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Figure 6: (a) Stress (left 𝑦-axis) and resistivity (right 𝑦-axis) versus spinning methods, (b) strength and electrical conductivity improvement
in percentage versus spinning methods.
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This paper compares between the methods of growing carbon nanotubes (CNTs) on diamond substrates and evaluates the quality
of the CNTs and the interfacial strength. One potential application for these materials is a heat sink/spreader for high-power
electronic devices. The CNTs and diamond substrates have a significantly higher specific thermal conductivity than traditional
heat sink/spreader materials making them good replacement candidates. Only limited research has been performed on these
CNT/diamond structures and their suitability of different growth methods. This study investigates three potential chemical vapor
deposition (CVD) techniques for growing CNTs on diamond: thermal CVD (T-CVD), microwave plasma-enhanced CVD (MPE-
CVD), and floating catalyst thermal CVD (FCT-CVD). Scanning electron microscopy (SEM) and high-resolution transmission
electron microscopy (TEM) were used to analyze the morphology and topology of the CNTs. Raman spectroscopy was used to assess
the quality of the CNTs by determining the 𝐼𝐷/𝐼𝐺 peak intensity ratios. Additionally, the CNT/diamond samples were sonicated for
qualitative comparisons of the durability of the CNT forests. T-CVD provided the largest diameter tubes, with catalysts residing
mainly at the CNT/diamond interface. The MPE-CVD process yielded non uniform defective CNTs, and FCT-CVD resulted in the
smallest diameter CNTs with catalyst particles imbedded throughout the length of the nanotubes.

1. Introduction

Carbon nanotubes (CNTs) are lightweight materials that
express superior mechanical, electrical, and thermal proper-
ties [1–4]. Diamond films are well known for their hardness
and scratch resistance combined with excellent thermal
conductivity [5, 6]. Successful CNT growth on a diamond
substrate creates a unique all-carbon structure that can be
beneficial for advanced power and electronic applications.
Various methods such as chemical vapor deposition (CVD),
laser ablation, thermal evaporation, arc discharge, and glow
discharge have been used to grow CNTs on different surfaces
[7–9] including diamond substrates and nanoparticles [9–11].

Among these methods, CVD is perhaps the most promis-

ing and scalable approach for future power and electronic
devices.

There are many different varieties of CVD used to grow
CNTs. The variations depend on power sources, type of

catalyst deposition, gas composition, and operating temper-

atures. In addition to variations of the CVD process, CNT

growth is expected to depend significantly on the chemistry,

morphology, and activity of the substrate. Catalyst and

substrate interactions can create differences in root growth

or tip growth mechanisms, size distribution, and defects in

CNTs growth [12–14].
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Several CVD approaches have been investigated and
documented on common electronic substrates such as sil-
icon, but no work seems to have been reported on spe-
cialty substrates such as CVD diamond. It is desirable
to test the applicability of these techniques on diamond
substrates and compare the CNTs obtained from different
CVD growth techniques. This would enable future device
manufacturers to select the most appropriate technique for
a specific application. This study compares three types of
CVD techniques believed to be the most probable candidate
techniques to be scaled up and utilized for future power
devices. They all utilize transition metal catalysts that can
readily form metastable carbides needed for CNT growth on
any substrate [15–17]. The three CVD approaches selected
were thermal CVD (T-CVD) with presputtered metal cat-
alyst, microwave plasma-enhanced CVD (MPE-CVD) with
presputtered metal catalyst, and floating catalyst thermal
CVD (FCT-CVD) with xylene and ferrocene liquid mixture
without any prior catalyst deposition. T-CVD is a low-cost
system that can easily be set up to grow CNTs. In comparison
to arc discharge, T-CVD operates at a lower temperature
which increases the range of substrate material selections.
However, the resulting CNTs’ structure may be defective
compared to arc discharge or laser ablation [18]. MPE-CVD
is very suitable for large surface CNT production and can
grow CNTs at even lower temperatures than T-CVD [19].
Both these techniques involve predeposition of catalyst on
the substrate. The FCT-CVD introduces the carbon and
catalyst simultaneously on the substrate via a gas mixture.
This approach cuts out the first step of catalyst deposition
giving it a potential economic advantage for future scale-up.
However, it coats everything in the growth chamber and may
be problematic when selective area growth is required [20].

The CNT forests grown have been investigated in detail,
and each sample has been analyzed using a scanning elec-
tron microscope (SEM), transmission electron microscope
(TEM), Raman spectroscopy, and energy dispersive X-ray
spectroscopy (EDS) to fully characterize the structures.

2. Experimental Methods

2.1. Sample Preparation. Polished free-standing diamond
substrates grown by a CVD technique were purchased from

SP3 Diamond Technologies Inc. The substrate measurements

were 5 × 5 mm2, with a 400 𝜇m thickness. The surface
roughness was determined to be 5 nm as measured by an
atomic force microscope. Three CVD-based CNT growth
techniques have been investigated: (i) T-CVD, (ii) MPE-
CVD, and (iii) FCT-CVD. The first two techniques involved
predeposition of seed catalysts prior to CNT growth and were
optimized first on an electronic grade silicon substrate with a
layer of thermal silicon dioxide layer on the surface. The last
one had the catalyst source combined with the carbon source
in the feeder gas and had been optimized earlier on graphitic
carbon substrates.

Due to limited quantities of CVD diamond substrates,
each -of the growth methods described below were first
tested and optimized using other standard substrates before

deposition on the diamond. While it is recognized that
optimization of parameters on identical diamond substrates
would be ideal, the large number of diamond substrates
necessary for such an undertaking was not available. It was,
however, verified that the growth conditions on standard
substrates were repeatable on other available substrates. As
for growth parameters of CNTs on the diamond available in
the literature the values reported for T-CVD and MPE-CVD
were found to be very comparable to ones derived in house
on standard substrates [10, 21]. There is no reported growth
on CNTs on diamond substrate using the FCT-CVD method.
However, this technique involves precoating the substrate
with a plasma-enhanced oxide layer, which is expected to
make the CNT growth more independent of the underlying
substrate. Additional optimization and refinement on specific
diamond substrates may be performed in the future as more
varieties of diamond substrates become available in larger
quantities. At the current time, Raman spectroscopy was used
as an indicator of CNT quality, and the 𝐷-peak to 𝐺-peak
intensity ratios from CNTs obtained on all samples were more
than satisfactory. Successful and repeatable experiments from
earlier research indicated that the best CNT forests were
obtained by using T-CVD and MPE-CVD growth processes
with nickel and iron catalysts, respectively. For the FCT-CVD
approach, ferrocene is used as an iron source to promote CNT
growth. Based on these repeatable results, the CNT growth
parameters were used to grow CNTs on the diamond films.

2.2. T-CVD Method. Polished free-standing CVD diamond
substrates were cleaned in an ultrasonic acetone bath for 5
minutes followed by 5 minutes in an ultrasonic isopropanol
bath. After cleaning, the samples were placed into a radio
frequency (RF) sputtering system loaded with a 99.999% pure
nickel target. The sputtering system uses RF power to create
a plasma plume that deposits material from the target to
the substrate surface. The substrate was first sputtered with
a 10 nm thin film of nickel in a sputter chamber. Then, the
nickel-sputtered sample then placed into a T-CVD furnace.
The furnace was heated from room temperature to the growth
temperature of 800∘C in 20 minutes with an argon/5% hydro-
gen (Ar/5% H2) gas mixture at a flow rate of 300 standard
cubic centimeters per minute (sccm). Upon reaching the
growth temperature, the sample was held for 10 minutes to
allow the thin nickel film to break up into nanoscale islands.
Then 400 sccm of argon/10% methane (Ar/10% C2H2) was
introduced as the carbon feedstock source at the end of the
10-minute heat treatment. The growth process continued for
2 hours followed by a slow cool to room temperature again
using a flow of 300 sccm of a (Ar/5% H2) gas mixture. The
entire growth process was performed at a pressure of 90 torr.

2.3. MPE-CVD Method. The same sample cleaning proce-
dures discussed above were followed here. The sputtering
process was used again, but with a 99.999% pure iron target
to form a 10 nm thin film of iron on the CVD diamond
samples. The sample was loaded into the MPE-CVD chamber.
The furnace was heated from room temperature to 400∘C
with pure hydrogen gas flowing at 150 sccm. Once the
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temperature reached 400∘C, a microwave frequency was used
on the hydrogen gas to induce a hydrogen plasma within
the chamber. The sample was held for 5 minutes with the
hydrogen plasma at 400∘C to allow iron island formation.
After 5 minutes of annealing in plasma, the temperature
was increased to the 650∘C growth temperature, followed
by the introduction of 15 sccm of methane gas as a carbon
source. Methane gas was allowed to flow for 5 minutes for
growth to take place. After that, the methane gas was shut off.
With hydrogen gas still flowing into the chamber, the current
source for the plasma was also shut off. Finally, the heating
unit was turned off to allow the system to cool naturally.

2.4. FCT-CVD Method. The free-standing CVD diamond
samples were treated with microwave plasma containing
dimethyl sulfoxide (DMSO) to deposit a thin film of silica,
100 nm in thickness, onto the CVD diamond substrate. Note
that there is a correlation between the silica thickness and
the quality of CNTs and that this silica layer is required in
order for CNTs to grow using FCT-CVD methods [22, 23].
The FCT-CVD system is a two-stage furnace with Ar gas
flowing at 600 sccm and hydrogen gas flowing at 45 sccm.
The low-temperature furnace is kept at 250∘C, while the high-
temperature furnace is ramped up to the growth temperature
of 750∘C. Ferrocene was dissolved into a xylene solvent in a
0.008 : 1 molar volume ratio. The xylene/ferrocene liquid mix-
ture serves as a carbon feed stock as well as an iron catalytic
particle source carrier. During growth, xylene/ferrocene was
introduced at a flow rate of 3 mL/hr via a syringe pump. The
growth time was 20 minutes followed by a cooldown with
600 sccm of Ar gas. Details of silica treatment as well as the
CNT growth parameters can be found in earlier publications
[24].

2.5. Characterization. The resulting samples were character-
ized using a FEI Sirion high-resolution SEM for analysis of
carpet surface and nanotube morphology. Cross-sectional
views of the interfaces are needed to understand how catalyst
particles play a role during CNT growth. A thin TEM foil
of the cross section of interest was made using a DB235 FEI
focused ion beam. To protect CNTs from the gallium ion
etching, a layer of platinum cap was sputtered on top of the
CNT before the trenching process began for a lift out sample.
The resulting foil was attached to a molybdenum TEM
grid for final thinning until a transparent foil was formed.
The TEM foil was first analyzed using a Philips CM200
TEM for general appearances and identified the different
layers that it contains. The foils containing CNTs with both
catalyst and substrate intact were then analyzed for elemental
compositions by energy dispersive X-ray spectroscopy (EDS)
using the FEI Titan 80–300 TEM. In addition to the imaging
analysis, Raman spectroscopy analysis was used to provide a
qualitative value for the growth structures of CNTs. It uses the
intensity ratio of the disorder peak (𝐷-peak) over the graphite
peak (𝐺-peak) to determine this qualitative value [25]. In
order to monitor the durability and strength of bonding
between CNTs and the diamond substrate, a sonication test
was performed on samples made from each growth method.

This test uses Bransonic 3210, an ultrasonic cleaner with
40 kHz frequency. The samples were sonicated for 15 minutes
while submerged in deionized water. The results from the
previous analyses are discussed in the next section.

3. Results and Discussions

3.1. Initial Catalyst Distribution in Preseeded Samples. It is
well established that the underlying catalysts play a big role
in the structure and properties of the resulting CNTs. The
three different techniques compared here have two different
approaches of introducing the catalyst: T-CVD and MPE-
CVD involve predeposition of nickel and iron catalysts,
respectively, while FCT-CVD technique introduces catalyst
with the feeder gas during CNT growth. In the first two cases,
the morphology of the starting catalyst film could be analyzed
prior to CNT growth. For the last case, there is no precursor
catalyst film, and catalyst morphology can only be seen after
the CNT layer is formed, as discussed later.

Figure 1(a) shows that thermal treatment of the 10 nm
nickel film covering the polished diamond surface resulted
in nanoislands with average diameters of 53 nm distributed
uniformly across the substrate surface. According to Homma
et al. [26], the resulting particle size can be modified and is
dependent on the film thickness. A thinner film thickness
using the procedure mentioned above provided a low CNTs
growth yield. Because of this, the study uses 10 nm film
thicknesses as the testing film thickness.

Figure 1(b) shows the SEM surface analysis of a sample
treated at 400∘C with hydrogen plasma inside the MPE-
CVD system for 5 minutes. The image shows that the iron
catalyst agglomerated into a continuous uneven film rather
than solidified as isolated nanoparticles.

3.2. NanotubeMorphology. Figure 2 shows SEM images of the
CNT layer formed on diamond film using the three different
techniques. Figure 2(a) is the image of T-CVD grown CNTs
which have an average tube diameter of 61 nm ± 12 nm, with
smooth and uniform tubular structure. This correlates well
with the uniform size distribution of nickel islands of similar
sizes seen in Figure 1(a).

Figure 2(b) is an SEM image of MPE-CVD-grown CNTs
that indicates that the CNTs are not uniform and contain
various defects as well as variation in diameters. This may
be the result of the seed catalyst layer consisting of irregular-
shaped particles. The nonuniformity of individual tubes may
also be influenced by defects developed during formation.
The MPE-CVD method uses a hydrogen plasma that forms
a reducing environment within the chamber. The SEM
image taken can be compared to the study done by Behr
which indicates that hydrogen can etch CNTs during the
growth process. This can create surface defects throughout
the growth process [27]. Some studies suggest that exposing
growing CNTs to hydrogen-rich environments convert them
into diamonds [28, 29]. Figure 2(b) shows the MPE-CVD
CNTs tubes with defects similar to the ones reported by Behr
after exposure to the hydrogen-rich environment.
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(a) (b)

Figure 1: (a) Ni catalyst after thermal treatment in T-CVD. (b) Fe catalyst after thermal treatment in MPE-CVD with hydrogen plasma.

(a) (b) (c)

Figure 2: (a) T-CVD-grown CNTs. (b) MPE-CVD-grown CNTs. (c) FCT-CVD-grown CNTs.

Figure 2(c) shows an image of FCT-CVD-grown CNTs.
This figure indicates that the CNTs are uniform in diameter
and grow as densely entangled forests. These CNTs have
average diameters of 12 nm ± 1.8 nm, making them the
smallest of the three growth methods. The image also suggests
that there are particles residing on the outer surface of the
CNTs. This is expected because the xylene/ferrocene mixture
provides continuous source of iron particles throughout the
entire process, some of which are expected to attach to the
growing CNT surface. The diameter of the outer particles can
provide an estimate of iron catalyst size, and they have an
averaging diameter size of 12 nm ± 2.2 nm.

3.3. Catalyst Distribution in the Final CNT-Covered Diamond
Structure. Figures 3–5 show high-resolution TEM images
with EDS elemental mapping. Figure 3 indicates that in T-
CVD, nickel particles are encapsulated with a layer of carbon,
and CNT growth originates from the outer carbon layer. This
explains why the average CNT diameter is slightly higher
than the average nickel catalyst diameter as shown later.
The encapsulated catalyst particle remains anchored at the
diamond-CNT interface implying the predominant growth

mechanism is root growth. There are a few instances where
the catalyst particle moved several nanometers into the CNT
length, away from the interface. Growth patterns similar to
this indicate a small probability of catalyst lift-off.

Figure 4 shows an energy-filtered transmission electron
microscope (EF-TEM) image of an MPE-CVD film. It can be
seen that iron particles in this case do not reside along the
interface, but rather move easily into the CNT, away from the
interface. The mobility of nonanchored catalytic particles at
the interface may also contribute to disordered CNT growth.

As seen in Figure 5, EF-TEM analysis of the FCT-CVD
sample indicates a high distribution of iron particles residing
at the diamond CNT interface which has the silica functional
layer. There are additional iron particles found further away
in the CNT forest. This is expected due to the continuous iron
particle introduction throughout the CNT growth phase. The
large number of iron catalysts at the interface suggests that
the silica nanolayer keeps them anchored and prevents them
from migrating during CNT growth.

Figure 6 shows the average particle size distribution taken
with Image J software. This software provides qualitative
values for the catalyst particle size and tube diameter compar-
ison taken from the resulting TEM images. For T-CVD, the
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Figure 3: Cross-sectional TEM image of T-CVD-grown CNTs, the scale bar is 100 nm.
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Figure 4: Cross-sectional TEM image of MPE-CVD-grown CNTs, the scale bar is 50 nm.

average catalyst particle diameter was measured to be 53 nm±16 nm, and the average tube diameter was 61 nm ± 12 nm.
Thus, the catalyst diameters measured using TEM images
are within the margin of error with the top view images
seen by SEM. For MPE-CVD, the average catalyst particle
diameter was 21 nm ± 7 nm, and the average tube diameter
was 40 nm ± 18 nm. For the FCT-CVD method, the average
catalyst particle size was 12 nm ± 2 nm, and the average tube
diameter was 12 nm ± 2 nm. Cross-sectional TEM images
provided additional information about particle location and
concentration relative to the interface. For T-CVD, the image
indicated that catalyst particles are the largest of all growth
methods and reside close to the interface. For MPE-CVD, the
catalyst particles are distributed away from the interface. This
migration may be due to either the fact that they are smaller
in size compared to T-CVD samples, the excess energy
provided by the hydrogen plasma, or both. For FCT-CVD, the
image indicates that the majority of the iron particles used
as catalysts are anchored along the SiO2 layer and the iron
particles that arrived later reside outside the growing CNTs.
The anchoring of smaller nanoparticles may be caused by the
silica functional layer and may assist in uniform CNT growth.
It can be seen that the nanocatalyst particle size in each case
correlates with the CNT diameters observed by SEM and
TEM and further validates the hypothesis that the CNT size
is largely governed by catalyst particles.

3.4. Raman Spectrograph Results. Raman spectroscopy was
performed on samples produced by the different growth
methods. The results are presented in Figure 7. According
to the Handbook of Raman Spectroscopy and Dresselhaus

et al., Raman spectroscopy can be used as a guide to describe
different carbon structures, such as diamond-like carbon
which has C–C sp3 bonding, graphitic carbon which has

sp2 bonding, and glassy/amorphous carbon which has C–H
and disordered mixed bonds [25, 30, 31]. The peaks found
around 1350–1365 cm−1 are called 𝐷-peaks, resulting from

the disorderly network of sp2 and sp3 carbon clusters, whereas

the peaks found around 1580–1620 cm−1 are called 𝐺-peaks as
a result of graphite, and finally the peak found at 1332 cm−1

is the diamond peak [30–32]. The most interesting finding
from our experiment concerned the calculated intensity of
the 𝐷-peak to 𝐺-peak ratios (𝐼𝐷/𝐼𝐺). This ratio matched the
CNT morphology in terms of defect appearance in the SEM.
The 𝐼𝐷/𝐼𝐺 ratios are given as follows: T-CVD = 0.30; MPE-
CVD = 1.94; FCT-CVD = 0.84. Note that the T-CVD has
the lowest 𝐼𝐷/𝐼𝐺 ratio; its SEM images indicated that this
tube structure looks the smoothest. In contrast, the 𝐼𝐷/𝐼𝐺
for MPE-CVD is the highest and its SEM images indicated
that the tube structure appears damaged and full of defects.
Earlier, we stated that hydrogen may etch the CNT and
introduce defect sites that can raise the intensity of the 𝐷-
peak. Another possibility that causes high 𝐷-peak is when
CNT is introduced to a hydrogen rich environment; the
hydrogen alters CNT’s C-H bonding and transforms them
into diamond or disordered carbon [27, 33]. If this is the case,
it explains why the disordered bonding peak, the 𝐷-peak, is
much higher in the MPE-CVD sample.

Since the CNTs were grown on diamond substrates, one
might suggest that the high intensity of 𝐷-peak resulted
from signals coming from the diamond substrate under-
neath. However, the recorded 𝐷-peak intensity lies around
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Figure 5: Cross-sectional TEM image of FCT-CVD-grown CNTs, the scale bar is 50 nm.
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Figure 7: Raman spectroscopy signals for natural diamond, syn-
thetic diamond, and CNTs from the three CVD methods.

(1354 cm−1), whereas known diamond 𝐷-peaks are detected
at (1332 cm−1), indicating that the peak signal did not result
from the diamond substrate. For confirmation, a razor blade
was used to scrape away the CNTs from a sample and expose

the diamond substrate underneath. The Raman spectra taken
from the exposed diamond surface has a peak intensity at

(1338 cm−1), which closely matches the published Raman

peak for diamond (1332 cm−1). This additional test further
indicates that the (1354 cm−1) peak is indeed the 𝐷-peak from
the disordered CNT and not from the diamond substrate.

3.5. Sonication Results. If the sample was used in a com-
mercial device, it would be important to know if the CNTs
had the strength to stay intact within the substrate. The
sonication test was used as a qualitative comparison of the
forces needed to detach CNT from the substrate [34–36].
SEM images were taken before and after the sonication
tests as shown in Figure 8. The images in the top row of
Figure 8 were taken prior to sonication, and the bottom
row images were taken after the test. Figures 8(a) were
form the T-CVD, Figures 8(b) were from the MPE-CVD,
Figures 8(c) were from FCT-CVD, and Figures 8(d) were
optical images taken from MPE-CVD sample. The before
sonication image seen in Figure 8(d) can also be used to
represent T-CVD and FCT-CVD, because there were no
visual differences observed after the sonication test. It can be
seen that the nanotubes were intact even after sonication and
that there were no noticeable differences seen in the before
and after images from SEM. The low-magnification optical
images show a difference for the MPE-CVD sample. Before
sonication, all samples look identical at this magnification as
seen in Figure 8(d) top image. The optical images after the
sonication test were unchanged for T-CVD and FCT-CVD
which are also represented by Figure 8(d) top image. The
MPE-CVD after sonication sample was different as shown in
Figure 8(d) bottom image. While postsonication SEM images
of MPE-CVD sample show that CNTs were present on the
scanned regions, the low-magnification optical images show
exposed diamond substrate on the corners of the sample. This
indicates detachment of CNTs at the corners of this sample,
implying that the bonding between CNTs and substrate may
be the weakest in this fabrication method. It must be noted
that because of the extremely high length/diameter ratio
of the nanotubes, agitation in an ultrasonic bath produces
concentrated stresses at the root of the CNT. Survival under
these conditions indicates that these materials will be robust
in many service conditions. Among the three samples, MPE-
CVD specimen may be the weakest, and detachment begins
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Figure 8: (a), (b), and (c) are SEM images, and (d) is the optical image. The images in the top row were taken prior to sonication, and those in
the bottom row were taken after the test. (a) is the T-CVD sample. (b) is the MPE-CVD sample. (c) is the FCT-CVD sample, and (d) is taken
from MPE-CVD Sample. There were no visual changes seen after the sonication test for the T-CVD and the FCT-CVD sample. Therefore,
the before image from (d), can also be used to represent before and after sonication test for T-CVD and FCT-CVD sample.

to occur at the corners, which are the most vulnerable regions
of the sample.

3.6. Overall Comparison. It is seen that very different types
of CNT layers can be grown on diamond film by different
techniques. It must be noted that T-CVD and MPE-CVD are
multistep processes that separate the catalyst deposition step
from the CNT growth step. The catalytic particles in the T-
CVD growth are found to be the largest of the three types of
growth for the conditions used. These particles were found
to reside at the interface with minimal migration into the
CNT layer. The resulting CNT structures were found to be the
smoothest with the largest tube diameters of all three growth
types. This smooth structure may be useful for electronic and
thermal applications that require minimal defects.

The SEM images show the CNTs that resulted from
the MPE-CVD method contains kinks and defects on the
individual tubes. The defects may be the result of hydrogen
plasma and excess hydrogen in the chamber. The excess
hydrogen can etch the surface of CNTs as it grows, which
results in a defected surface. The hydrogen plasma may also
provide excess energy that inadvertently promotes catalyst
migration. If this migration occurs during CNT growth, it
may be another underlying reason as to why those CNT
structures are kinked. It can be proposed that as the CNTs
are growing with the migrating catalytic particles, a straight
path for growth was not provided, which resulted in a kinked-
type growth. Therefore, this approach which is suitable for
large area growth will be useful only in situations where
defective and kinked CNTs are acceptable. It would be
interesting to determine if the defective CNTs grown under
energetic conditions are more reactive than their smoother
counterparts. Another noticeable difference provided by the
MPE-CVD method is that it has the weakest bonding with the

substrate compared to the other two methods. Images from
the three growth methods were compared after the sonication
test. The images from the sonication test show the corners
of the diamond substrate were exposed after the test, which
is not seen in the other samples. The benefit of using FCT-
CVD is that it is a one step process where catalyst and carbon
source are introduced together. The resulting CNTs grown by
this process had the smallest diameter, averaging 12 nm, with
uniform and dense growth patterns. While this may be a very
suitable approach in many applications, the disadvantage is
the possibility of excess iron particles arising from continuous
catalyst deposition. This may be mitigated by modifying the
process to cut off ferrocene during the latter part of CNT
growth.

Since each method has its unique advantages and dis-
advantages, these studies indicate that the selection of the
CNT growth method is heavily influenced by the intended
application.

4. Conclusions

In this paper, we have compared the growth of CNTs forests
on synthetic diamond substrates using three different CVD
growth methods. The CNTs were characterized using electron
microscope imaging (SEM and TEM), elemental analysis
(EDS), Raman spectroscopy, and the sonication test. The
SEM and TEM images indicated each method produces
CNTs with a distinctly different diameter and morphology.
Raman spectroscopic analysis suggested that T-CVD had
the lowest disordered carbon to graphite intensity ratio of
0.3 followed by FCT-CVD of 0.83 and the highest by MPE-
CVD of 1.94. T-CVD also produces large diameter CNTs
that are otherwise clean, with minimal tubular defects or
additional catalytic contaminants. MPE-CVD is sometimes
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the preferred method for larger scaled applications; however,
the excess hydrogen plasma energy during growth may cause
migrations of catalytic particles, surface etching, and defec-
tive CNTs that may be detrimental to precision applications.
MPE-CVD has the highest probability for catalytic mobility,
the most defective CNTs structure morphology, and the
weakest interfacial bonding strength. It may be possible to
improve this situation through extensive processing param-
eter changes, but not certain. FCT-CVD has the advantage of
being a one-step CNT growth method that does not need a
separate catalyst deposition step, yet produces dense uniform
CNTs. This technique provided the finest CNT diameter, and
intermediate diamond/graphite ratio in the Raman signal.
This method does produce some excess metal particles due
to continuous catalyst nucleation. However, this issue can
be easily addressed in the future if needed, by stopping the
catalytic source after a certain growth time. Finally, this study
indicates that there is a clear correlation between the size of
catalyst particle and the CNT diameters.
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Aligned hexagonal ZnO nanorods on pure Zn foils were hydrothermally synthesized in 30 mL solutions containing 0.05–0.50 g
KOH. The products were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and photoluminescence (PL) spectroscopy. In this research, wurtzite hexagonal ZnO nanorods grown along
the [002] direction with green light emission at 541 nm caused by singly ionized oxygen vacancies inside were detected.

1. Introduction

One-dimensional (1D) semiconducting materials are able to
be used for a number of potential applications in short wave-
length optical, nanoelectronic, and optoelectronic devices
due to their tunable electronic and optoelectronic properties
controlled by morphologies and dimensions [1–3]. Compared
to two-dimensional (2D), three-dimensional (3D), and zero-
dimensional (0D) nanostructures, the 1D nanostructure has
unique characteristic: large aspect ratio, single crystalline
structure, and oriented growth [3]. Zinc oxide is an impor-
tant low-cost II–VI basic semiconductor with 3.37 eV wide
band gap and strong exciton binding energy of 60 meV
at room temperature [4–7]. It possesses unique catalytic,
electrical, optoelectronic, and photochemical properties—
very interesting for a number of potential applications as
room-temperature UV lasers, sensors, light-emitting diodes,
optical switches, solar cells, and photocatalysis due to its low
dielectric constant, high chemical stability, good photoelec-
tric, and piezoelectric behaviors [4, 6, 8].

In the paper, hexagonal ZnO nanorods on Zn foils
were hydrothermally synthesized in solutions containing
0.05–0.50 g KOH at 120∘C. Their phase, morphology, and
photoluminescence were investigated and discussed in more
details.

2. Experimental Procedure

Reagents of the research were of analytical grade and used
without further purification. The hexagonal prism ZnO
nanorods were grown on Zn foils by the following. Several
10 × 10 mm square Zn foils with 0.25 mm thick were cleaned
with deionized water and absolute alcohol in an ultrasound
bath and put in 30 mL of 0.05, 0.10, 0.20, 0.30, 0.40, and 0.50 g
KOH aqueous solutions, containing 1, 2, 4, 6, 8, and 10 times
of KOH in sequence. All of the solutions and zinc foils were
transferred into 50 mL Teflon-lined stainless steel autoclaves,
which were tightly closed, heated at 120∘C in a laboratory
electric oven for 24 h, and naturally cooled to room temper-
ature. In the end, the zinc foils were thoroughly rinsed by
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Figure 1: (a) XRD patterns and (b) Raman spectra of the as-
synthesized ZnO in 30 mL solutions containing 1 (0.05 g), 6 (0.30 g)
and 10 times (0.50 g) of KOH.

deionized water several times and alcohol, and dried at 70∘C
in an electric oven for 12 h for further characterization.

X-ray diffraction (XRD) operated on Philips X’Pert MPD
X-ray diffractometer with Cu K𝛼 radiation in the 2𝜃 of
20–70 deg with a scanning rate of 0.02 deg per step and
Raman spectroscopy on T64000 HORIBA Jobin Yvon at
50 mW Ar Laser with 514.5 nm wavelength were used to
determine phase, crystalline degree, purity, and vibration
modes. Their morphologies were characterized by scanning
electron microscopy (SEM, JEOL JSM-6335F) with an accel-
erating voltage of 15 kV across the LaB6 cathode. Their nanos-
tructures and growth direction were further investigated by
transmission electronic microscopy (TEM) and selected area
electronic diffraction (SAED) on a JEOL JEM-2010 TEM at
200 kV with LaB6 gun. At the end, optical properties of the
products were analyzed by a LS50B Perkin Elmer fluorescence
spectrometer in the wavelength range of 450–700 nm.

3. Results and Discussion

Figure 1(a) exhibits typical XRD patterns of the as-grown
ZnO on Zn foils, revealing that all diffraction peaks were
explicable in term of wurtzite ZnO structure with 𝑎 = 𝑏 =3.251 Å and 𝑐 = 5.208 Å (JCPDS No. 36-1451) [9]. Sharp
diffraction peaks indicate good crystalline degree of the as-
synthesized crystals without other impurities detection.

Degree of c orientation of the as-synthesized ZnO sam-
ples was explained by the relative texture coefficient (TC)
[10, 11] of the (002) peak calculated using the formula

TC002 = (𝐼002/𝐼0002)[𝐼002/𝐼0002 + 𝐼100/𝐼0100] (1)

TC002 is the relative texture coefficient of the (002) over (100)
diffraction peaks. 𝐼002 and 𝐼100 are the measured diffraction
intensities of the (002) and (100) peaks, including the cor-

responding 𝐼0002 and 𝐼0100 values of the randomly oriented
standard powder, respectively. For randomly crystallographic
orientation, the texture coefficient of ZnO is 0.5. In the solu-
tion containing 0.50 g KOH, calculated TC002 was 0.86, which
supported the preferential orientation of the as-synthesized
ZnO nanorods grown along the [002] direction on the Zn foil.

Wurtzite ZnO structure belongs to C4
6V (P63mc) space

group with two formula units per primitive cell, and all

atoms occupy the C3V sites. Group theory of wurtzite ZnO
structure predicts eight sets of phonon modes: A1 + E1 +
2E2 (Raman active), 2B2 (Raman silent), and A1 + E1 (IR
active). Moreover, the A1 and E1 symmetry are split into
longitudinal (L) and transverse (T) optical (O) components
due to the macroscopic electric fields associated with the
LO phonons. Figure 1(b) shows Raman spectra of the as-
synthesized ZnO nanorods. They show a dominant peak
of typical characteristic of the wurtzite ZnO structure at

439 cm−1, assigned to be the optical phonon E2H mode.

The weak peak at 332 cm−1 was assigned to be the second-
order Raman scattering arising from the zone/zero boundary
phonons E2H–E2L of multiphonon process, while the Raman
peak at 379 cm−1 is attributed to A1 symmetry with the
TO mode. Furthermore, Raman spectra of ZnO samples at
567 cm−1 are a contribution of the E1 (LO) mode which is
directly associated with oxygen vacancies. The stronger E1
(LO) mode indicates the presence of higher oxygen vacancies
inside [5, 12–14].

SEM images as shown in Figure 2 were investigated on
surfaces of Zn foils after hydrothermal treatment in 30 mL
solutions containing 1 (0.05 g), 2 (0.10 g), 4 (0.20 g), 6 (0.30 g),
8 (0.40 g), and 10 times (0.50 g) of KOH. An interesting
feature of the nanostructures grown on the bottom surfaces
exhibited the presence of aligned nanorods of ZnO with
the diameter ranging from 400 nm to 700 nm without the
detection of other nanostructures. The lengths of the ZnO
nanorods are in the range of several micrometers to even
longer than 5–7 𝜇m. These nanorods were enlarged and
lengthened in sequence with an increase in the degree of
basicity. The inset of Figure 2(f) demonstrates the hexagonal
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Figure 2: SEM images of the as-synthesized ZnO samples in 30 mL solutions containing (a) 1 (0.05 g), (b) 2 (0.10 g), (c) 4 (0.20 g), (d) 6
(0.30 g), (e) 8 (0.40 g), and (f) 10 times (0.50 g) of KOH.

Figure 3: TEM image and SAED pattern of hexagonal ZnO nanorod
in 30 mL solution containing 10 times (0.50 g) of KOH.

ZnO nanorod which was fully grown on Zn foil in the
solution containing 0.50 g KOH.

The hexagonal ZnO nanorods were also characterized
through TEM and SAED (Figure 3). TEM image reveals a
single hexagonal ZnO nanorod with smooth surface and the
preferred growth in the [002] direction. It shows the SAED
pattern of bright spots corresponding to hexagonal wurtzite
ZnO [9].

Based on the previous discussion, mechanism of the
growth and morphology of ZnO nanostructure can be pro-
posed as follows:

Zn + 2H2O + 2OH− → Zn(OH)42− + H2 (2)

Zn(OH)42− → ZnO + H2O + 2OH− (3)

The formation of Zn(OH)42− ions from Zn2+ and OH−

ions by a hydrothermal reaction is a key role in the formation
of hexagonal wurtzite ZnO nanorods. The primary ZnO

nanoparticles began to nucleate on Zn foil by the dissolution
of Zn atoms into the solution and the cause of concentration
gradient of Zn2+. The intrinsic electric fields of the polar
ZnO lattice could be responsible for further growth of

ZnO crystals, described as alternating planes of Zn2+ and

O2−, stacked along the c-axis. The oppositely charged ions
produced positively charged and negatively charged surfaces,
resulting in polarization along the c-axis. The preferred c-axis
orientation of ZnO nanostructure is driven by electrostatic
interaction between the polar charges to minimize surface
energy. Finally, ZnO nanorods grew on Zn foil as substrate
[15].

The main emission of ZnO nanorods can be assigned
as the recombination of free excitons. Other peaks probably
originated from position of band-edge emission of ZnO
of relatively large dimensions with different concentration
of native defects [16]. It is well known that visible pho-
toluminescence mainly originates from defect states of Zn
interstitials, zinc vacancies, and oxygen vacancies [17]. Photo-
luminescence (PL) of ZnO nanorods grown on Zn foils was
investigated using excitation wavelength of 214 nm at room
temperature as shown in Figure 4. PL spectrum of hexagonal
ZnO nanorods using 0.50 g KOH shows the highest strong
green light emission at 541 nm, due to the singly ionized
oxygen vacancies of ZnO, in accordance with other reports
[16–18].

4. Conclusions

In summary, densely aligned hexagonal ZnO nanorods on
Zn foils were synthesized by a 120∘C and 24 h hydrothermal
reaction. The XRD, SEM, and TEM analyses showed that the
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Figure 4: PL spectra of the as-synthesized ZnO in 30 mL solutions
containing 1 (0.05 g), 6 (0.30 g), and 10 times (0.50 g) of KOH.

as-synthesized products were pure wurtzite ZnO nanorods
with uniform hexagonal structure of 400–700 nm diameter
and 5–7 𝜇m long. Room temperature PL spectrum of the ZnO
nanorods exhibited one strong green light emission at 541 nm
due to the singly ionized oxygen vacancies inside.
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We report here the growth and characterization of functional oxide nanowire of hole doped manganite of La0.5Sr0.5MnO3 (LSMO).
We also report four-probe electrical resistance measurement of a single nanowire of LSMO (diameter ∼45 nm) using focused ion
beam (FIB) fabricated electrodes. The wires are fabricated by hydrothermal method using autoclave at a temperature of 270 ∘C.
The elemental analysis and physical property like electrical resistivity are studied at an individual nanowire level. The quantitative
determination of Mn valency and elemental mapping of constituent elements are done by using Electron Energy Loss Spectroscopy
(EELS) in the Transmission Electron Microscopy (TEM) mode. We address the important issue of whether as a result of size
reduction the nanowires can retain the desired composition, structure, and physical properties. The nanowires used are found to
have a ferromagnetic transition (𝑇𝐶) at around 325 K which is very close to the bulk value of around 330 K found in single crystal of
the same composition. It is confirmed that the functional behavior is likely to be retained even after size reduction of the nanowires
to a diameter of 45 nm. The electrical resistivity shows insulating behavior within the measured temperature range which is similar
to the bulk system.

1. Introduction

Nanowires of functional oxide materials because of their
unique one-dimensional-like structural characteristics and
size effects exhibit many novel physical properties that are
different from their bulk counterparts. It had been shown
before that down to size range of 40 nm the ferromagnetic𝑇𝐶 is enhanced in nanowires of La0.67Ca0.33MnO3 [1]. In
past studies nanowires of La0.67Ca0.33MnO3 were grown
within templates [1, 2]. The enhancement in 𝑇𝐶 of nanowires
corroborates the enhancement in 𝑇𝐶 of nanoparticles of
same materials [3]. Our motivation is to investigate to what
extent nanowires of complex oxides such as manganites retain
their functionality and physical properties on size reduction
when the wires are grown by hydrothermal method. The
1D nanostructures with well-controlled size, phase purity,
crystallinity, and chemical composition are synthesized by

hydrothermal method in this paper. As a result, the retention
of the composition and structural and physical properties on
size reduction are important issues that need to be estab-
lished. Often such structural characterizations are done at
average level on an ensemble of nanowires. However, cha-
racterizations at the level of a single nanowire using spatially
resolved tools are needed. In the present work we have
used spatially resolved technique like TEM-based EELS to
investigate the chemical composition along with other struc-
tural and microscopic tools. Importantly we are able to carry
out four-probe electrical measurement using FIB grown con-
tacts on a single nanowire of diameter ∼ 45 nm.

The nanowires of functional oxides can be fabricated
by different methods like template-assisted growth along
with chemical solution processing [4], laser-assisted vapor-
liquid-solid phase growth [5], lithography, solvothermal
method [6], hydrothermal process [7], and so forth. All the
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Figure 1: SEM image of collection of nanowires.

above-mentioned methods have their own advantages and
disadvantages. We have already reported template-assisted
growth of functional oxide nanowires by sol-gel synthesis
method and magnetic properties of such nanowires [3, 8].
We report here template free fabrication of single-crystalline
nanowires (∼50 nm, length ∼1–10 𝜇m) of hole doped mangan-
ite of La0.5Sr0.5MnO3 (LSMO) using hydrothermal method.
Though this method is suffering from size (diameter) disper-
sion, it has the advantage of high throughput.

2. Experimental Details

Functional oxide nanowires of hole doped manganite
La0.5Sr0.5MnO3 (LSMO) were fabricated by hydrothermal
synthesis using autoclave. MnCl2, 4H2O, La(NO3)3, 6H2O,
and Sr(NO3)2 were used as precursor materials; KOH served
as mineralizer, while KMnO4was used as oxidizer. The
precursor materials were dissolved in deionized water, and
KOH was added while stirring to adjust the alkalinity of
the solution [7]. The initial mole ratios of the input species
were 0.6KMnO4 : 1.4MnCl2⋅4H2O : 1.0La(NO3)3⋅ 6H2O : 1.0
Sr(NO3)2 : 400H2O : 70KOH. The reaction mixture was vig-
orously stirred and poured into an autoclave. The main reac-
tion was done in a Teflon vessel which has to be placed in a
stainless steel autoclave for higher temperature hydrothermal
treatment. The Teflon vessel was filled till 80% of its volume,
and then this vessel was placed in the stainless steel container.
The crystallization reaction was performed at 270∘C for 30
hours. After the reaction, the autoclave was cooled and dep-
ressurized; the products were washed with deionized water
and dried in an oven at 120∘C for overnight. A black powder
that contains the nanowires was finally obtained.

Nanowires were characterized by using different char-
acterization tools like X-ray diffraction, Scanning Electron
Microscope (SEM), Energy Dispersive Analysis of X-ray
(EDAX), and High Resolution Transmission Electron Micro-
scopy (HRTEM). The phase formation and phase purity
were confirmed by powder diffraction X-ray. The data
was taken by PANalytical X’Pert PRO Laboratory powder
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Figure 2: XRD pattern of La0.5Sr0.5MnO3 nanowires confirms the
phase formation and phase purity.

X-ray diffractometer with Cu K𝛼 radiation. The diameter
and length of the wires are around 20–50 nm and 1–10
micron, respectively, confirmed by Quanta FEI 200 Scanning
Electron Microscope (SEM) and 200 KV Tecnai G2 TF-20
Transmission Electron Microscope. The stoichiometry of the
compound LSMO was determined using TEM-EDAX.

To establish the retention of composition on size reduc-
tion, we have used TEM-based Electron Energy Loss Spec-
troscopy (EELS) to investigate the chemical composition at a
single nanowire level [9]. 200 kV Tecnai G2-TF-20 TEM with
a Gatan parallel detection EELS spectrometer was used for
this study. The unknown Mn valency of LSMO nanowire is
estimated from EELS. Energy Filtered Transmission Electron
Microscopy (EFTEM) mode was done to image the distribu-
tion of constituent elements within the nanowire. In addition
to the basic characterizations the magnetic nature of the
nanowires was determined by a commercial Physical Prop-
erty Measurement System (PPMS).

To make the four-wire electrical contacts on a single
nanowire, we have dispersed the nanowires on SiO2 sub-
strate. A single nanowire of LSMO of diameter ∼45 nm was
connected to Cr/Au contact pads by interconnectors made
of Pt deposited by FIB (FEI-HELIOS 600) using Ga ions at
a voltage of 30 keV and beam current of 80 pA. The tem-
perature variation of resistivity of a single nanowire down to
liquid helium temperature (5 K) was done by using cryogenic
cryocooler model SRDK 305.

3. Results and Discussions

3.1. Structural and Elemental Characterization. A typical
collection of nanowires obtained from autoclave is given in
Figure 1. Phase formation and phase purity were checked
with X-ray diffraction measurement shown in Figure 2. It
is the tetragonal structure of the space group I4/mcm, it
compares well with bulk values [10], and it matches well with
the data reported in ICSD pattern (ref. code: 01-089-0786).
The lattice parameters are 𝑎 = 0.545 nm, 𝑏 = 0.545 nm, and𝑐 = 0.770 nm. From the structural characterization (shown
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Figure 3: (a) Single nanowire of diameter around 45 nm, (b) the selected area diffraction pattern taken with a Transmission Electron
Microscope, and (c) HRTEM image shows the single crystalline nature of LSMO nanowires.

in Figure 2) of hydrothermally grown nanowires, it has been
observed that we could form single tetragonal phase of LSMO(𝑥 = 0.5) nanowires which has no impurity.

3.2. Transmission ElectronMicroscopy. The wires were grown
of different diameters and lengths ranging 20–50 nm and 1–
10 micron, respectively. The TEM image of a single nanowire
is shown in Figure 3(a). The single crystalline nature of the
nanowires was confirmed from the diffraction pattern and
HRTEM images shown in Figures 3(b) and 3(c). The lattice
spacing is around 3.11 Å, and (hkl) values are estimated from
diffraction pattern data. Nanowires fabricated are of pure
phase and single crystalline in nature. It has been observed
from the TEM-EDAX data that the atomic percentage ratio
(La : Sr) : Mn : O is approximately 1 : 1 : 3 which is the desired
composition. We have done the TEM analysis on many single
nanowires across the length of the nanowires, and it shows
single crystallinity throughout the length.

3.3. Elemental Analysis Using EELS. The elemental analysis
of these nanowires was done by EELS on different single
nanowires repeatedly and estimated the valency of Mn from
the calibration curve shown in Figure 4(a). We have deter-
mined Mn valency using the white lines (L2, L3 ionization
edges of Mn) and the intensity ratio of L3 and L2 lines
[11]. The intensities of L3 and L2 lines are related to the
unoccupied states in the 3d bands. Transition from Mn 2p
shell is actually split into two components separated by spin
orbit splitting of the ionized 2p core level. Transitions from

2p3/2 to 3d3/2 3d5/2 and from 2p1/2 to 3d1/2 are L3 and
L2 lines, respectively. Comparing the intensity L3/L2 ratio
of Mn of LSMO nanowire and that of Mn with known
valency of some compounds, quantitative determination of
Mn valency of our sample was evaluated [9]. The intensity
ratios of L3 and L2 lines of different Mn oxide compounds as
a function of their known valency are plotted in Figure 4(a).
This curve serves as the calibration curve from which the
valence state of unknown materials can be obtained by using
the observed intensity ratios. From the calibration curve, we
have estimated the valency of Mn of LSMO nanowire. The Mn

Table 1: Comparison of 𝑇𝐶 and valency of LSMO nanowires with
the bulk.

Sample 𝑇𝐶 (K) Mn valency

LSMO bulk 330 3.5

LSMO nanowire 325 3.5

valency is of the order of ∼3.5, and it is very close to its bulk
value as shown in Table 1. Energy Filtered TEM image was
taken to check the homogeneity of the elemental distribution
in each nanowire. Figure 4(b) shows the EFTEM image of
LSMO nanowire, where red, green, blue, and yellow colors
are used for elements O, Mn, La, and Sr, respectively. The
EFTEM analysis shows that all the constituent elements La,
Sr, Mn, and O are homogeneously distributed within the
nanowire.

3.4. Magnetic Measurements. The results of magnetic mea-
surements are shown in Figure 5. It has been observed from
the temperature variation of magnetization data that the
LSMO nanowires undergo a transition from ferromagnetic
(FM) to paramagnetic (PM) phase around 325 K shown in
Figure 5(a). The observed 𝑇𝐶 was compared with the phase
diagram of bulk LSMO [12], shown in Table 1. Field variations
of magnetization (𝑀 versus 𝐻) were done at 300 K and 5 K
in Figure 5(b). The nanowires show ferromagnetic behavior
with large coercivity ∼645 Oe at 5 K shown in the inset of
Figure 5(b).

Based on the magnetic data and the work on magne-
tocaloric study on these LSMO (𝑥 = 0.5) nanowires [13], we
have observed the signatures of three distinct magnetic tra-
nsitions from the change in magnetic entropy −Δ𝑆𝑀(𝑇): two
maxima at 290 K and 45 K and a minimum at 175 K. The max-
imum at 290 K arises due to PM-FM transition, and around
175 K the transition is due to antiferromagnetic (AFM)
transition. The above two transitions are also observed in
bulk LSMO (𝑥 = 0.5) sample [14–16]. Around 45 K there
is one maximum in the magnetization curve; this behavior
is not seen in bulk. We have explained this transition as
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Figure 5: (a) Temperature variation of magnetization data of LSMO at 100 Oe and (b) plot of field variation magnetization of LSMO at 5 K
and 300 K.

FM transition as observed in the magnetic entropy change
plot [13]. From the magnetic measurements and from our
previous magnetocaloric study [13], we can infer that the
hydrothermally grown nanowires show the basic ferromag-
netic property as seen in bulk.

3.5. Electrical Resistivity Measurement

3.5.1. Fabrication of Contact Pads Using FIB. For resistivity
measurement Cr/Au contact pads are deposited on SiO2

substrate by thermal evaporation using hard mask as shown
in Figure 6(a). Using Helios Dual Beam System consisting
of an FEG source and an ion beam source, we have located
one single nanowire of diameter ∼45 nm as shown in Figure
6(b). The electrical contact pads were deposited by using a Pt
source by Focused Electron Beam (FEB), and then these four
pads were finally connected to the prefabricated gold contact
pads by FIB, shown in Figure 6(c). The separation between
two consecutive probes is around ∼300 nm. Each contact pad
has width of ∼300 nm.
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(a)
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Figure 6: (a) Cr/Au contact pads deposited on SiO2 substrate by thermal evaporation using hard mask, (b) SEM image of single nanowire of
diameter ∼45 nm, and (c) SEM image of four-wire electrical contact made of Pt by using FIB. The white lined arrows in (a) indicate the area
where the nanowires are dispersed and made contact with FIB. The yellow lined arrow indicates that nanowire is connected to four contact
pads by Focused Electron Beam (FEB), and after that these are connected to gold contact pads by FIB.

3.5.2. Transport Measurement on Single Nanowire. The resis-
tivity data are plotted in Figure 7(a) as a function of temper-
ature which were taken at a current of 1 𝜇A.

We are able to make proper electrical contact and have
measured the resistivity of single nanowire of LSMO (𝑥 =0.5). Variation of resistivity as a function of temperature
plotted in Figure 7(a) shows insulating behaviour within the
measured temperature range. The behaviour is similar to that
seen in the bulk LSMO (𝑥 = 0.5) system [14]. The com-
parison of the resistivity of nanowire compared to the bulk
ceramic sample is depicted quantitatively in Figure 7(b). The
bulk sample was prepared by ceramic method which shows
quite higher resistivity than the nanowire. The 𝜌 at 5 K is

around 2.7 × 10−3 Ω-m measured at 1 𝜇A current, and the
resistivity at the highest temperature (310 K) is 4 × 10−5 Ω-m.
We have fitted our conductivity data with variable range hop-

ping model (𝜎 = 𝜎0 exp (−(𝑇0/𝑇))1/4) appropriate for whole
temperature ranges (∼10 K–310 K) as shown in inset of Figure
7(a) [17]. We have found the characteristic temperature (𝑇0)
and density of states (DOS) at Fermi level (𝑁(𝐸𝐹)) from
the fitted equation. From the slope of the fitted curve the
estimated 𝑇0 is ∼2.4 × 104 K. 𝑁(𝐸𝐹) is related to 𝑇0 by the

relation 𝑁(𝐸𝐹) = (24/𝜋𝑎3𝐾𝐵𝑇0), where 𝑎 is localization
length (∼0.39 nm) which is around one unit cell. From

measured 𝑇0, we obtain 𝑁(𝐸𝐹) ∼ 6.22 × 1022 eV−1 cm−3

or 1.55 × 1043 J−1 mole−1. From heat capacity data for a
similar compound (LSMO 𝑥 = 0.3) we obtain 𝑁(𝐸𝐹) ∼0.96 × 1043 J−1 mole−1 [18]. The two DOS values are quite
comparable, and this validates the use of VRH model for the
electrical conduction in the nanowire.

4. Conclusions

We have demonstrated the fabrication of functional oxide
nanowires of Sr doped lanthanum manganite system using
autoclave and have used EELS as a tool to study the elemental
composition of LSMO nanowires of diameter ∼45 nm. From
the EELS and magnetic measurements it has been observed
that the nanowires retain the desired composition as well as
basic ferromagnetic property, though 𝐻𝐶 increases even after
the size reduction down to ∼45 nm. Finally we are able to
make four-probe contacts to a single nanowire and perform
the electrical transport measurements on a single nanowire
down to 5 K. The resistivity from 310 K down to 10 K shows
variable range hopping.
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Spin transport properties of magnetic nanowire systems—atomic-sized AlN nanowires with additional Mn impurities—are
investigated employing ab initio constrained spin density functional theory calculations and nonequilibrium Green’s functions
formalism. The analyzed nanowire structures exhibit a stress-induced phase transition, between würtzite and graphite-like
configurations. In these quasi-one dimensional systems, the surface states ensure the basic prerequisite in establishing spin and
charge transfer, by reducing the relatively large bandgap of the group III nitride semiconductor. The results show in how far this
phase transition affects the surface states, focusing on the consequences which appear in the spin-filtering processes.

1. Introduction

Group-III nitride nanowires provide nowadays a vast number
of applications, ranging from chemical [1, 2] and temperature
sensors to nanomechanical resonators, thermoelectrical [3]
and field emitter [4] applications. In particular, since AlN
is a wide bandgap (∼6.2 eV) semiconductor, it has become
a strong candidate for optoelectronic devices in the UV
regime. AlN nanowires are currently produced by a number
of techniques, such as self-patterning [5], direct arc discharge
[6], or from Al powder [7]. Moreover, inserting transitional
metal (TM) impurities (e.g., Mn), attempts have been made
in order to produce ferromagnetic quasi-one dimensional
diluted magnetic semiconductors [8].

Although the native structure of bulk AlN is würtzite
(WZ, space group 𝑃63 mc), it was established that ultrathin
nanowires occur naturally in a graphite-like (GL, space group𝑃63/mmc) phase [9–11]. However, upon applying pulling
stress, the structures may retain the WZ configuration.
Switching between these two configurations can occur due to
thermal fluctuations or mechanically induced stress and this
has a large impact in both charge and thermal transport.

The surface states play a significant role in the conduction
properties of the nanowires, as they reduce the wide bandgap,
which is found in the bulk semiconductor. In contrast to

bulk AlN, which has rather good insulating properties, the
atomic sized nanowires can achieve reasonable conduction.
Therefore, the structures can be regarded as viable solutions
for the active region in field effect applications. It is also
important to emphasize that it is essential for the nanowire
systems to retain a small bang gap (up to ∼1-2 eV), that is,
semiconducting behavior, in order to have an efficient field
effect control exerted by an external gate.

The AlN nanowires may also provide the low dimensional
building blocks for the future spintronic devices, since fer-
romagnetic ordering has been observed in the bulk semi-
conductor, doped with Mn impurities [12]. Specific studies
on nanowire systems report experimental observation of
ferromagnetic ordering [8], as well as the influence of the wire
passivation on the stability of the ferromagnetic ground state
using ab initio investigations [13]. Nonmagnetic dopants, for
example, Mg, can produce unconventional magnetism in
AlN nanowire systems, due to the interplay between the low
dimensional effects generated by confinement and surface
states [14].

In this paper the spin filtering effects are investigated in
AlN atomic-sized nanowires with additional Mn impurities,
with the main focus on the differences which arise by
switching between the two structural configurations, WZ and
GL. The GL phase corresponds to the freestanding nanowire,
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Figure 1: Pristine WZ nanowire and structures with one or two Mn
impurities.

Figure 2: Pristine GL nanowire and structures with one or two Mn
impurities.

while the WZ phase is obtained by tuning the applied
axial stress. The contribution of the surface states to the
spin transport is comparatively analyzed. The results convey
the possibility of using AlN nanowires as nanomechanical
spintronic devices, where the spin detection can indicate the
magnetic and structural state of the system.

2. Structures and Methods

The structures considered are AlN nanowires with one or two
additional impurities, depicted in Figures 1 and 2. The GL
configurations correspond to free-standing wires, while the
WZ structures are obtained by applying an external pulling
stress. The nanowires are functionalized by introducing
additional Mn impurities on the surface. Depending on the
magnetic moments of the impurities the two components of
spin current are scattered differently. For the systems consid-
ered here it is expected that the transmission is less affected
compared to structures with substitutional TM impurities.
However, one needs to asses in how far the adatoms can
still produce a reasonable spin current polarization and,
furthermore, evaluate the potential differences introduced by
switching between the two structural configurations.

The ab initio calculations are performed in the frame-
work of density functional theory (DFT), using the SIESTA
package [15]. The magnetic structures are investigated using
constrained spin-DFT calculations, in the local spin density
approximation (LSDA), with the parametrization proposed
by Ceperley and Alder. In the supercell approach imple-
mented by SIESTA, the real space grid was set by a cutoff
energy of 300 Ry, and a Monkhorst-Pack scheme to 1 ×1 × 5 𝑘-points was considered. In order to obtain the
atomic coordinates, structural relaxations are performed. The
starting point is the pristine AlN nanowire in the WZ phase,
which is the native configuration of the bulk material. The
initial lattice parameters correspond to the bulk system, that

is, 𝑎WZ
0 = 3.112 Å, 𝑐WZ

0 = 4.982 Å. The system is relaxed using
a maximum displacement of 0.1 Å until the forces are less
than 0.04 eV/Å. The final configuration obtained for the free-
standing wire is the hexagonal GL phase. In the GL structure
the Al and N atoms are placed in alternating positions in

hexagonal layers, with the lattice constant 𝑎GL = 1.97 Å,
that is, the in-plane distance between two successive Al and
N atoms. The distance between the hexagonal layers, which

are equally spaced, is 𝑐GL = 1.87 Å. The lattice constant
along the wire direction is therefore reduced from 4.982 Å

to 2𝑐GL = 3.74 Å. However, by applying a pulling force
of 0.40 nN, the wire retains the original WZ configuration,

with slightly modified lattice parameters, 𝑎WZ = 2.79 Å,𝑐WZ = 4.86 Å. The lattice parameters generally depend on the
applied axial stress.

The spin dependent transmission functions are extracted
using the non-equilibrium Green’s functions (NEGF) formal-
ism, which is implemented in TRANSIESTA [16]. The scatter-
ing region consists of four unit cells, with a total of 48 atoms
and it is coupled to the left/right semi-infinite electrodes. The
effects introduced by the additional Mn impurities, which
are present on the nanowire surface, can be observed in the
calculated transmission functions corresponding to the two
spin channels, 𝑇↑ and 𝑇↓. The total transmission function can
be found for a total energy 𝐸 using the relation𝑇 (𝐸) = Tr [Γ𝐿𝐺𝑟Γ𝑅𝐺𝑎] , (1)

where 𝐺𝑟/𝑎 are the retarded/advanced Green’s functions andΓ𝐿/𝑅 are the self-energies corresponding to the couplings with
the two contacts. In linear regime, the efficiency of a spin-
filter device can be defined using the transmission of each
spin component [17]:

𝑝𝑠 = 𝑇↑ − 𝑇↓𝑇↑ + 𝑇↓ , (2)

where 𝑠 indicates the structural configuration, 𝑠 = WZ, GL.

3. Results and Discussion

As it was already pointed out in the introduction, the surface
states which appear in the considered quasi-one-dimensional
structures effectively reduce the bandgap of the aluminium
nitride. Figure 3 shows the total and partial densities of
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Figure 3: Total (black) and partial density of states for WZ and GL
structural configurations. The contribution of the 𝑝 orbitals of nitro-
gen (green) and 𝑠, 𝑝 orbitals of aluminium (red) are represented. The
arrows mark the minibandgaps between the valence band and the
first group of surface states.

Figure 4: Spin densities for nanowires in the WZ configuration,
with one and two Mn impurities. Both ferro- and antiferromagnetic
configurations are indicated.

states (DOS) of the ideal nanowires, for the two structural
configurations. One can see that the mini-bandgaps which

appear, 𝐸WZ
𝑔 ≈ 1.2 eV and 𝐸𝐺𝐿𝑔 ≈ 2.5 eV, are significantly

smaller than the bandgap of bulk AlN. In both WZ and GL
phases, the valence band is formed by 𝑝 orbitals of nitrogen.
For the WZ nanowire the first group of surface states is
formed by both 𝑠 and 𝑝 orbitals of aluminium, while for
the GL configuration there is also a noticeable contribution
from the 𝑝 orbitals of nitrogen. It is important to note that
in the case of WZ nanowire there is an effective bandgap
comparable with the one of bulk silicon, which suggests the
atomic sized structure is suitable for spin and charge transfer
applications.

Next, by introducing the Mn adatoms, the spin densities
are comparatively analyzed for WZ and GL structures and a
clear qualitative difference can be observed in Figures 4 and

Figure 5: Spin densities for nanowires in the GL configuration,
with one and two Mn impurities. Both ferro- and antiferro-magnetic
configurations are indicated.

5. For the two impurity cases, both ferro- (FM) and antiferro-
magnetic (AFM) configurations of the magnetic moments are
investigated. As expected, the spin polarization is maximum
at the location of the magnetic impurities. In the case of WZ
nanowire, there is also a large polarization of neighboring Al
and N atoms, which are otherwise nonmagnetic. Opposite
spin polarizations can be observed at the first and second
order neighbors. This is in contrast with the case of the GL
structure, which has better insulating properties and the net
spin density remains confined at the magnetic adatoms. In
the case of two impurities, placed symmetrically to one of
the planes which bisect the structures in two identical halves,
a mirrored symmetry in the spin density can be noticed.
This has consequences in the spin transport, where both
components of spin current are equally transmitted, that is,
the net spin current is zero. Thermal excitations as well as
small magnetic fields can switch the magnetic state of the
impurities from FM to AFM, turning on and off the spin
current. This suggests the possibility of using the considered
magnetic nanowires as building blocks for high sensitivity
temperature and magnetic field sensors.

The spin resolved transmission is depicted in Figures 6
and 7, for systems with one and two magnetic impurities,
respectively. The pristine non-magnetic nanowires are first
analyzed in both WZ and GL configurations. In this case
each propagating mode adds one unit plateau to the total
transmission. The ideal transmission follows closely the
density of states plotted in Figure 3. The adatoms placed
on the nanowire surface introduce a selective scattering
on the two spin components, depending on the preset
magnetic configuration. Contrary to the situation where the
magnetic impurities are placed substitutional, in this case
the transmission is rather close to ideal. More significant
scattering is visible in the energy range corresponding to the
first group of surface states. The mini-gaps are consistent
with the previously obtained values from the DOS analysis.
For the systems with the pair of magnetic impurities in the
AFM configuration, there is a rather similar transmission
function with the one indicated in Figures 6 and 7, with major
qualitative difference that in this case one has 𝑇↑ = 𝑇↓.

The spin polarization depends on the intricate scattering
processes, which follow from the addition of magnetic impu-
rities and which are also dependent on the magnetic configu-
ration. Due to the sharp variations present in the transmission
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Figure 6: Transmission versus energy for nanowires in the WZ and
GL configurations: pristine nanowire (black) and nanowires with
one Mn impurity; 𝑇↑ (red) and 𝑇↓ (blue) are represented. The Fermi
level is located at 𝐸 = 0.

functions, polarizations close to unity are possible. However,
they occur on small energy ranges. Therefore the data
indicated in Figure 8 was averaged on energy intervals of ∼
25 meV, consistent with realistic thermal fluctuations. By this
procedure, spin polarizations above 20% can still be achieved
for the GL structures. Focusing on the first group of surface
states, one can notice that the differences between the one-
and two-impurity cases are smaller for the GL structure,
when compared to its WZ counterpart. This indicates the
potential robustness of the spin characteristics with respect
to adding one extra impurity.

To conclude, both WZ and GL structures with Mn
adatoms exhibit reasonable transmission and are able to
produce detectable spin polarization. The reduced bandgaps
offer the possibility of using the magnetic AlN nanowires in
spintronic field effect applications.

4. Conclusions

AlN nanowires with Mn adatoms are investigated using con-
strained spin-DFT calculations. The phase transition between
the würtzite and graphite-like configurations is discussed in
the context of exploring the spin transport properties. A gen-
eral feature of the analyzed quasi-one dimensional structures
is the reduction of the band gap, down to ∼1.2 eV for the
WZ nanowire. Consequently, although bulk AlN is a wide
bandgap semiconductor, it is suitable for atomic sized devices
which employ the field effect. With the additional impurities
placed on the surface of the nanowires, the scattering is
reduced and the transmission is at a significant ratio, when
compared with the ideal case. However, one or two Mn
impurities in the ferromagnetic configuration still provide a
reasonable spin separation and the net current may be further
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Figure 7: Similar data as in Figure 6 for nanowires with two Mn
impurities, in the ferromagnetic configuration.
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Figure 8: Spin polarization (absolute value) for WZ and GL
nanowires with one (black) or two (red) impurities. The arrows
indicate the mini-bandgaps.

manipulated in a spintronic device. Taking advantage of the
symmetries, it was shown that the considered structures in
the antiferro magnetic configurations provide zero net spin
current. By switching the magnetic states of the impurities, a
detection mechanism is provided. Applying axial stress, the
changes in the spin transfer characteristics can be pointed
out. The analyzed nanowire systems can therefore provide
the building blocks for integrating both nanomechanical and
spintronic devices.
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Received 12 December 2012; Accepted 17 February 2013

Academic Editor: Lijun Ji
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During the electrospinning process the web of nanofibres is manufactured by means of electrostatic forces between two electrodes.
The diameters of nanofibres usually differ and they depend on various parameters. The different fineness of fibres influences the
structure of the web and herewith the end-use properties of such kind of nanomaterial. Analysis of nanofibres diameters distribution
also shows big differences; even more, the distributions are not spread along the normal distribution. Understanding the influence
of electrospinning parameters and the reason why the shapes of distributions are so sophisticated is very important. The goal of this
paper is to analyse the distribution of diameter and to propose the new criterion for nanofibres diameter comparison and web of
nanofibres estimation. In this paper the influence of covering time of support material on structure of PA6.6 nanofibre web has been
investigated. It was estimated that this parameter does not have a significant influence on the average diameter of nanofibres, and
only the structure of web has been influenced by the changes in covering time. According to the results provided the phenomena
of nanofibres sticking on the support material at the time of electrospinning can be proved and explained.

1. Introduction

Electrospinning is one of the most common processes used
for nonwovens production. The diameters of electrospun
fibres diameter may range from 10 nm to 1500 nm [1]. It has
been discovered that the diameter of nanofibres and the final
properties of the produced nonwovens depend on type of
polymer, solution properties (viscosity, conductivity, surface
tension, etc.), applied voltage, distance between electrodes,
coating time of support material, air humidity, and temper-
ature [2–5]. The diameter of the fibre is arguably the most
important factor for determining the quality of nonwoven
structure. So, it is very important to understand how the
diameter of fibre and its distribution is affected by various
parameters [6].

There are a lot of studies analyzing the influence of various
parameters on nonwoven structure. The analysis of such
studies shows that in some cases the different researches,
analyzing the influence of the same factor on the structure of
nanofibres, obtain different results. The reasons of different
conclusions can be explained in several ways. According to

one of them, in some cases the authors do not analyze the
dispersions of nanofibres diameter. The other reason—quite
often the authors skip the description of the main parameters
which may have a significant influence on nonwoven struc-
ture. It is possible that the mismatches of the results occur
because of the lack of common methodology for nanofiber
diameter characterization.

While analyzing the literature sources we noticed that
the measurements of nanofibres diameter are distributed
in unclear distribution and the shapes of all distribu-
tions always differ. Ellison et al., Tsimpliaraki et al., and
Gu et al. [7–9] state that the measurements of nanofi-
bres diameter are distributed by log normal distribution.
Dosunmu et al. [10] states that distribution of electrospun
nanofibres could be well fitted as normal distribution in log
normal scale. But log normal distribution does not have the
theoretical background in electrospinning process, because
this process does not depend on the time and all nanofibers
in the web are being manufactured simultaneously. Usually
the values of fibres diameter of various textile materials are
distributed by normal distribution [11]. But sometimes the
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shapes of the distributions of nanofibres diameter are not
similar to this one.

It is impossible to compare the average values when
dispersions of diameter are different, so it is absolutely wrong
way to estimate the web of nanofibres, in order to compare
parameters having different kinds of distribution. According
to mathematical statistic point the average value of nanofibres
diameter (if they are distributed in not normal distribution)
cannot characterize the nanofibres precisely, because changes
in average values do not suppose changes in modal value and
other characteristics. It means that in order to compare the
diameter of nanofibres with an average value it is necessary
to use the other characteristics too.

In our previous study [12] the similarity of empirical
distribution of nanofibres diameters to the compound distri-
bution, consisting of several normal distributions, has been
noticed. The compound distribution is a characteristic of
blended spun yarns, received from several kinds of fibres. It
means that the web of nanofibres consists from nanofibres
of different diameter. There is no single opinion about the
reasons of this phenomenon. It is possible that the web
of nanofibres forms when nanofibres in the distance from
Taylor cone to the other electrode do not separate completely.
Although the possibility also exists that the web of several
kinds of fibres forms depending on the sticking of nanofibres
at the time when they are moved to other electrode. The
goal of this paper is to analyse the dispersion of nanofibres
diameter and to check the hypothesis about the possibility of
the sticking of several nanofibres.

2. Method of Distribution Calculation

In our previous study [12] the method of dividing the
compound distribution into several normal distributions had
been presented. The first normal distribution was calculated
using the following method: empirical values up to the modal
value of the total distribution were set as the points of the left
part of the first normal distribution. It has been considered
that the diameter of nanofibres had been distributed in
normal distribution, so the right part of the first normal
distribution was marked as symmetrical points of the left side.
The first normal distribution has been calculated according
to the probability density. The left part of the second normal
distribution has been calculated as a difference between
empirical measurements and measurements calculated by the
first normal distribution. The right part of empirical values
and the second normal distribution have been calculated
similarly as in the previous case. All normal distributions
have been calculated using this method. Finally the com-
pound distribution has been calculating by summarising
the values of all normal distributions. The coefficient of
determination confirmed the correlation of empirical curve
with the compound distribution. This method can be used
for dividing a compound distribution into several normal
distributions.

The main disadvantage of this method is sophistication
of compound distribution calculation. For this reason the
short-cut method of the quality of nonwoven structure

estimation has been presented [13]. The short-cut method
is more straightforward and is based on the modal value
of empirical values. The points of the modal value of the
empirical distribution are called the points of left part of
the first normal distribution. It has been considered that
diameter of nanofibres is distributed by normal distribution,
and in the other side of modal value the symmetrical points
were marked. The results calculated by both methods were
identical.

The obtaining of compound distribution confirms that
the web of nanofibres at the electrospinning process consists
of different kinds of nanofibres.

3. Material and Methods

An 8% solution of PA6.6 in 85% formic acid was gently
stirred at ambient temperature for 12 hours until the polymer
granules dissolved completely. The nonwoven web from
PA6.6 nanofibres had been formed using the electrospinning
equipment “Nanospider” (Figure 1). The principle of this
equipment includes the rotating roller which is submerged
in a bath filled with polymer solution. The Taylor cones
with increasing electrostatic forces are formed on the rotat-
ing roller. When electrostatic forces overcome the surface
tension, a jet of polymer solution is ejected from the Taylor
cone and it is directed up to the support material [14].
During this experiment the electrode with narrower tines has
been selected as it is easier to form PA6.6 nanofibres. The
sufficiently powerful electric field is not formed by means of
the cylindrical electrode; consequently the continuous flow of
Taylor cones cannot be formed. According to the electric field
theory, the major supply of electric charge has been collected
on the top of tines, where the surface curvature is greater and
the surface electric field density in these places is higher. As a
result, the continuous flow of Taylor cones can be formed on
the tines [15].

During all experiments, the ambient temperature was
T = 24 ± 2∘C, the humidity was 𝜙 = 50 ± 2%. The distance
between electrodes was 13 cm. The applied voltage was 70 kV.
Experiment has been carried out by changing the duration of
support material covering. The speed of support material was
v = 0.010 m/s, the time of covering t = 25 s (indicate I); v =
0.006 m/s, t = 41 s (II); v = 0.002 m/s, v = 125 s (III).

The structure of received nanofibres web has been ana-
lyzed by Scanning Electron Microscopy (SEM)—SEM-FEI
Quanta 200 (Netherlands). The value of diameter of PA6.6
nanofibres was measured from SEM images by LUCIA Image
5.0 programme, with an accuracy ± 0.01 nm. Nanofibres have
been measured using the 5 different SEM images.

4. Results

Nanofibres have been manufactured from PA6.6 solution
of 8% concentration. The first series of experiments were
carried out at the speed of support material 0.010 m/s, the
second 0.006 m/s, and the third 0.002 m/s. With decreasing
in speed the covering time of support material increased from
25 s to 125 s. The influence of the speed (and herewith the
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Figure 1: Principal scheme and photo of electrospinning technique “Nanospider”: 1: upper electrode, 2: bath with polymer solution, 3: rotating
roller with tines, 4: support material, L: the distance of support material, which is covered with a layer of nanofibres (250 mm).

(a) (b) (c)

Figure 2: SEM images of electrospun PA6.6 mats when the speed of support material was (a) v = 0.010 m/s, t = 25 s (I); (b) v = 0.006 m/s, t
= 42 s (II); (c) v = 0.002 m/s, t = 125 s (III).

covering time) of support material on PA6.6 nanofibres web
morphology is presented in Figure 2.

As is seen from Figure 2, at the higher speed of support
material fewer nanofibres cover it. During the tests the 5 SEM
images for each variant of speed have been analysed. The 165
diameters of PA6.6 nanofibres for the I variant, 200 diameters
of nanofibres for II variant, and 288 nanofibres for III variant
were found and measured. The density of nanofibres was
calculated by number of nanofibres in SEM images. The
following density has been established—23 nanofibres for I
variant, 29 nanofibres for II variant, and 42 nanofibres for
III variant in 100 𝜇m2. The results showed that the speed
(also the covering time) of support material does not have
significant influence on the average value of PA6.6 nanofibres
diameter, as the difference is less than ± 3.5% (I 𝑑average =
357 nm; II 𝑑average = 373 nm; III 𝑑average = 382 nm), while
the density of fibres depends on the speed. That means that
the structure of web needs a deeper analysis. In the next
step of investigations the dispersions of PA6.6 nanofibres
have been studied. The frequency distributions of all series
of experiment are presented in Figure 3.

First of all Figure 3 demonstrates that the diameter of
nanofibres in all cases is distributed in different distributions.

In histogram which is presented in Figure 3(c) only one
peak of distribution when the diameter of nanofibres is
around 350 nm is observed. It is evident that this value is
the modal value of this distribution too. Therefore we can
make the assumption that this distribution is very close to
normal distribution, because the average value is 382 nm.
In the histogram presented in Figure 3(a) two peaks are
observed: the first peak is around 200 nm, while the second
peak is around 300 nm. A similar view, the distribution
with several peaks, may be observed in Figure 3(b): first
peak is around 200 nm, the second around 300 nm, and
the third 400 nm. In Figure 4 more comprehensive analysis
of measurements dispersion of I variant is presented—the
interval of nanofibre diameter is distributed not by 50 nm as
in Figure 3, but by 25 nm. As is seen from Figure 4 it is evident
that the histogram really has not one peak—the first peak
is around 212.5 nm, the second—around 312.5 nm. So, values
are distributed not by normal but by compound distribution
from several normal distributions.

According to the results it is possible to assume that at the
lowest speed of support material, the thicker nanofibres were
formed and at the higher speed the thinner nanofibres were
formed.
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Figure 3: Distributions of PA6.6 nanofibres during the experiment: (a) v = 0.010 m/s, t = 25 s (I); (b) v = 0.006 m/s, t = 42 s (II); (c) v =
0.002 m/s, t = 125 s (III).
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Figure 4: Detailed distributions of the results of the I variant.

In previous work [12] it was proved that in the case
when the diameter of nanofibres is distributed in compound
distribution from several normal distributions, the modal
value of the first distribution and the percentage quantity
of measurements of the first distribution can be used as a
criterion of nanofibres diameter and measurement dispersion
estimation. The more the percentage increases, the more
unique the structure of the web obtained as well. Using this
method we can determine the influence of covering speed
(the covering time too) on the structure of manufactured web.

The following results have been received using the his-
tograms presented in Figure 3. As is seen, in the variant I
mostly single and no sticked nanofibres had been formed.
The percentage quantity of nanofibres distributed in the first

distribution is 32.2%. As in the II variant the quantity of
nanofibres distributed in the first distribution has been just
24.04%. It means that in this case less single nanofibres were
formed. The modal value of the first distribution in both cases
is 200 nm. In this work the new criterion is proposed for
estimation of web structure. This criterion may conclude the
average of two values—modal values and value of the second
highest peak, and it can be calculated using the formula:𝑑 = (𝑑modal + 𝑑2modal)/2 (where 𝑑modal is the modal value
of all distribution; 𝑑2modal is the second value, close to modal
value of this distribution). During the analysis of the results,
we noticed that the diameter 𝑑 decreased along with a speed
of support material increase. Using the histograms in Figure 3
the following data has been calculated: (III) 𝑑 = 375 nm; (II)𝑑 = 350 nm; (I) 𝑑 = 250 nm. It means that thinner fibres are
formed at a higher speed (lower time).

The next stage of our investigation has been aimed to
check the hypothesis that the web from different diameter of
nanofibres forms from single nanofibres which stick together
on the support material. It is known that the surface area
of cross-section of single nanofibre may be calculated using

formula: 𝑆1 = (𝜋𝑑12) /4. A surface area of cross-section of
sticked nanofibres makes 𝑆𝑛 = 𝑛𝑆1. As a result, the diameter
of sticked nanofibres is calculated using 𝑑𝑛 = 𝑑1√𝑛. So,
if the modal value of the diameter of a single fibre is𝑑modal = 200 nm (see Figures 3(a) and 3(b)), the diameter
of a double fibre would be about 𝑑2 = 283 nm. As is seen
from Figure 3(a), the second peak is when diameter of
nanofibres is about 𝑑2emp = 300 nm. The relative error in both
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Figure 5: Fibre diameter distributions (a) from PVA [12]; (b) from PP [10].
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Figure 6: Dependence of the density of nanofibres (in 100 𝜇m2) on
the covering time.

cases is 𝛿 = 6%. The recurrent values of nanofibres diameter
confirm the hypothesis about the sticking of nanofibres
on the web. The similar conclusions about the sticking
were approved in our previous work, when the structure of
PVA web was analysed [12]. The histograms of this article
(especially of Figures 3(a) and 3(b)) can be compared with
histogram from literature sources as well [10] (Figure 5).

In this figure few peaks can be noticed as well. According
to this data one can guess that these peaks appeared for
the sticking of PP nanofibres on the web. It means that
this problem is typical for the whole electrospinning process
regardless of the type of polymer—the similar results can be
observed with PA6.6, PVA, and PP nanofibres.

At the last step of this study, the dependence of the density

of nanofibres (in 100 𝜇m2) on the covering time is presented
in Figure 6.

During the analysis of the data presented in Figure 6, it
has been stated that during 1 second of the electrospinning
process the support material is covered approximately by 1
nanofibre. According to this, we can state that as the covering
time increases, the density of nanofibres should increase
linearly. At the same time it is obvious that the curve in
Figure 6 is not linear. It is very well visible that at the highest
covering time there were not 120 nanofibres, just 42. That also
confirms the phenomenon of fibres sticking on the support
material. Such data make us sure that the covering time is a

very important parameter for the structure of nanofibre web,
and, using the higher covering time, more sticked fibres are
forming.

5. Conclusions

(i) The distributions of electrospun nanofibres diameter
are always different and the shapes of such distri-
butions usually do not differ from the compound
distribution, which consists of several normal distri-
butions.

(ii) The speed of support material from 0.002 m/s till
0.010 m/s does not have a significant influence on the
average value of PA6.6 nanofibres diameter. It only
influences the structure of nanofibre web; that is, as
the speed of the support material decreases, the more
sticked nanofibres are formed.

(iii) For the web structure estimation the modal value of
the first distribution, the percentage quantity of the
first distribution, and the average diameter of two
peaks of distribution—modal value and the value of
the second highest peak—may be used.

(iv) The results of the tests confirm that the web of
nanofibres consists of various nanofibres due to the
sticking of several nanofibres during the process of
their manufacturing.
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Spin-Filtering Effects in Würtzite and Graphite-Like AlN Nanowires with Mn Impurities, G. A. Nemnes
Volume 2013, Article ID 408475, 5 pages



Investigation and Estimation of Structure of Web from Electrospun Nanofibres, Jolanta Malašauskiene.
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One-dimensional (1D) nanostructured materials, including
nanotubes, nanofibers, and nanowires, have attracted much
attention due to their interesting properties and wide range of
potential applications. Considerable research has been con-
ducted on new routes to controllable synthesis of 1D nanoma-
terials. The unique properties of as-obtained 1D nanomateri-
als can lead to applications in various fields such as electron-
ics, magnetism, optics, and catalysis. Therefore, researchers
working in the 1D nanomaterials are constantly striving to
develop new fundamental science as well as potential appli-
cations. The importance of a platform that allows active
researchers in this field to present their new development in
a timely and efficient manner is, therefore, necessary.

This special issue focuses on the recent progress in pro-
duction techniques, novel properties, and applications of var-
ious 1D nanomaterials including oxides/metals/nitrides with
1D nanostructures, carbon nanotubes, and nanofibers.

A total of 11 articles are presented in the current issue
and they are all research papers. They involve spin transport
properties of AlN nanowires, photoluminescence of ZnO
nanorods, heating efficiency of iron nanowires, optical prop-
erties and thermal stability of poly(vinyl alcohol) composite
nanofibers, electrical properties of half-doped manganite sin-
gle nanowire, carbon nanotube yarns, and pristine and func-
tional single-wall carbon nanotubes. Production techniques
include a hydrothermal reaction, reducing method, chemical
vapor deposition, spinning method, and microemulsion sys-
tem. Carbon nanotubes have attracted most research interest,
maintaining their comfortable leading positions.

We are pleased to see the progress in synthesis and prop-
erties of 1D nanomaterials. We hope that this special issue
will promote further development of large-scale economi-
cally feasible 1D nanomaterial-making technologies and also
contribute to their wide use.
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Electrospinning was used to elaborate poly(vinyl alcohol) (PVA) nanofibers in the presence of embedded multiwall carbon
nanotubes (MWCNTs) in surfactant and polymer. MWCNTs were dispersed in aqueous solution using both sodium dodecyl
sulfate (SDS) as surfactant and Poly(vinyl pyrrolidone) (PVP). Changing the surfactant and polymer concentration reveals that the
maximum dispersion achievable is corresponding to the mass ratios MWCNTs : SDS—1 : 5 and MWCNTs : SDS : PVP—1 : 5 : 0.6
in the presence of the PVP. After the optimization of the dispersion process, the SEM image of the PVA/PVP/SDS/MWCNTs
electrospun fibers presents high stability of the fibers with diameter around 224 nm. Infrared spectroscopy and thermal gravimetric
analysis elucidate the type of interaction between the PVA and the coated carbon nanotube. The presence of PVP wrapped carbon
nanotubes reduced slightly the onset of the degradation temperature of the electrospun nanofibers.

1. Introduction

Electrospun nanofibers present an exciting avenue for devel-
opment of novel nanomaterials with well-defined function-
alities which have attracted researchers’ interest. Because
of their unique physical, chemical properties and a spe-
cific surface approximately two order larger than flat films,
nanofibers have great potential use in sensors [1–3], filtration
for bacteria, medical applications, tissue scaffolding [4–8],
textile fabric [9], and other applications in nanoscience
and nanotechnology. Due to their electronic, mechanical,
and thermal properties, CNTs enjoy an incomparable status
in the panoply of nanomaterials finding large range of
applications in composites. However, the fabrication of high
quality polymer-CNTs nanocomposites with predictable and
optimal performance requires homogenous dispersion of the
CNTs in polymer matrix. This is a challenging task for their

utilization due to the highly nonwetting character of CNTs
surface and strong tendency to form bundles by van der
Waals attractive forces. Currently, different approaches are
used to disperse CNTs, such as covalent or noncovalent
functionalization. From the nondestructive point of view, in
situ polymerization, polymers, and also surfactants are used
to obtain homogenous CNTs dispersion in various solvents or
matrices [10–12]. A series of cationic, anionic, and nonionic
surfactants and polymers have been studied for their ability to
suspend individual CNTs [13, 14]. The present work confronts
the dispersion assisted by surfactant as well as polymer. In
the first step, we investigate the dispersion of MWCNTs in
aqueous solution using SDS as an anionic surfactant. Differ-
ent concentrations of SDS compared to those of MWCNTs
were used, and the second step consisted in improving the
dispersion and it is stabilization while using the PVP. After the
optimization of the dispersion of MWCNTs, we elaborated
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the nanocomposite fibers via electrospinning process. The
optical properties and thermal stability of the electrospun
nanofibers will be presented.

2. Experimental

2.1. Materials. Poly(vinyl alcohol) (Mw: 70000, 99% hydro-
lyzed), poly(vinyl pyrrolidone), and sodium dodecyl sulfate
were purchased from Sigma Aldrich. Multiwall carbon nan-
otubes (CCVD method, purity >95%, outer mean diame-
ter 10–15 nm, and length 0.1–10 𝜇m) were purchased from
Arkema France.

2.2. Dispersion of MWCNTs. In a typical dispersion proce-
dure, two steps were realized in order to achieve better dis-
persion in the one hand and for preparing three suspensions
of MWCNTs. The anionic surfactant SDS, NaC12H25SO4,
is first used for the exfoliation of the CNTs by varying
the concentration to 10 wt% of MWCNTs aqueous solution.
It can penetrate easily inside the aggregates of MWCNTs,
and it was useful for improving the dispensability. After the
characterization with the UV-Vis spectroscopy, the solution
with the ratio 1 : 5 of MWCNTs : SDS was chosen. However,
this surfactant does not prevent individual nanotubes from
agglomeration after sonication process. In order to achieve
better stabilization of the dispersion, different amounts of the
nonionic PVP (C6H9ON)𝑛 which possesses both hydrophilic
and hydrophobic groups have been added to this solution to
further improve the dispersion. The temperature was around
room temperature, and all solutions were ultrasonicated for
60 min. Moreover, rings in PVP contain a proton accepting
carbonyl moiety, while PVA presents hydroxyl groups as
side groups. Indeed, interactions by hydrogen bonding can
be expected between hydroxyl groups of PVA and carboxyl
groups of PVP.

2.3. Preparation of PVA/MWCNTs/SDS/PVP Nanofibers.
PVA was dissolved in warm water by heating at 80∘C under
a continuous slight stirring for 2 h to prepare PVA solution
with the desired concentration. The PVP/SDS/MWCNTs
suspension was added to an aqueous solution of PVA to
obtain a final solution of 12 wt% PVA and 0.3 wt% of
MWCNTs. The solution of PVA/MWCNTs/SDS/PVP was
briefly sonicated and stirred to remove trapped air bubbles
and for effective mixing prior to electrospinning. After the
complete homogenization of the nanocomposite, the solution
was poured into the syringe. A voltage of 15 Kv was applied to
the solution, and the solution jet emerging from the needle
was collected on the stationary electrode (Figure 1).

2.4. Characterization. The dispersions of MWCNTs in the
surfactant and polymer were characterized using UV-visible

spectrophotometer—Cecil 2000 series which cover the full
190–1000 nm wavelength range with a narrow 1.8 nm optical
bandwidth. The baseline correction was carried out using a
quartz cuvette.

High voltage supply

Nanocomposite solution

Taylor cone

Nanofiber formation

Nanofiber mat

Collector

+

−

Taylor cone

Nanofiber formation

Nanofiber mat

Figure 1: Scheme of the electrospinning process.

The morphology of electrospun nanofibers and their aver-
age diameter were characterized using environmental scan-
ning electronic microscopy (ESEM) equipped with sonde
EDAX for the surface microanalysis.

An analysis was carried out by ATR using PerkinElmer,
Spotlight 400 FTIR Imaging system, while thermal analysis
was accomplished using SETSYS Evolution.

3. Results and Discussion

3.1. Ultraviolet-Visible Spectroscopy. It has been demonstrated
that carrier dynamics in carbon nanotubes bundles are dom-
inated by the tunnel coupling between carbon nanotubes.
These bundled carbon nanotubes are not active in the UV-
Vis region and only individual carbon nanotubes absorb in
the UV-Vis region [15]. Here, we describe combination of two
concepts for dispersing MWCNTs by using SDS as surfactant
and PVP.

To disperse MWCNTs, both maintaining stabilization
and intrinsic properties of carbon nanotubes are required. We
used the ionic surfactant to disperse MWCNTs because it is
known to disperse them in aqueous solution via noncovalent
method without affecting MWCNTs properties [16]. Since
SDS molecules have featureless absorbance in the region, we
were interested in this work. The mechanism of MWCNTs
dispersion according to the duration and power of sonication
has been studied by other researchers [15].

To obtain better dispersion, the solutions were resounded
after the variation of the mass of SDS compared to that of the
MWCNTs using the same conditions of sonication during all
experiments.

The UV-Vis absorbance spectra (Figure 2(A)) show the
prepared MWCNTs dispersion with different amounts of
SDS. The MWCNTs have characteristic absorption peak
around the wavelength of 290 nm corresponding to the
intrinsic optical properties of graphite [17] and will thus be
present in MWCNTs. Unlike optical transitions in a particle,
the carbon nanotubes present different collective excitations
of electrons, called 𝜋-plasmon, which involve the electron
orbitals 𝜎 and exist at much higher energy. Since the size of
carbon nanotubes is less than the wavelength of excitation in
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Figure 2: (A) UV-Vis optical absorbance spectra of aqueous solution of MWCNTs with different concentrations of SDS. (B) UV-Vis optical
absorbance spectra of aqueous solution of MWCNTs-SDS with different concentrations of PVP.

the UV-Vis, there is a movement phase of the charge density
and charge accumulation at the surface, and therefore 𝜋-
plasmon carbon nanotubes can be coupled with light. But
the distribution of charges at the surface of carbon nanotubes
is not in mechanical equilibrium and oscillates around the
equilibrium position. The plasmon resonance corresponds to
a strong increase in absorption at the resonant frequency.
Indeed, when we reduced the mass of SDS compared to that
of MWCNTs which was fixed at 1 mg, from 50 mg to 5 mg of
SDS, the intensity of absorbance was significantly increased,
and the best absorbance was achieved for the mass ratio of
MWCNTs : SDS—1 : 5.

To study the effect of the PVP on the dispersion of
MWCNTs in the presence of SDS, we have taken the same
quantities used for the MWCNTs : SDS, 1 : 5, which gave the
best dispersion, and different amounts of PVP were added.
All suspensions of MWCNTs-SDS-PVP were prepared in the
same conditions as the previous suspensions.

The UV-Vis spectra of all suspensions (Figure 2(B)) show
that when the mass of PVP increased from 0.04 mg to 0.6 mg
compared to the mass of MWCNTs : SDS—1 : 5 the solutions
absorbance has improved considerably and the characteristic
absorbance band of the MWCNTs is shifted to higher wave-
lengths. This redshift can be explained by the improvement
of the density fluctuations of 𝜋-plasmon of internal and
external surfaces of MWCNTs [18]. So, we can deduce that
the dispersion of MWCNTs is enhanced with the addition of
the PVP until a certain threshold. For the mass increasing
from 0.6 mg to 1.2 mg, the absorbance is found to saturate
with even a slight drop. These optimized concentrations were
used for the solutions used in electrospinning process.

3.2. SEM Analysis. The characteristics of the fibrous struc-
tures produced via the electrospinning process were observed
by SEM micrograph.

Nanofibers diameter and morphology can be controlled
by several processing parameters including solution viscos-
ity (as controlled by changing the polymer concentration),
voltage, feed solution conductivity, and capillary-to-collector
distance. In addition, the spinning process is expected to
align CNTs or their bundles along the fiber direction due to
combination of dielectrophoretic forces caused by dielectric
or conductivity mismatch between the CNTs and the polymer
solution and high shear forces induced by spinning.

The selected SEM representative images (Figure 3)
show the as-spun PVA (Figure 3(a)), PVA/SDS/MWCNTs
(Figure 3(b)), and PVA/SDS/PVP/MWCNTs (Figure 3(c))
fibers deposited on the glass substrate at 20 000x
magnification. The treatment of the images with Image
J software shows that the diameter average was varying from
230 nm for the pure PVA to 210 nm for PVA/SDS/MWCNTs.
The decrease of the fibers diameter indicates that the
incorporation of the MWCNTs into the fibers increases
the conductivity of the matrix solution, which favors the
stretching of the solution under electric field during the
electrospinning. Furthermore, for PVA/SDS/PVP/MWCNTs
composite nanofibers, the fibers diameter decreases to be
224 nm due to the increase of solution viscosity. It should be
noted that the fibers structures were completely stabilized
and any beads were observed.

3.3. FTIR Spectroscopy. To determine the interaction between
PVA, MWCNTs, and PVP, FTIR measurements of pure PVA,
PVA/SDS/MWCNTs, and PVA/SDS/PVP/MWCNTs fibers
were conducted.

The FTIR spectrum of pure PVA fibers (Figure 4(a))
shows the main characteristic bonds as follows.

The C–H stretching vibration is observed at 3283 cm−1.
The symmetric and antisymmetric –CH2 vibrations appear

at, respectively, 2940 cm−1 and 2912 cm−1. The peaks located
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Figure 3: SEM images of PVA fibers (a), PVA/SDS/MWCNTs (b). and PVA/SDS/PVP/MWCNTs (c).
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Figure 4: FTIR spectra of PVA (a), PVA/SDS/MWCNTs (b), and
PVA/SDS/PVP/MWCNTs (c).

at 1417 cm−1 and 1330 cm−1 are attributed to the –CH defor-
mation vibration. At 1089 cm−1, we observe a characteristic
peak of C–O stretching vibration. In addition, the peak of O–

H stretching vibration appears at 919 cm−1 [19, 20].

Compared to the PVA spectrum (Figure 4(a)), it could
be observed that any additional band was observed in the
PVA/SDS/MWCNTs spectra (Figure 4(b)). This indicates

that any covalent bond was created between PVA and
MWCNTs coated with SDS. Consequently, we confirmed
that MWCNTs were dispersed in the PVA via noncovalent
functionalization.

Concerning the PVA/SDS/PVP/MWCNTs nanocompos-
ite fibers, the FTIR spectra of the fibers (Figure 4(c)) showed

a characteristic peak of PVP at 1423 cm−1 which is assigned

to the deformation of CH2 in PVP. The shoulder at 1594 cm−1

is characteristic of C=C (aromatic) and C–N stretching. The

additional peak located at 1654 cm−1 is assigned to the C=O
vibration [21–23]. The appearance of this band is due to the
interaction of MWCNTs with PVP.

3.4. Thermal Analysis. Thermal gravimetric analysis (TGA)

was carried out at a heating rate of 10∘C⋅min−1 in nitrogen
atmosphere.

The thermal decomposition of the three samples was
multistage processes; it exhibits two degradation steps. In
the first region, as can be seen, the three samples dis-
played a similar behavior with degradation temperature
close to 240∘C. In fact, the degradation of isobutyl groups
[24, 25] was located at about 246∘C for the neat PVA
fibers (Figure 5(a)). This temperature was decreased slightly
for the PVA/SDS/MWCNTs fibers (Figure 5(b)) to be 239∘C,
and the shift is due to the presence of SDS in the bulk PVA
polymer matrix [26], while the PVA/SDS/PVP/MWCNTs
fibers (Figure 5(c)) degradation temperature was decreased
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Table 1: TGA results of weight loss of pure PVA, PVA/SDS/MWCNTs, and PVA/SDS/PVP/MWCNTs fibers.

Pure PVA fibers PVA/SDS/MWCNTs fibers PVA/SDS/PVP/MWCNTs fibers

Temperature (∘C) 246.5 408.9 239.8 413 242.7 396

Weight loss (%) 70 17 63.5 18.7 43.7 14

from 246∘C to 242∘C compared to the pure PVA fibers.
This change reflects the specific multiple hydrogen bonding
interaction between PVA and PVP [27].

The second stage appearing around 400∘C is correspond-
ing to the cleavage of C–C backbone of side and main chains
of PVA [25]. According to Figure 4, all these transitions were
accompanied with a weight loss as listed in Table 1.

All samples show a small loss in weight at around 100∘C
which is assigned to the detachment of residual water (from
fibers preparation). For the neat PVA, the major weight loss
(70 wt%) is at 193∘C, and this continued to increase rapidly
with temperature, until a stable plateau region appeared
between 351 and 477∘C, while the difference between the
weight loss of pure PVA and PVA/SDS/MWCNTs fibers
indicated the interfacial interaction between the matrix
and MWCNTS. When the PVP was incorporated into the
composite, the weight loss decreased considerably due to the
interaction of PVA with the MWCNTs coated by the PVP
through hydrogen bonding interaction between PVA and
PVP.

4. Conclusion

PVA electrospun nanofibers containing SDS/PVP/MWCNTs
were fabricated, using different concentrations of the SDS

and PVP in order to achieve a stable dispersion lasting
for several months. Our results showed clearly that the
absorption of the wrapped MWCNTs in aqueous solution
increased with the concentration of SDS and PVP and the best
absorption was achieved for MWCNTs : SDS : PVP—1 : 5 : 0.6.
SEM images of PVA/SDS/PVP/MWCNTs nanofibers showed
that the diameter was decreasing to around 224 nm and
the interaction between the PVA and the coated carbon
nanotubes with PVP was elucidated by FTIR and TGA.
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This research discusses the influence of morphology of nanomagnetic materials (one-dimensional iron nanowires and zero-dimen-
sional iron nanoparticles) on heating efficiency of the hyperthermia treatment. One-dimensional iron nanowires, synthesized by
reducing method in external magnetic field, are explored in terms of their material properties, magnetic anisotropy, and cyto-
toxicity of EMT-6 cells. The magnetic anisotropy of an array of nanowires is examined in parallel and perpendicular magnetic
fields by VSM. For the magnetic hyperthermia treatment tests, iron nanowires and nanoparticles with different concentrations
are heated in alternating magnetic field to measure their actual heating efficiency and SLP heating properties. The shape effects of
iron nanomaterials can be revealed from their heating properties. The cytotoxicity of nanowires with different concentrations is
measured by its survival rate in EMT-6 with the cells cultivated for 6 and 24 hours.

1. Introduction

According to the World Health Organization (WHO), can-
cers were the top causes of death all over the world. In
2008 alone, 7.6 million victims died from cancers, account-
ing for 13% of the total death toll [1]. Currently, cancer
can be treated by chemotherapy, radiation therapy, surgery,
gene therapy, and immunotherapy, and so forth. Conven-
tional hyperthermia treatments include ultrasound, radiofre-
quency, microwaves, infrared radiation, and tubes with hot
water. Some of them will cause side effect all over the patients’
bodies during the treatment [2–4].

This research is focused on the magnetic targeted hyper-
thermia treatments. This treatment can directly eliminate the
cancer cells without damaging the normal ones. Most impor-
tantly, the medication applied on the surfaces of magnetic
materials can directly perform the treatment [5, 6]. Magnetic
targeted hyperthermia treatments are conducted by placing
magnetic targeted medicines on the tumor and imposing the
alternating magnetic field (∼kHz–∼MHz) on it [7, 8].

To generate heat in an alternating field, magnetic mate-
rials activate more than four different known mechanisms,
which are generation of eddy currents, hysteresis losses,

relaxation losses, and frictional losses, and so forth. There
are two modes, rotational (Brownian) and Neel, in which
the relaxation losses in single-domain MNPs occur. The
magnetic moment fixed along the crystal easy axis revolves
away towards the external field in the Neel mode. Similar
to the hysteresis loss in multidomain magnetic particles, the
Neel mechanism can also generate heat by means of “internal
friction” caused by the movement of the magnetic moment
in an external field. In the Brownian mode, however, the
interaction between a thermal force and viscous drag in the
suspending medium will influence the particle movement
significantly. The whole particle moves towards the external
field with the moment locked along the crystal axis instead.
This phenomenon serves to account for the mechanical
friction component in a given suspending medium. Applying
the mechanism mentioned above, the local temperature of the
tumor can rise up to 42–50∘C, with that the cancer cells will
be killed [9–11].

The important factor for magnetic heating is the specific
loss power (SLP) (also called the specific absorption rate
(SAR)). SLP is equal to 𝐶×𝑚sample/𝑚metal ×Δ𝑇/Δ𝑡, where 𝐶
is the specific heat capacity of sample (𝐶water = 4.185 J/g∘C),
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𝑚sample is the mass of sample, 𝑚metal is the mass of the
magnetic material in sample, and Δ𝑇/Δ𝑡 is the slope of the
heating curve. And SLP is very sensitive to the material
properties [7, 12, 13].

The factors that affect the biodistribution of polymeric
iron nanoparticles (NPs) include the size, shape, hydropho-
bic/hydrophilic balance of the surface, and surface charge
[14]. Thus, this experiment explores the characteristic dif-
ferences of heating effectiveness between 1D iron nanowires
(NWs) and commercial iron nanoparticles (NPs) in hyper-
thermia treatments. Iron NWs reveal a special property that
may easily destroy the cancer cells by its 1D spinning radius.
The cellular toxic tests of the nanoiron are also conducted for
the iron NWs in further studies.

2. Experimental

Iron (III) chloride hexahydrate (FeCl3⋅6H2O, 98%, assay) and
sodium borohydride (98%, assay) are purchased from Sigma-
Aldrich Company and Acros Organics Company, respec-
tively. Ethanol (99.5%, assay) was obtained from Shimakyu
Pure Chemicals Company. Iron NWs are fabricated by the
reduction of iron (III) chloride under high magnetic field.
The aqueous iron (III) chloride hexahydrate (0.5 M, 0.2 mL)
is diluted with 5 mL of aqueous dextran (40 ppm) and the iron
(III) precursor is kept in an external magnetic field of about
2000 gauss. The argon gas is bubbling through the solution
to purge the dissolved oxygen. The reducing agent, NaBH4, is
added dropwisely under Ar. After 5 minutes, the products are
washed with ethanol for several times and dried at 95∘C [15].
The iron nanoparticles are obtained from Yong-Zhen Tech-
nomaterial Co., Ltd. with 10–60 nm in diameter for compari-
son.

X-ray powder diffraction (XRD) analysis of samples is
carried out at NSRRC 1C beam line. High-resolution images
of samples are examined by field emission transmission elec-
tron microscope (FE-TEM), JEOL 2100F. Magnetic hysteresis
loop is measured by using vibration sample magnetization
(VSM, Lakeshore) at room temperature.

The hyperthermia device (Power cube 64/900) used in
this study is produced by AREZZO, President Honor Ind.
Co., Ltd., Taiwan. The experimental samples are placed in
the inductive coil heater of 3 cm diameter with an optic fiber
(Luxtron One, Lambda Photometrics, UK) to measure the
raise of temperature.

The biocompatibility of iron NWs is evaluated by murine
breast cancer cells, EMT-6 cells. EMT-6 cells are cultured
in DMEM/F12 medium with 10% of the fetal bovine serum
(FBS) and 1% of penicillin-streptomycin in 5% of CO2 humid-
ified chamber at 37∘C. After the cells are seeded on multiple
plates for overnight, iron NWs dispersed in culture medium
are applied to each well of culture plates. The cells are treated
with different concentrations of nanoiron for 6 and 24 hours.
The control cell is treated in the normal culture medium
without adding iron nanowires. After incubation, the cells are
directly counted by trypan blue exclusion assay for assaying
cellular viability.
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Figure 1: X-ray diffraction patterns of (a) iron NWs; (b) JCPDS file
65-4899.

3. Results and Discussion

XRD pattern of iron NWs and JCPDS file 65-4899 are shown
in Figure 1. The diffraction angles of JCPDS file 65-4899 at
2𝜃 = 44.662∘, 65.006∘, and 82.311∘ are related to (110), (200),
and (211) planes of pure iron, respectively. This pattern shows
clearly that a strong diffraction peak corresponds to the (110)
plane. The growth orientation of iron NWs is highly depen-
dent on applied magnetic field. According to these results,
preferred crystal orientation of the iron NWs is in (110)
direction. The lattice parameters of iron NWs are less than
theoretical lattice constants. This may be due to lattice defects.

Figures 2(a)–2(d) show HR-TEM images of iron NWs.
The diameter of iron NWs is around 60 nm with length of
about 2–6 𝜇m as indicated in Figure 2(a). The selective area
diffraction (SAD) of circle area in Figure 2(a) is shown in
Figure 2(d). It indicates that iron NWs exhibit bcc crystal
structure. The diffraction planes are assigned to (110), (200),
(220), (310), and (222) from inside to outside diffraction
rings. Figure 2(c) indicates an oxide layer of about 4 nm is
passivated on the surface of iron NWs. The oxide layer on iron
NWs results from magnetite formation during the reduction
process. TEM images show that the iron NWs are synthesized
by pearl-linking of iron NPs due to external magnetic field.
Figures 2(c)-2.1 to 2(c)-5.1 are the atoms resolution related
to c1, c2, c3, c4, and c5 positions in Figure 2(c), respectively.
The d-spacing of Figures 2(c)-1.1, 2(c)-2.1, 2(c)-3.1, 2(c)-4.1,
and 2(c)-5.1 are 1.889 Å, 1.879 Å, 1.888 Å, 2.022 Å, and 1.884 Å,
respectively.

The magnetic hysteresis curve of iron NWs at room
temperature is shown in Figure 3. The results indicate that
the saturation magnetization and coercive force of iron NWs
are 157.93 emu/g and 9.74 Oe, respectively. The saturation
magnetization of iron NWs is lower than that of bulk iron
(220 emu/g) due to the existence of a high surface/volume
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Figure 2: HR-TEM images of iron NWs: (a) low-magnification image; (b) high-magnification image at square area of (a); (c) HR-TEM images
of iron NWs, 1.1, 2.1, 3.1, 4.1, and 5.1 are atomic resolution related to 1, 2, 3, 4, and 5 positions in (c), respectively; and (d) electron diffraction
pattern at circle area of (a).
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Figure 3: The hysteresis loops of iron NWs at 300 K.

ratio. And structural defects may be one of the possible causes
for decreasing magnetization of iron NWs.

As shown in Figure 4, the formations of an array of
nanowires under (a) parallel and (b) perpendicular magnetic
fields at room temperature are measured for their magnetic
properties such as coercive force and squareness ratio (rema-
nence magnetization/saturation magnetization). In Table 1,
the arrayed nanowires under the parallel magnetic field have
greater squareness ratio (about 64.20%), while those under
the perpendicular magnetic field have less squareness ratio
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Figure 4: The hysteresis loops of an array of nanowires under
parallel and perpendicular magnetic fields at room temperature are
shown in (a) and (b), respectively.

(about 14.20%). The former’s coercive force is 100 Oe less than
the latter one.

Two sets of different amounts of iron NWs (0.1 mg,
0.25 mg, and 0.5 mg) and commercial iron nanoparticles
(0.5 mg) are dispersed in 1 mL of deionized water. SEM image
of commercial iron nanoparticles produced by Yong-Zhen
Technomaterial Co., Ltd. is shown in Figure 5.
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Table 1: The Hc (coercive force) and Mr/Ms (squareness ratio) of an
array of nanowires under parallel and perpendicular magnetic fields.

Hc (Oe) Mr/Ms

Arrayed iron NWs (‖) H 520.3 64.20%

Arrayed iron NWs (⊥) H 628 14.20%

Figure 5: The SEM image of commercial iron nanoparticles.

Three different concentrations (100, 250, and 500 ppm)
of iron NWs or commercial iron nanoparticles (500 ppm)
solution in centrifuge tube is placed in the coil of inductive
heater for an hour. The rising temperature of solution with
time is shown in Figure 6. The maximal temperatures of iron
NWs of 500, 250, and 100 ppm can be 73.8∘C, 49.6∘C, and
36.0∘C, respectively. The heating rates of commercial iron
nanoparticles of 500 ppm are 0.006∘C/sec and are listed
in Table 2. When the iron nanowires and commercial iron
nanoparticles have the same concentration of 500 ppm, the
heating rates of iron NWs are much higher than those of the
commercial iron nanoparticles. The average of SLP values for
different concentrations of iron NWs and commercial iron
nanoparticles are also listed in Table 2. For iron NWs, the
SLP values are 619.7 W/g, 535.8 W/g, and 920.8 W/g; and for
commercial iron nanoparticles (500 ppm), the SLP values are
50.2 W/g. The highest SLP value (920.8 W/g) is obtained at
100 ppm of iron NWs. From the heating results of the iron
nanowires and commercial iron nanoparticles with the same
concentration of 500 ppm, the former have higher satiated
temperature and efficiency than the latter one.

As mentioned above, this study presents the hypothesis
in Figure 7 as an imaginary rundown. Because the iron
nanowires, as compared to iron nanoparticles, have more
spinning radii, the materials which are heated and stirred in
the alternating magnetic field have larger reactive areas. This
fact leads iron NWs to better heating efficiency than that of
the iron nanoparticles.

When one-dimensional iron nanowires are applied to
the tumor hyperthermia treatment, they can provide larger
frictional reactive areas than zero-dimensional iron nanopar-
ticles. This enables one-dimensional iron nanowires to have
a better heating efficiency, which reduces the treatment time
of the cancer patients.
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Figure 6: The heating effectiveness of the iron NWs in different
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Figure 7: One-dimensional materials have large spinning radii.

Table 2: Heating effectiveness of iron NWs and commercial iron
NPs.

Samples Max. Temp. Heating rate SLP

(ppm) (∘C) (∘C/sec) (W/g)

NWs—500 73.8 0.074 619.7

NWs—250 49.6 0.032 535.8

NWs—100 36.0 0.022 920.8

NPs—500∗ 37.1 0.006 50.2
∗

NPs—500: commercial iron nanoparticles.

The cytotoxicity in response to iron NWs in different
concentrations (1, 10, 250, and 500 ppm) is performed by
directly counting the number of live cells after incubation.
Figure 8 shows the results of cytotoxicity of iron NWs in
EMT-6 cells. The number of cellular vesicles appearing in
the cytoplasm increases due to being exposed to iron NWs
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Figure 9: The optical images of (a) untreated EMT-6 cells; (b) and (c) cocultured iron NWs (10 ppm) and EMT-6 cells in 6 and 24 hours,
respectively.

at lower concentrations in shorter time. After 6 hours of
incubation, iron NWs shows cell survivability of more than
80%. Figures 9(b) and 9(c) show the optical images of EMT-6
cocultured with iron NWs for 6 and 24 hours, respectively.
The untreated cells are shown in Figure 9(a). It is also
noted that the cell morphology is transformed into spherical
shape.

4. Conclusions

This study synthesizes the iron nanowires with diameter of
about 60 nm and length of approximately 2–6 𝜇m. Their satu-
ration magnetization is about 157.9 emu/g while their coercive
force is about 9.7 Oe. They have greater squareness ratio
of about 64.2% under the parallel external magnetic field,
whereas it is only about 14.20% under the perpendicular mag-
netic field. With regard to heating efficiency, one-dimensional
iron nanowires have a better heating efficiency at the external
alternating magnetic field than that of zero-dimensional ones
at the same concentration of 500 ppm. The one-dimensional

iron nanowires have the saturated heating temperature at
about 73.8∘C (that of the nanoparticles is only 40∘C) and their
heating efficiency is about 0.074 (that of the nanoparticles is
about 0.006). These results indicate the strong shape effects
of nanomaterials on its heating efficiency. The cytotoxicity
of the iron nanowires (10 ppm) in EMT-6 cells undergoing 6
hours of toxic test has the mortality rate of about 80%. These
results indicate that with further study the iron nanowires are
feasible to be used in hyperthermia therapy.
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The paper is devoted to the analysis of the correlation effects and manifestations of general properties of 1D systems (such as spatial
heterogeneity that is associated with strong density fluctuations, the lack of phase transitions, the presence of frozen disorder,
confinement, and blocked movement of nuclear particle by its neighbours) in nonequilibrium phenomena by considering the
four examples. The anomalous transport in zeolite channels is considered. The mechanism of the transport may appear in carbon
nanotubes and MOF structures, relaxation, mechanical properties, and stability of nonequilibrium states of free chains of metal
atoms, non-Einstein atomic mobility in 1D atomic systems. Also we discuss atomic transport and separation of two-component
mixture of atoms in a 1D system—a zeolite membrane with subnanometer channels. We discuss the atomic transport and separation
of two-component mixture of atoms in a 1D system—zeolite membrane with subnanometer channels. These phenomena are
described by the response function method for nonequilibrium systems of arbitrary density that allows us to calculate the dynamic
response function and the spectrum of relaxation of density fluctuations 1D atomic system.

1. Introduction

In recent years, one-dimensional objects became available
and actively investigated due to their unique properties. They
are free chains of metals just one atom thick (Au, Ag, Pt,
In, Mn, Li, and Ni) [1–13], chains on specially prepared
surfaces of crystals with high crystalline indices [14–19], the
molecules (atoms) in subnanometer channels of complex
oxides, zeolites [20–22], carbon nanotubes [23–27], and in
some metal organic frameworks (MOF).

According to modern concepts, the common feature of
one-dimensional objects as statistical systems is spatially
inhomogeneous state and density fluctuations. These fluc-
tuations are caused by the crucial role of many-particle
correlations in 1D systems. This feature is connected with
the absence of phase transitions in 1D systems of particles
of one kind with short-range potential of the interparticle
interaction (see van Hove Theorem [28, 29]). In this case, for
certain values of the density the susceptibility of 1D system
has a maximum but stays finite in contrast to 3D systems,

where susceptibility becomes infinite in vapour-liquid and
liquid-solid phase transitions [30].

The absence of phase transition means that stable nuclei
of a new phase are not formed, and the one-dimensional
clusters nuclei that are formed in a system have a finite
lifetime and are the density fluctuations. 1D systems are
characterized by frozen disorder because the atomic particles
cannot be exchanged with their neighbours and block the
movement of each particle neighbors. For kinetic phenomena
in atomic 1D confinement system, the role of confinement
is not only to preserve the geometry of the system, but
also the system relaxation by phonons. Relaxation of the
system in confinement due to strong interparticle corre-
lations depends on the ratio of the energy of particle
interaction with confinement and interparticle interaction
[31].

This paper is devoted to the analysis of correlation effects
and manifestations of these general properties of nonequi-
librium phenomena in the four examples. The anomalous
transport in zeolite channels is considered. The mechanism



2 Journal of Nanomaterials

of the transport may appear in carbon nanotubes and MOF
structures, relaxation, mechanical properties, and stability of
nonequilibrium states of free chains of metal atoms, non-
Einstein atomic mobility in 1D atomic systems. Also we
discuss atomic transport and separation of two-component
mixture of atoms in a 1D system—a zeolite membrane with
subnanometer channels.

These phenomena are described below using the response
function method for nonequilibrium systems of arbitrary
density [31]. This method allows us to calculate the dynamic
response function and the spectrum of relaxation of density
fluctuations of 1D atomic system. The spectrum contains
diffusion and hydrodynamic modes. In the latter case, the
relaxation of the system and the nuclear transport occurs
through the distribution of density waves and not by the
diffusion of particles. This relaxation mechanism becomes
the determining by increasing the density that allows one
to explain the abnormally high rate of atomic transport in
subnanometer channels. The change of relaxation mechanism
by increase of the density is associated with the observed
non-Einstein character of mobility of atomic particles (the

law for the mean square displacement 𝑥2 = 2𝐷𝑡 is violated
(𝐷 is the diffusion coefficient, and 𝑡 is the time of obser-
vation) [32]). The found spectrum of relaxation allows to
calculate the probability of decay of 1D free clusters of various
lengths [30] and to explain the dependence of the stability
of clusters of metal atoms on the chain atoms properties,
the mechanical state of a cluster under the influence of an
external force, and the number of particles in a stable cluster.
These values were measured simultaneously in experiments
[13].

The response function method was used to describe the
practically important transport of two-component mixture in
membranes with subnanometer channels.

It was shown that a phase transition in an inhomogeneous
state may occur in 1D system of particles of two kinds with the
increase of filling factor. Such a phase transition occurs due
to an effective particle attraction and is characterised by the
formation of clusters of a finite size [33]. The amplitude of the
fluctuations in the density corresponding to the formation of
such a state is the order parameter. An equation for the order
parameter for a mixture of particles in the channels is derived.
In contrast to the well-known phenomenological Landau-
Ginzburg equation [34], the coefficients of the equation are
calculated for a known interparticle interaction potential
depending on the density and temperature. The analysis of
this equation allows us to describe the observed increase
in the separation factor with increasing flux through 1D
channels at their closing by a stable clusters with a certain
concentration of the components and determine the depen-
dence of the separation on the concentration, temperature,
and density.

2. Materials and Methods

2.1. Molecular Transport in Subnanometer Channels. Molec-
ular transport in nanometer and subnanometer channels in
porous bodies is currently drawing a great deal of interest

from the standpoint of fundamental science [35–39] and
because of the many applications of membrane and nanotech-
nologies in various fields ranging from nuclear power to ecol-
ogy [40, 41]. Polycrystalline ceramic membranes consisting of
complex oxides (zeolites), possessing subnanometer channels
ranging in diameter from 0.3 to 1.4 nm, have been synthesized
recently [40]. On account of the high selectivity of molecular
transport in zeolite membranes, as compared with the well-
known polymeric membranes [41–43], new technologies for
separation, reprocessing, and utilization of materials are
being intensively developed on the basis of zeolite membranes
[41–43].

When the channel diameters in membranes decrease
to the nanometer scale, molecular transport is determined
by the Knudsen flow in the central zone of the channel,
free of interaction of molecules with walls, and particle
diffusion in the surface force field [39]. In subnanometer
channels, the interaction potentials between molecules and
the opposite walls overlap, and molecular transport occurs
under conditions of a constant interaction of molecules with
a solid. Consequently, the diffusion coefficient in the limit
of small filling numbers of a channel is determined by
the relaxation of particles on phonons and surface defects
[37]. For molecules, with the exception of light particles (H,
He), the channel walls are impenetrable, and consequently
molecular transport is possible only along the channel axes.
In this sense, it is different from diffusion in solids and
may be assumed to be one-dimensional. In contrast to
surface diffusion in channels with diameter 𝑑 > 1 nm, a
fundamentally new property of molecular transport should
appear in subnanometer channels. As the filling factor of
a channel or the diameter (𝜎) of molecules increases, so
that 𝑑 < 2𝜎, each molecule can block the motion of
two molecules. Consequently, it can be expected that as
the diameter of the molecules or the external gas pressure
increases, the molecular flux in membranes with subnanome-
ter channels should decrease. However, experiments have
shown that the diffusion flux of a number of molecules
(CH4, C2H6, and others) in a ZSM-5 zeolite membrane with
channel diameters 0.54–0.57 nm does not decrease but rather
increases as the external gas pressure increases [43]. It has
also been established that the diffusion coefficient for these
gases increases by more than an order of magnitude as the
filling factor of the channels with molecules increases. It
has been found that for a number of gases, the tempera-
ture dependence of the flux possesses a maximum and a
minimum.

In this section, the transport of a single-component
molecular gas (system of atomic particles) in subnanometer-
diameter channels is investigated theoretically.

2.1.1. Sorption Isotherm in a 1D Channel. Let us consider a
surface in contact with an ideal single-component gas with
temperature 𝑇 and pressure 𝑝. Let us assume that particles
located on the surface do not interact with one another. We
will also assume that the energy of the gas molecules on
the surface is 𝜀0. Let there be 𝑁 adsorption centers on the

surface. Then the average number 𝑁1 of particles adsorbed on
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the surface as a function of the gas pressure and temperature
has the form (Langmuir isotherm)𝑁1𝑁 = 𝑝𝑝 + 𝑝0 (𝑇) ,

𝑝0 (𝑇) ≡ 𝑇( ℎ22𝜋𝑚𝑇)−3/2

exp (−𝛽𝜀0) , (1)

where 𝑚 is the mass of a gas molecule, ℎ is Planck’s constant,

and 𝛽 = 𝑇−1 is the reciprocal of the temperature. The
method used to derive the Langmuir isotherms (1) admits
wide extensions. Specifically, this method can be used to solve
the problem of the filling factor of a cylindrical channel with
diameter 𝑑 taking into account the interparticle interaction
in the channel. Let the channel diameter be comparable to
the maximum diameter of a gas molecule. Let us consider
the equilibrium of the gas with the surface on which 𝑘 of the
channels described previously emerge. Let 𝜀1 be the binding
energy of a particle at the entrance to the channel. If the
energy 𝜀1 is negative, then it is energetically favorable for
the gas molecule to enter the channel. Let 𝑞 be the total
number of particles in a channel of length 𝐿, 𝑛 the total
number of particles in the channel and on the surface, and𝑁0 the number of settling locations in the channel. Then the
partition function for the grand canonical ensemble, taking
into account the interaction of the gas particles in the channel,
is

Θ = ∑ (𝑁 − 𝑘)! exp [𝛽𝜀0 (𝑁1 − 𝑛)](𝑁1 − 𝑛)! (𝑁 − 𝑘 − (𝑁1 − 𝑛))!
× 𝑘! exp [𝛽𝜀1 (𝑛 − 𝑞)](𝑛 − 𝑞)! (𝑘 − (𝑛 − 𝑞))!
× 𝑁0! exp (𝛽𝜀2𝑞)𝑞! (𝑁0 − 𝑞)! exp (𝛽𝜇𝑁1) 𝑍int (𝑞) ,𝑁1 + 𝑞 = 𝑛.

(2)

Here 𝜀2 is the binding energy of the particles in the channel
and 𝑍int(𝑞) is the partition function, corresponding to taking
account of the interaction of the gas particles in the channel.
Since 𝑍int depends on the number 𝑞 of particles in the
channel, it is impossible to calculate the partition function (2)
in the grand canonical ensemble in the general case. However,
in the problem of filling of a channel, the states for which
the number of particles in the channel 𝑞 ≫ 1 should make
the main contribution to the partition function (2). Then the
quantity 𝑍int(𝑞) can be replaced by the partition function
of interacting particles in the channel, calculated with the
average number 𝑞 of particles in the channel:𝑍int (𝑞) ≃ 𝑍int (𝑞) . (3)

The approximation (3) corresponds to the thermodynamic
limit (𝑞 ≫ 1) for gas (system of atomic particles) molecules
located in the channel. Using the relation (3), the partition
function (2) can be easily calculated. Using the condition for

equilibrium between the gas and the surface, we obtain for
the average number 𝑞 of particles in the channel𝑞𝑁0

= 𝑝𝑝 + 𝑝 (𝑇, 𝑞) , 𝑝 (𝑞, 𝑇) = exp [−𝛽𝜀 (𝑞, 𝑇)]𝛼 (𝑇) ,
(𝛼 (𝑇))−1 = 𝑇( ℎ22𝑚𝜋𝑇)−3/2, 𝜀 = 𝜀1 − 𝐹int (𝑞, 𝑇) ,

𝐹int (𝑞, 𝑇) ≡ −𝑇 ln 𝑍int (𝑞, 𝑇) .
(4)

Here 𝐹int(𝑞, 𝑇) is the free energy of interaction per atomic
particle in the channel. Instead of the number 𝑁0 of settling
locations in the channel, it is convenient to introduce the
average distance between settling locations in the channel
(𝜂 = 𝐿/𝑁0) and to replace 𝑞 by the filling factor 𝜃 ≡ 𝑞𝜎/𝐿 of
particles in the channel. Then, we obtain from (4) an equation
determining the pressure and temperature dependences of
the filling factor 𝜃 of the channel:𝜂𝜃𝜎 = 𝑝𝑝 + 𝑝 (𝑇, 𝜃) . (5)

The relations (4) show that the problem of obtaining the
equation for the adsorption 𝜃(𝑝, 𝑇), determining the filling
factor at various pressures and temperatures of the gas above
the surface, reduces to calculating the quantity 𝐹int(𝜃, 𝑇) ≡−𝑇 ln 𝑍int(𝜃, 𝑇), determining the “correction” to the pressure
as a result of the interaction of the particles in the channel.
Thus, to obtain the adsorption isotherms in the system under
study, it is necessary to calculate the total free energy of the
particles in a subnanometer channel taking into account their
interaction with the channel wall and with one another. For
this, we will consider 𝑁 particles in a channel whose size is
comparable to the average particle diameter. In the general
case, the total potential energy of such a system can be written
as

𝐸 (r1, . . . , r𝑁) = 𝑁∑
𝑖,𝑗=1

𝑉(r𝑖 − r𝑗) + 𝑁∑
𝑖=1

𝑈(r𝑖) . (6)

Here 𝑉(r𝑖 − r𝑗) is the potential energy of the pair interaction
of the particles located at points with coordinates r𝑖 and r𝑗;𝑈(r𝑖) is the interaction energy between a particle located at
the point r𝑖 and the channel walls. We will transform the
expression for the pair interaction potential of the particles
using the fact that the channel diameter is comparable to
the particle diameter. Then the interaction potential depends
only on the particle coordinates along the channel 𝑟. We write
the expression for 𝑉(r𝑖 − r𝑗) in the form

𝑉(r𝑖 − r𝑗) ≡ 𝑉 (𝑥𝑖 − 𝑥𝑗, 𝑦𝑖 − 𝑦𝑗, 𝑟𝑖 − 𝑟𝑗)≃ 𝑉 (𝑟𝑖 − 𝑟𝑗, 0, 0) ≡ Φ (𝑟𝑖 − 𝑟𝑗) . (7)

This relation holds when the channel diameter is comparable
to the particle diameter, and the pair interaction potential𝑉(r𝑖 − r𝑗) of the particles is not a long-range potential.
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It is convenient to represent the interaction energy between a
particle and the channel walls in the form𝑈 (r𝑖) = 𝑈 (r𝑖 , 𝑟𝑖) . (8)

Here r𝑖 is a dimensionless two-dimensional radius vector in
a plane perpendicular to the channel. It is convenient to write
the partition function of such a system in the form

𝑍𝑁 ∝ ∫𝑑r1 ⋅ ⋅ ⋅ 𝑑r𝑁𝑑𝑧1 ⋅ ⋅ ⋅ 𝑑𝑧𝑁 exp (−𝛽𝑈𝑁)
× exp [−𝛽 𝑁∑

𝑖=1

𝑈(r𝑖 , 𝑟𝑖)] . (9)

Here 𝑈𝑁 = ∑
1≤𝑖,𝑗≤𝑁

Φ(𝑟𝑖 − 𝑟𝑗) . (10)

The integration over the particle coordinates in a plane
perpendicular to the channel can be performed exactly:

∫𝑑r1 ⋅ ⋅ ⋅ 𝑑r𝑁 exp [−𝛽 𝑁∑
𝑖=1

𝑈(r𝑖 , 𝑟𝑖)]
= ∫𝑑r1 exp [−𝛽𝑈 (r1, 𝑟1)] ∫ 𝑑r2 exp [−𝛽𝑈 (r2, 𝑟2)]

× ⋅ ⋅ ⋅ × ∫ 𝑑r𝑁 exp [−𝛽𝑈 (r𝑁, 𝑟𝑁)]
≡ exp [−𝛽 𝑁∑

𝑖=1

Ψ (𝑟𝑖)] .
(11)

Here Ψ(𝑟𝑖) is the effective potential in which a particle moves
in the channel as a result of the interaction of the particle with
the walls:

exp [−𝛽Ψ (𝑟)] ≡ ∫ exp [−𝛽𝑈 (r, 𝑟)] 𝑑r. (12)

Let us assume that the energy of a gas molecule interacting
with the channel surface is constant and equal to 𝜀1 =Ψ(𝑟min) = Ψ(0). Then

𝑍
𝑁 ∝ exp (−𝛽𝑁𝜀2) ∫ 𝑑𝑟1 ⋅ ⋅ ⋅ 𝑑𝑟𝑁 exp (−𝛽𝑈𝑁) . (13)

The energy 𝜀1 physically corresponds to the binding energy
of a particle in the surface potential Ψ(𝑟). Thus, under the
assumptions made previously, the gas in the channel can
be assumed to be one-dimensional (the channel diameter is
comparable to the maximum diameter of an atomic particle).
It is well known [44, 45] that the partition function of a
one-dimensional gas with an arbitrary interaction potential
can be calculated exactly under certain assumptions, which
are formulated in the following. Indeed, let us consider
an equilibrium system of 𝑁 particles in a channel which
possesses only one degree of freedom per particle that are

located in the segment [0, 𝐿] of the 𝑟 axis. The total partition
function of the system has the form

𝑍𝑁 = ( 𝑚𝑇2𝜋ℎ2 ) 𝑄𝑁𝑁! exp (−𝛽𝑁𝜀1) , (14)

where

𝑄𝑁 = ∫𝐿

0
⋅ ⋅ ⋅ ∫𝐿

0
exp (−𝛽𝑈𝑁) 𝑑𝑟1 ⋅ ⋅ ⋅ 𝑑𝑟𝑁𝑈𝑁 = ∑

1≤𝑦≤𝑁−1

Φ(𝑟𝑖+1 − 𝑟𝑖) . (15)

Here Φ(𝑟) is the pair interaction potential of the particles
in the channel. To calculate 𝐹int, the cofactor responsible for
the partition function of an ideal gas must be eliminated
from the partition function (14). In our problem, the cofactor
corresponding to a gas of particles in a channel without a pair
interaction potential between the particles is already included
in the expression (2). Thus, since the partition function of a
one-dimensional gas without an interaction has the form

𝑍int = ( 𝑚𝑇2𝜋ℎ2 )𝑁/2 𝐿𝑁𝑁! exp (−𝛽𝑁𝜀2) , (16)

we obtain from (2)

𝐹int = −𝑇 ln 𝑍�̃� (𝜃, 𝑇)𝑍𝑖𝑑

= −𝑇 ln (𝑄𝑁𝐿𝑁 ) . (17)

Thus, the problem has been reduced to calculating the
configuration integral

𝑄𝑁 = ∫ ⋅ ⋅ ⋅ ∫ exp [−𝛽 {Φ (𝜉1) + Φ (𝜉2)+ ⋅ ⋅ ⋅ + Φ (𝜉𝑁)}] 𝑑𝜉1 ⋅ ⋅ ⋅ 𝑑𝜉𝑁,𝜉𝑖 ≡ 𝑟𝑖+1 − 𝑟𝑖.
(18)

In studying the configuration space of a system of particles in
a one-dimensional channel, it should be kept in mind that the
quantities 𝜉𝑖 are not independent. They are related as

𝑁∑
𝑗=1

𝜉𝑗 = 𝐿, (19)

where 𝐿 is the total length of the channel. Physically, this rela-
tion corresponds to the impossibility of particles penetrating
one another and the condition of “blocking” of particles with
diameter 𝜎 in a channel whose diameter 𝑑 < 2𝜎. An explicit
expression for the configuration integral can be obtained
if the explicit form of the pair interaction potential of the
particles is known. We will consider a simple but nontrivial
case: a system of hard spheres with diameter𝜎. The expression
for the interatomic interaction energy in this case is

Φ𝑖 (𝜉) = {∞ for 𝜉 < 𝜎,0 for 𝜉 ≥ 𝜎. (20)
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We obtain for 𝐹int in the hard-sphere approximation𝐹int (𝜃, 𝑇) = −𝑇 ln (1 − 𝜃) . (21)

Thus, in the hard-sphere approximation, the adsorption
isotherm for a gas in a subnanometer channel has the form𝜂𝜃𝜎 = (1 − 𝜃) 𝑝(1 − 𝜃) 𝑝 + 𝑝0 (𝑇) ,

𝑝0 (𝑇) ≡ 𝑇( ℎ22𝜋𝑚𝑇)−3/2

exp (−𝛽𝜀1) . (22)

The relation (22) makes it possible to construct the depen-
dence of the filling factor on the gas pressure for various
molecules. It should be kept in mind that the sign of the
energy 𝜀1 determines the possibility or impossibility of a
particle entering a channel: for 𝜀1 > 0, it is energetically
favorable for a gas particle to enter the channel for any
external pressure greater than 𝑝0. For 𝜀1 < 0, the particles
must overcome a potential barrier to enter the channel.
The configuration integral can be calculated exactly for an
arbitrary interaction between the particles in the channels
[45]. This makes it possible to obtain an equation of state of a
1D gas for an arbitrary interaction. Thus, for an interparticle
interaction potential of the form

Φ (𝑧) = {{{{{
+∞ for 𝑟 ≤ 𝜎,−𝜀 for 𝜎 < 𝑟 ≤ 𝜎 + 𝑅,0 for 𝑟 < 𝑅 + 𝜎, (23)

where 𝑟 is the effective radius of attraction, the equation of
state of a one-dimensional gas is

𝑝1D𝜎(1𝜃 − 1) = 𝑇 − 𝑝1D𝑅[ exp (𝛽𝑝1D𝑅)1 − exp (−𝛽𝜀) − 1]−1. (24)

In the limits 𝜀 → 0 and 𝑅 → 0, this equation
becomes the equation of state of a system of hard spheres.
The isotherms calculated numerically starting from (24) are
presented in Figure 1. It is also evident in this figure that
at high temperatures the gas behaves almost as an ideal gas
(𝑝1D ∝ 𝜃). At low temperatures the isotherms seem to
consist of two parts. For high density 𝜃 ≃ const, which is
typical for a condensed phase, whereas at pressure less than
a characteristic value a gas-like phase for which 𝑝1D ∝ 𝜃
appears.

It can be shown that at a transition from one regime to
another, the free energy of the system has no singularities. For
this reason, there is no exact analogy with phase transitions.
This assertion agrees completely with the Landau-van Hove
Theorem [44], according to which any one-dimensional
model of a gas with a finite interaction radius does not
undergo phase transitions. On the other hand, it should be
expected that for sufficiently low temperatures, as the filling
factor 𝜃 increases, the gas in the channel tends to form clusters
whose size increases with the filling factor. The number and
size of the clusters grow with the total number of particles
in the system in a manner so as to ensure the existence
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Figure 1: Reduced “pressure” (𝑝1D) (24) of a one-dimensional gas
in a channel versus the filling factor (𝜃) of the channel at various
temperatures 𝑡 = 𝑇/𝑇0.
of such clusters in the thermodynamic limit, where 𝑁 →∞, 𝐿 → ∞, and 𝑁/𝐿 = const. This agrees completely
with the formation of nuclei of a new phase in three-
dimensional systems with first-order phase transitions [34,
46]. On the other hand, in our one-dimensional system, in
contrast to three-dimensional systems, a continuous behavior
of thermodynamic quantities determined as derivatives of the
free energy of the system with respect to the temperature,
pressure, and filling factor should be expected in the entire
range of variation of the thermodynamic parameters. For
example, the specific heat calculated using the relation (24)
will possess a maximum at the “critical” point. This fact
has been observed experimentally [35], which attests to
the applicability of the one-dimensional model employed
previously.

2.1.2. Transport in a Dense 1D System. The gas flux through a
membrane is the main experimentally measurable parameter
(Section 2.1.3). Particle transport is usually described using a
relation between the outgoing particle flux and the param-
eters of the problem, such as, for example, the difference of
the gas pressures on different sides of the membrane. This
description is based on Fick’s relation between the gas flux
density J, the gradient of the gas concentration, and the

diffusion coefficient 𝐷, using the conservation law for the
number of particles:

J = −𝐷∇𝑛, (25)𝜕𝑛𝜕𝑡 + div J = 0. (26)

In the relations (25) and (26), J is the flux, 𝐷 is the
diffusion coefficient, and ∇𝑛 is the gradient of the particle
concentration. The relation (25) is actually a definition of

the diffusion coefficient 𝐷. Thus, the problem of determining
the particle flux through a channel reduces to calculating the
diffusion coefficient. A more general method of describing
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transport is to calculate the characteristic relaxation time of
density fluctuations arising or specially created in the system
under study [47]. Formally, the problem of determining
this time reduces to calculating the characteristic frequency
or spectrum 𝜔(k) for the system under study. Thus, when
the particle density is low and there is no interparticle
interaction, an explicit expression for the spectrum 𝜔(k) can
be easily obtained from the relation (25). Indeed, let 𝑛0 be the
average particle concentration in the system. From (25), we
obtain an equation determining the dynamics of the density
fluctuations 𝛿𝑛(r, 𝑡) = 𝑛 − 𝑛0:𝜕 (𝛿𝑛)𝜕𝑡 = 𝐷Δ (𝛿𝑛) . (27)

Switching to a Fourier representation of the density fluctua-
tions𝛿𝑛 (r, 𝑡) = 1(2𝜋)4 ∫𝑑k 𝑑𝜔 exp (−𝑖k ⋅ r − 𝑖𝜔𝑡) 𝛿𝑛 (k, 𝜔) ,

(28)

we obtain an expression determining the reciprocal of the
relaxation time of the density fluctuations 𝛿𝑛 in the case at
hand: 𝜔0 (k) = − 𝑖𝐷𝑘2. (29)

It is obvious that a spectrum of this type is characteristic for
systems where relaxation to equilibrium occurs by diffusion.
Let us consider a system of interacting particles with arbitrary
density. Assume that we have been able to calculate the

characteristic relaxation time 𝜔−1 of density fluctuations in
the system. If the spectrum of relaxation times in such a
system has the form𝜔 (k) = − 𝑖𝐷 (k, 𝑛0) 𝑘2, (30)

then it is natural to consider the quantity 𝐷(k, 𝑛0) to be
the diffusion coefficient in the system, provided that in the
limit of low densities 𝑛0 the quantity 𝐷(k, 𝑛0) becomes the
diffusion coefficient for a low-density system of particles:

lim
𝑛0→0

𝐷(k, 𝑛0) = 𝐷. (31)

This definition of the diffusion coefficient means that the
system possesses a diffusion characteristic mode. Proceeding
from the definition (30), to calculate the diffusion coefficient𝐷(k, 𝑛0), it is necessary to know the characteristic modes
of a weakly nonequilibrium system. If these characteristic
modes have the form (30), then 𝐷(k, 𝑛0) will be the diffusion
coefficient of the system. It is obvious that the diffusion
coefficient in the general case is nonlocal and is a functional
of the density of the diffusing particles. The expression for
the flux of diffusing particles will have a form generalizing
equation (25):

J = −∫𝑑r𝐷(r, r, 𝑛 (r, 𝑡)) ∇𝑛 (r, 𝑡) . (32)

The equation, obtained using this relation, for the particle
number density in the system is in general a nonlinear

integrodifferential equation. When studying the diffusion of
a single-component gas in subnanometer channels, it should
be kept in mind that the pair interaction potential between
the particles is of short range, and no phase transitions occur
in the system of particles in the channel (see the preceding
section). In this case, it can be assumed that the diffusion
coefficient 𝐷(r, r, 𝑛(r, 𝑡)) is local:𝐷(r, r, 𝑛 (r, 𝑡)) = 𝐷 (𝑛 (r, 𝑡)) 𝛿 (r − r

) . (33)

The corresponding expression for the flux of diffusing parti-
cles and the equation for their density become

J = −𝐷 (𝑛) ∇𝑛,𝜕𝑛𝜕𝑡 = ∇ (𝐷 (𝑛) ∇𝑛) . (34)

For low densities, the relation (34) becomes (25), which is
the first term in the expansion of the flux in odd powers of
the density gradient. Thus, for systems where the relaxation
spectrum of the fluctuations is of the form (30), the diffusion
coefficient can be determined starting from the explicit form
of this spectrum. The expression obtained for the diffusion
coefficient in this case is a generalization of the expressions
obtained for the diffusion coefficient in various models,
specifically, in the Maxwell-Stefan model [43].

It is convenient to calculate the relaxation spectrum using
the response functions [31, 48, 49]. Let us formulate the
basis of this formalism. Consider the system of the atomic
particles, which can interact with each other as well as the
environment such as liquid, solid, or surface. Let us show,
following [49], that many-particles distribution functions of
such a system are the density functionals. Assume that each
particle at the coordinate r interacts with time-dependent
external field V(r, 𝑡). In order to describe such a system,
one can use Liouville equation for many-particle distribution
function 𝐹(𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡), where 𝑥𝑖 = (r𝑖, p𝑖) are the
coordinates and th momentum of the particles. Solving the
Liouville equation with the fixed initial distribution function
and for the different external potentials 𝑉(r1, r2, . . . , 𝑡) =∑𝑖 V(r𝑖, 𝑡), one can obtain one-to-one conformance between𝐹(𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡) and 𝑉(r1, r2, . . . , 𝑡). On the other hand,
introducing the density of the particles

𝑛 (r, 𝑡) = ∫𝑑Γ𝑛𝐹 (𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡) , (35)

where 𝑑Γ is the phase space element, and 𝑛 is the density
operator, one can obtain one-to-one conformance between
the external field 𝑉(r1, r2, . . . , 𝑡) and the density 𝑛(r, 𝑡).
From this it directly follows that many-particles distribution
functions are density functionals:𝐹 (𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡) = 𝐹 (𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡, [𝑛]) . (36)

Following [49], let us write the action for the Liouville
equation in the form

𝑆 = 1𝑡2 − 𝑡1 ∫𝑡2

𝑡1

𝑑𝑡∫𝑑Γ 𝐿𝐹, (37)
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where 𝐿 is the Lagrangian of the system, which is equal to
the difference between the kinetic and potential energy of the
particles. It follows from (36) and (37) that the action 𝑆 is the
density functional:

𝑆 = Δ [𝑛] = 1𝑡2 − 𝑡1 ∫𝑡2

𝑡1

𝑑𝑡∫𝑑Γ𝐿𝐹 (𝑥1, 𝑥2, . . . , 𝑥𝑁, 𝑡, [𝑛]) .
(38)

Functional Δ[𝑛] has an extrema for the equilibrium state of
the system [48, 49]. Due to the linearity of the (38) by the
potential energy, system of the particles interacting with the
external field V(r, 𝑡) corresponds to the functional Δ[𝑛, V],
which can be expressed as

Δ [𝑛, V] = Δ [𝑛] + 1𝑡2 − 𝑡1 ∫𝑡2

𝑡1

V (r, 𝑡) 𝑛 (r, 𝑡) 𝑑r 𝑑𝑡. (39)

Functional (39) has an extrema for the stationary or quasi-

stationary 𝑛(r, 𝑡) = 𝑛0(r, 𝑡) ≡ 𝑛(0) state of the system [48, 49]𝛿Δ [𝑛]𝛿𝑛 𝑛=𝑛(0) = 0 (40)

and represents the time average of the free energy functional𝐹[𝑛(r, 𝑡), 𝑡]:
Δ [𝑛] = 𝜏−1 ∫𝜏

0
𝐹 [𝑛 (r, 𝑡) , 𝑡] 𝑑𝑡. (41)

The functional Δ[𝑛] was for the first time introduced in such
a form in the papers [31, 48]. Equation (40) determines the
density of the atomic particles 𝑛(r, 𝑡). Let us express the
free energy using the response functions defined as follows.
Consider the system in the external field 𝑒Vext(r, 𝑡) (𝑒 -
external field amplitude). The response function 𝛽(r, r, 𝑡, 𝑡)
of such a system couples the density fluctuation 𝛿𝑛(r, 𝑡) with
the external field 𝑒Vext(r, 𝑡), which generate this fluctuation
[31, 48] at 𝑒 → 0:𝛿𝑛 (r, 𝑡) = ∫𝑑r𝑑𝑡𝛽 (r, r, 𝑡, 𝑡) 𝑒Vext (r, 𝑡)𝑒→0

. (42)

It is obvious that in the case of the linear response and 𝑒 → 0,
the response function 𝛽(r, r, 𝑡, 𝑡) is independent on 𝑒. Let us
rewrite the definition (42) in the operator form𝛿𝑛 = 𝑒Vext𝛽. (43)

Such a form (43) will be used further in the paper. In the
presence of the external field, the functional Δ[𝑛, V] at 𝑒 → 0
is determined by the relation (39):

Δ [𝑛, 𝑒Vext] = Δ [𝑛] + 1𝑡2 − 𝑡1 ∫𝑡2

𝑡1

𝑒Vext (r, 𝑡) 𝑛 (r, 𝑡) 𝑑r 𝑑𝑡.
(44)

Here Δ[𝑛] is the functional at 𝑒 = 0, determined by the
formula (38). In order to obtain linear response function, let
us use the relation (39). One can rewrite the solution of the
(39) at 𝑒 → 0 with the sum 𝑛(r, 𝑡) = 𝑛(0)(r, 𝑡) + 𝛿𝑛(r, 𝑡). In

this case, one can obtain, in the first order and with respect to
(39), 𝛿Δ [𝑛]𝛿𝑛 𝑛=𝑛(0) + 𝛿2Δ [𝑛]𝛿𝑛2 𝑛=𝑛(0)𝛿𝑛 + 𝑒Vext = 0 (45)

or

−( 𝛿2Δ [𝑛]𝛿𝑛2 𝑛=𝑛(0))−1𝑒Vext = 𝛿𝑛. (46)

At 𝑒 → 0, the quantity𝛿2Δ [𝑛]𝛿𝑛2 𝑛=𝑛(0) ≡ 𝛿2Δ𝛿𝑛 (r, 𝑡) 𝛿𝑛 (r, 𝑡) (47)

is independent on 𝑒. Comparison of the relations (43) and
(46) gives the following form of the response function𝛽(r, r, 𝑡, 𝑡):

𝛽 (r, r, 𝑡, 𝑡) = −( 𝛿2Δ [𝑛]𝛿𝑛2 𝑛=𝑛(0))−1

= −( 𝛿2Δ𝛿𝑛 (r, 𝑡) 𝛿𝑛 (r, 𝑡))−1. (48)

It follows from the functional Δ[𝑛] definition that it can be
expressed as Δ [𝑛] = Δ 0 [𝑛] + Δ int [𝑛] . (49)

Here Δ 0[𝑛] corresponds to the functional of the particles
without their interaction with each other, and Δ int[𝑛] cor-
responds to the functional (38), which represents particle-
particle interactions. Two times variation of the (49), with
respect to (48), gives the following:−𝛽−1 = −𝛽−10 + 𝑅, (50)

where𝛽−10 (r, r, 𝑡, 𝑡) = − 𝛿2Δ 0 [𝑛]𝛿𝑛2 𝑛=𝑛(0) = − 𝛿2Δ 0𝛿𝑛 (r, 𝑡) 𝛿𝑛 (r, 𝑡)
(51)

is the response function of the noninteracting particles

𝑅 (r, r, 𝑡, 𝑡) = − 𝛿2Δ int [𝑛]𝛿𝑛2 𝑛=𝑛(0) = − 𝛿2Δ int𝛿𝑛 (r, 𝑡) 𝛿𝑛 (r, 𝑡) .
(52)

It is shown in the paper [31, 48] that the function 𝑅(r, r, 𝑡, 𝑡)
is connected to the effective lagged interaction between the
particles. Multiplying the relation (45) on the 𝛽 in the left
and on the 𝛽0 in the right, one can obtain the equation
on the response function. In the case of the homogeneous
quasi-stationary state of the atomic system, the functions𝛽0(r, r, 𝑡, 𝑡), 𝛽(r, r, 𝑡, 𝑡) j 𝑅(r, r, 𝑡, 𝑡) depend only on the
differences r − r j 𝑡 − 𝑡, so (50) can be rewritten as𝛽 (k, 𝜔) = 𝛽0 (k, 𝜔) + 𝛽0 (k, 𝜔) 𝑅 (k, 𝜔) 𝛽 (k, 𝜔) , (53)
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where 𝛽(k, 𝜔), 𝛽0(k, 𝜔) j 𝑅(k, 𝜔) are the Fourier transform
of the response functions 𝛽(r− r, 𝑡 − 𝑡), 𝛽0(r− r, 𝑡 − 𝑡), and𝑅(r − r, 𝑡 − 𝑡), respectively; for example,𝛽0 (r − r

, 𝑡 − 𝑡) = ∫𝑑k 𝑑𝜔 𝑒−𝑖𝜔(𝑡−𝑡)+𝑖k(r−r)𝛽0 (k, 𝜔) . (54)

Equation (53) allows us (when the 𝑅 function is known) to
determine the response function of the system of interacting
particles and relaxation spectrum of the system [31, 48].

In order to determine the relaxation spectrum, let us note,
that the expression 𝛽−1𝛿𝑛 = 𝑒Vext follows directly from (43).
Due to the response function definition (as the response of
the system on the arbitrary small external field), one can write𝛽−1𝛿𝑛 = 0. This equation has the nontrivial solutions 𝛿𝑛 ̸= 0
only if 𝛽−1 = 0. So, we can write that the relaxation spectrum
of the system 𝜔(k) is determined by the relation [31, 48]𝛽−1 (k, 𝜔) = 0. (55)

We will use the response function formalism to calculate the
response function and the diffusion coefficient of a dense
system of atomic particles in a subnanometer channel. We
will calculate first the response function 𝛽0(𝑘, 𝜔) and the
relaxation spectrum of such a gas when there is no interaction
between the particles. We write the diffusion equation for the
filling factor 𝜃 of the channel with molecules in the presence
of a weak perturbing external field 𝑒Vext(𝑥, 𝑡) in the form𝜕𝜃𝜕𝑡 = 𝐷0∇(∇𝜃 + 𝜃𝑇∇𝑒Vext) , ∇ ≡ 𝜕𝜕𝑥 . (56)

Here 𝐷0 is the diffusion coefficient for noninteracting parti-
cles. Let 𝜃0 be the equilibrium filling factor of the channel. We
will seek the solution of (56) in the form𝜃 = 𝜃0 + 𝛿𝜃 (𝑥, 𝑡) . (57)

Then, we obtain from (56), assuming the external field 𝑒ext to
be weak, an equation for 𝛿𝜃(𝑟, 𝑡):𝜕𝛿𝜃𝜕𝑡 = 𝐷0Δ𝛿𝜃 + 𝐷0𝜃0Δ𝑒Vext𝑇 . (58)

In deriving (58), only first-order infinitesimals in 𝛿𝜃 and 𝑒Vext

were retained in all terms. We will seek the solution of (58) in
the form of a Fourier integral𝛿𝜃 (𝑥, 𝑡) = 1(2𝜋)2 ∫ 𝑒𝑖𝑘⋅𝑥𝑒𝑖𝜔𝑡𝛿𝜃 (𝑘, 𝜔) 𝑑𝑘 𝑑𝜔,

𝑒Vext (𝑥, 𝑡) = 1(2𝜋)2 ∫ 𝑒𝑖𝑘⋅𝑥𝑒𝑖𝜔𝑡𝑒Vext (𝑘, 𝜔) 𝑑𝑘 𝑑𝜔. (59)

Substituting the expressions (59) into (58) and solving the
resulting linear equation for 𝛿𝜃(𝑘, 𝜔), we obtain𝛿𝜃 (𝑘, 𝜔) = 𝛽0 (𝑘, 𝜔) 𝑒Vext (𝑘, 𝜔) . (60)

Here 𝛽0 (𝑘, 𝜔) = − 𝜃0𝑘2𝐷𝑇 (𝑖𝜔 + 𝑘2𝐷0) (61)

is the response function of a gas of noninteracting diffusing
particles. Indeed, as 𝜔 → 0, the function 𝛽0(𝑘, 𝜔) reduces to
the well-known response function of an ideal equilibrium gas
with density 𝜃0 at temperature 𝑇 [38, 47]:𝛽0 (𝑘, 0) = −𝜃0𝑇 . (62)

The relaxation spectrum of such a gas is determined from the
relation (55) and has the form𝜔0 (𝑘) = − 𝑖𝐷0𝑘2. (63)

In accordance with the definition (26), the quantity 𝐷0 is the
diffusion coefficient. The relations obtained make it possible
to calculate the relaxation spectrum 𝜔(𝑘) by solving (54).
Thus, we find for the response function of a one-dimensional
system 𝛽 (𝑘, 𝜔) = 𝛽0 (𝑘, 𝜔)1 − 𝛽0 (𝑘, 𝜔) 𝑅 (𝑘, 𝜔) . (64)

Using the relations (61) and (64), we obtain an equation
determining the relaxation spectrum of the system under
study: 1 + 𝜃0𝑇 𝜔0𝜔 + 𝜔0𝑅 (𝑘, 𝜔) = 0. (65)

Equation (65) can be solved in a general form in the
quasistatic case 𝜔 → 0. Indeed, in this case, we find from
(65) 𝜔 (𝑘) = − 𝑖𝐷 (𝜃0, 𝑘) 𝑘2, (66)

𝐷(𝜃0, 𝑘) = 𝐷0 [1 + 𝜃0𝑇 𝑅 (𝑘, 0)] . (67)

It is convenient to rewrite the relation (67), introducing the

pair distribution function 𝑛2(𝑥 − 𝑥) = 𝜃20[1 + ](𝑥 − 𝑥)]:𝑇𝛽 (𝑘, 0) = −𝜃0 (1 + 𝜃0] (𝑘)) . (68)

Then we obtain from relations (53) and (61)𝑅 (𝑘, 0) = − 𝑇] (𝑘)1 + 𝜃0] (𝑘) . (69)

Substituting the expression (69) into (67) gives a relation
determining the relaxation spectrum of a dense gas in a one-
dimensional channel:𝜔 (𝑘) = − 𝑖𝐷0𝑘21 + 𝜃0] (𝑘) . (70)

We will now calculate the diffusion coefficient of a gas in a
one-dimensional channel taking into account the interaction
between hard-sphere particles. In this case, the correlation
function 𝑛2(𝑥) = 𝜃20[1+](𝑥)] has been calculated exactly [45]
with an arbitrary filling factor of the channel:𝑛2 (𝑥)

= {{{{{{{
0, 𝑟 < 𝜎,1𝜃0∑𝑚 (𝑥𝜎−1 − 𝑚)𝑚−1(𝑚 − 1)!(𝜃−10 − 1)𝑚 exp (−𝑥𝜎−1 − 𝑚𝜃−10 − 1 ) , 𝑥 > 𝜎.

(71)
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Using the relations (70) and (71), we find𝜔 (𝑘) = − 𝑖𝐷 (𝜃0) 𝑘2,
𝐷 (𝜃0) = 𝐷0 ( 1(1 − 𝜃0)2) . (72)

It follows from (72) that the general equation describing
particle transport in a dense 1D system, in accordance with
(34), has the form𝜕𝜃𝜕𝑡 = 𝜕𝜕𝑥 [𝐷0 ( 1(1 − 𝜃)2) 𝜕𝜃𝜕𝑥] . (73)

This equation can be obtained from (72) if the characteristic
local equilibration times in a dense system of particles in a
channel are short compared with the characteristic propa-
gation times of disturbances along such a system. For the
cases considered in the following, this assumption obviously
holds. We will consider solutions of (73) in the case where
complete equilibrium has been established in the channel and
the filling factor 𝜃 = 𝜃0(𝑝, 𝑇), with the function 𝜃0(𝑝, 𝑇) being
determined by the relation (23). Transport in a channel in
this case will be determined by the dynamics of the motion of
disturbances of the filling factor. The solution of (73) in this
case should be sought in the form 𝜃 = 𝜃0(𝑝, 𝑇) + 𝛿𝜃(𝑥, 𝑡). It
follows from (73) that the relaxation spectrum of disturbances
in this case has the form (72), where 𝜃 = 𝜃0(𝑝, 𝑇). Thus,
taking account of the interaction of hard-sphere particles in
a channel does not change the character of the relaxation of
its weakly nonequilibrium state: the relaxation spectrum (72)
remains a diffusion spectrum with diffusion coefficient𝐷(𝜃0).
However, it is important to underscore that transport in the
channel in this case is a collective effect and proceeds via
transport of disturbances of the equilibrium density 𝜃0(𝑝, 𝑇).
The diffusion coefficient 𝐷(𝜃0) in this case is the diffusion
coefficient of disturbances of the equilibrium density. It is
convenient to rewrite the relation (72) for the diffusion
coefficient in a different form. Using the Arrhenius character
of the diffusion coefficient for noninteracting particles

𝐷0 = 𝐷0 exp (−𝐸𝑇) (74)

(𝐷0 is proportional to the product of the squared lattice
constant of the wall material of the channel and the relaxation
frequency of particles in a channel on defects and lattice
phonons and is calculated in [37], and 𝐸 ≈ Ψ(𝑟max) (13) is
the activation energy of diffusing of noninteracting particles
in the channel), we will rewrite (72) in the form

𝐷(𝜃0) = 𝐷0 exp (−𝐸 (𝜃0)𝑇 ) ,
𝐸 (𝜃0) ≡ 𝐸 − 𝑇 ln ( 1(1 − 𝜃0)2) . (75)

This way of writing the diffusion coefficient for a gas of
interacting particles in a channel makes it possible to give

a physical interpretation for the change in the diffusion
coefficient accompanying a change in the filling factor 𝜃0.
The relation (75) shows that the interaction of particles in a
channel decreases the activation energy 𝐸 of the motion of
particles, even in the hard-sphere model. For an interaction
between hard-sphere particles such that there is no direct
attraction between the particles, the diffusion activation
energy decreases with increasing filling factor 𝜃0 as a result
of the effective interaction (see the following). Physically,
this corresponds to a change because of the presence of
another particle in a neighboring potential well, in the
parameters of the potential in which a gas particle moves.
Since the gas particles are assumed to be indistinguishable,
diffusion with the filling factor 𝜃0 ∼ 1 (when the effective

diffusion activation energy 𝐸(𝜃0) becomes comparable to the
temperature of the system) can be interpreted as a transfer of
“excitation” of the density along a chain of close gas particles.
It is obvious that the motion of such an “excitation” will occur
with substantial velocities. This leads to a large increase in the
diffusion coefficient when 𝜃0 ∼ 1. For 𝐸 = 0, the possibility
of such a diffusion mechanism is played out in [36]. We note
that for all gases investigated, the barrier 𝐸 is different from
0. This is indicated by the presence of a maximum in the
temperature dependence of the flux in a zeolite membrane
[43]. It can be assumed that the increase in the diffusion
coefficient in a channel observed with filling factors 𝜃0 ≥ 0.5
is related to the formation of clusters in the channel whose
sizes increase with the filling factor. The transport of gas in
the channel containing such clusters is determined by the
motion of “excitation” in a finite-size cluster. The formation
of clusters in a gas consisting of particles with a hard-sphere
pair interaction potential is related to the well-known [46]
appearance of an effective attraction between such particles.
This effect is manifested in the appearance of a maximum in
the correlation function 𝑛2(𝑥), describing the probability of
finding the “first” particle at a distance 𝑥 from the “second”
particle.

The relaxation spectra of the system for an arbitrary wave
vector 𝑘 can be found from (70) and (71). It is found that
the spectrum 𝜔(𝑘) contains a real part, which corresponds
to transport of an “excitation” in the system. The imaginary
part of the spectrum obtained has a minimum at a definite
value of the wave vector 𝑘 = 𝑘min, which depends on the
filling factor 𝜃0. It is natural to interpret the value 𝑅 =2𝜋/𝑘min(𝜃0) as the characteristic size of a cluster with a given

filling factor and the value 𝜏 = Im 𝜔−1(𝑘min(𝜃0)) as its
characteristic lifetime. As the filling factor increases, the value
of the effective attraction between the particles increases [46];
this could lead to the appearance of clusters consisting of two
or more particles. However, it is found that as a result of the
one-dimensionality of the channel, the lifetime of the clusters
that are formed is finite, which corresponds to the absence, as
noted previously, of a phase transition in such systems. The
dependences of the lifetime and size of the clusters formed
on the filling factor 𝜃0 are presented in Figure 2.

It is evident in the figure that increasing the filling factor
increases the lifetime and the size of the clusters formed. In
finite-size channels, for a definite value of the filling factor
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Figure 2: Size (𝑟 = 𝑅/𝜎) (a) and lifetime (𝜏/𝜏0, 𝜏0 = 𝜎2/𝐷0) (b) of clusters versus the filling factor.

𝜃0 = 𝜃𝑐, a cluster equal in size to the length of the channel
is formed. It is obvious that the diffusion coefficient in such
a channel increases without bound as 𝜃0 → 𝜃𝑐, even though
the lifetime of such a cluster is finite. If the range of relaxation
frequencies𝜔(𝑘) is known, then an expression that defines the
relaxation of the Fourier components of the particle density
in the channel 𝑛(𝑘, 𝑡) in the case of arbitrary density 𝑛(𝑘, 𝑡) is
given by ̇𝑛 (𝑘, 𝑡) = 𝑖𝜔 (𝑘) 𝑛 (𝑘, 𝑡) . (76)

From (76), we can get that the equation for the amplitude
of the fluctuations can be written as𝛿 ̇𝑛 (𝑘, 𝑡) = 𝑖𝜔 (𝑘) 𝛿𝑛 (𝑘, 𝑡) . (77)

Equation (77) describes the relaxation of 𝑘 component of
the density fluctuation at arbitrary wave vector. In particular,
at 𝑘 ̸= 0, this equation allows to describe the relaxation of
density fluctuations and propagation of disturbances on the
cluster of finite size in the case of the formation of the cluster.
At 𝑘 → 0, the equation describes the relaxation of density
fluctuations on large spatial scales. This value is related to the
macroscopic flux. Let us write the equation of continuity to
calculate the flux 𝑗: ̇𝑛 + 𝜕𝑗𝜕𝑥 = 0. (78)

After applying the Fourier transform, (78) takes the form𝑖𝑘𝑗 (𝑘, 𝑡) = − ̇𝑛 (𝑘, 𝑡) . (79)

Using (76) and (79), one can get for 𝑗(𝑘)𝑗 (𝑘, 𝑡) = 𝑛 (𝑘, 𝑡) 𝜔 (𝑘)𝑘 . (80)

Using the relation (70) we find that ](𝑘) and therefore
the spectrum contains both real and imaginary parts, cor-
responding to the “hydrodynamic” (real part of 𝜔(𝑘)) and
diffusive (imaginary part of 𝜔(𝑘)) transport of particles.
Therefore, (80) for the flux 𝑗(𝑘, 𝑡) contains terms relating to
hydrodynamic transport of particles in a cluster and diffusive
transport of particles in the space between clusters. We note
that the response function method can be used to take into
account the interaction of particles in a channel for a potential
that is different from a hard-spheres interaction, similarly to
the way this was done previously.

Analysis of the experimental data showed that for high
filling factors 𝜃0 ∼ 1, the dependence of the diffusion
coefficient 𝐷(𝜃0), calculated from the relation (72), leads to a
discrepancy between theory and experiment (Section 2.1.3).
This discrepancy could be due, in our opinion, to the above-
described influence of a finite channel length, the asphericity
of the gas molecules, and the possible breakdown of one
dimensionality of the problem. These effects lead to the
following dependence of the diffusion coefficient on the
filling factor:

𝐷(𝜃0) = 𝐷0 ( 1(1 − 𝜁𝜃0)2) . (81)

Here 𝜁 is a coefficient that takes into account the finite
size of the channel, the possible deviation of the chan-
nel from one-dimensionality, and the asphericity of the
molecules. The relations (72), (81), and (52) make it possible
to describe transport in a subnanometer channel for different
values of parameters such as the gas pressure and the
pressure difference outside the membrane, the temperature
of the membrane, and the type of gas molecules. As an
example, we present the dependence, calculated according
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(4) 𝑝/𝑝0 = 0.1.

to (72), (81), and (23), of the diffusion coefficient in a
subnanometer channel on the relative temperature 𝑇/𝑇0 for
various relative pressures 𝑝/𝑝0 (Figure 3).

It is evident in the figure that the character of the tem-
perature dependence of the relative diffusion coefficient in
subnanometer channels is substantially different at different
pressures 𝑝. For example, if the pressure is high (𝑝/𝑝0 >1), the dependence of 𝐷/𝐷0 on 𝑇/𝑇0 has a pronounced
maximum at temperatures 𝑇 ∼ 0.5𝑇0 (curve 1). As pressure
decreases, the magnitude of this maximum decreases and the
maximum itself shifts into the region of lower temperatures
(curves 2, 3). A further decrease of pressure to values 𝑝/𝑝0 <1 results in the appearance of a minimum in the dependence
of 𝐷/𝐷0 on 𝑇/𝑇0 in the temperature range 𝑇 ∼ 0.5𝑇0. The
maximum occurs at 𝑇 ∼ 0.3𝑇0. Since for 𝑝/𝑝0 < 1, the
flux depends on 𝑝 and the average distance between particles
in the channel is much greater than the diameter of the
particles, the increase in the diffusion coefficient for 𝑇 ∼0.5𝑇0 is due to the temperature dependence of the diffusion
coefficient 𝐷0 on individual molecules in the channel. At high
temperatures, all curves saturate at a value corresponding
to 𝐷/𝐷0 = 1. In the next section, the theoretical laws
obtained previously will be compared with the experimental
data.

2.1.3. Analysis of the Experimental Data: Comparison of The-
ory with Experiment. Quite extensive experimental investi-
gations of the sorption and transport properties of a series of
organic molecules (CH4, C2H6, 𝑛-C4H8, 𝑖-C4H8, and others)
and the inert gases Ar, Ne, and Kr in ZSM-5 zeolite mem-
branes (MFI, silicate-1) have now been performed. The results
are presented in [42, 50, 51]. According to [52], ZSM-5 zeolite
membranes have a complicated chemical and crystalline
structure. The chemical structure of zeolite membranes is
given by the formula

Na𝑛 [Si96−𝑛Al𝑛O192] ⋅ 16 H2O, 𝑛 ≤ 8. (82)

For small values of 𝑛, zeolite membranes of this type are
called silicate-1 membranes. The crystalline structure of ZSM-
5 membranes has been studied quite well. It consists of a 3D
structure, consisting of sinusoidal channels with a circular
cross section (0.54 ± 0.02 nm) parallel to the 𝑎 axis [53], which
intersect straight channels with an elliptical cross section(0.57-0.58) × (0.51 − 09.52) nm2 parallel to the 𝑏 axis [010]
[50, 54]. Cavities ∼0.9 nm in size form at the intersection
of the channels. The sorption capacity of ZSM-5 zeolite is
determined by the number of sorbed (entering the channels)
molecules per cell of a crystal. According to [50, 55], the
cell parameters are 𝑎 = 2.007 nm, 𝑏 = 1.992 nm, and𝑐 = 1.342 nm. A single cell is a structure consisting of
four segments of 0.46 nm linear channels, four segments of
0.66 nm sinusoidal channels, and four 0.54 nm intersections.
Depending on the structure of a molecule, sorption of one
or two molecules per intersection is possible. In [50], the
sorption capacity of ZSM-5 was measured for a number of
molecules. It was concluded that the molecules CH4, C3H8,
and 𝑛-C4H10 are sorbed with one molecule per intersection,
while nitrogen, 𝑛-hexane, and 𝑝-xylene are sorbed with two
molecules per intersection. Thus, for gases of the type CH4,𝑛-C3H8, and C4H10, channels in the crystal structure of
ZSM-8 can be treated as one dimensional. For nitrogen-type
molecules, two molecules can be arranged at an intersection,
and therefore molecules can change places at an intersection
(absence of blocking). Nonetheless, since there are signifi-
cantly more nitrogen molecules in a channel (24 molecules
per unit cell [50]), the one-dimensional model can also be
used for this gas. Analysis of the experimental data presented
[43, 55–58] shows that all gases investigated can be condi-
tionally divided into two groups. The first group of gases,
containing, specifically, Ar, Kr, Ne, and CH4, is characterized
by a linear pressure dependence of the filling factor 𝜃; that is,
Henry’s law holds for them [43]. For these gases, the pressure
dependence of the flux is nearly linear, and the diffusion
coefficient is essentially independent of the filling factor [55].
The temperature dependence of the flux is characterized by
the presence of a minimum at temperatures 𝑇 ∼ 400 K
(e.g., for Ar and Kr), while a maximum is not observed in
the diffusion coefficient [57, 58]. Here neon, whose diffusion
coefficient increases with temperature [58], is an exception.
The second group of gases, containing, specifically, i-C4H10,
C2H4, C2H6, and C4H8, is characterized by a dependence of
the filling factor 𝜃 on the pressure 𝑝 in the form of a curve
that saturates [43]. For these gases, the pressure dependence
of the flux is likewise characterized by a curve that emerges
at a value that is pressure independent [55]. For this group
of gases, the diffusion coefficient depends strongly on the
filling factor [56]. The temperature dependence of the flux is
characterized by the existence of a maximum and minimum
at high (𝑇 > 500 K) temperature [57]. The model, constructed
in this paper, of the sorption and transport properties makes
it possible to describe these dependences of transport in one-
dimensional channels on the basis of general assumptions.
Figure 4 shows the dependence of the diffusion coefficient𝐷 on the filling factor 𝜃 (solid line), calculated using (81)
and the experimental data obtained in [57] for various gases.



12 Journal of Nanomaterials

0

5

10

15

20

25

30

35

40

0 0.2 0.4 0.6 0.8 1

𝐷
/𝐷

0

𝜃

CH4

Ar

C2H6
𝑛-C4H8
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We note that the dependence (81) presented in Figure 4 takes
into account the asphericity of the molecules, equal to 𝜁 =0.86. For inert gases and methane (first group of gases), the
diffusion coefficient measured in the range of filling factors𝜃0 < 0.5 depends weakly on 𝜃0. A large increase in the
diffusion coefficient at 𝜃0 ∼ 1 is observed for gases of the type
C2H6 and 𝑛-C4H8 (second group of gases). This behavior of
the diffusion coefficient 𝐷(𝜃) can be satisfactorily described
on the basis of the model proposed, which takes account of
the pair interaction of particles with a very simple form of
the interaction potential for hard spheres. It is obvious that
this coefficient is different for different molecules.

The physical mechanism leading to an increase of the
diffusion coefficient consists in a decrease of the activation
barriers for diffusion, which is due to an interaction of the
particles for high filling factors. Indeed, it follows from the

relation (75) for the effective diffusion activation energy 𝐸(𝜃0)
that in this case, when the filling factor is low, 𝜃0 ≪ 1,
gas diffusion in the channel can be studied in the single-
particle approximation neglecting the pair interaction of
the gas particles with one another. As the filling factor
increases, the diffusion activation energy decreases as a
result of the effective attraction of the gas particles to one
another. This can be interpreted as the formation of widely
separated clusters. Diffusion in each cluster can be treated as
a transfer of “excitation” along a chain of close gas particles.
A further increase of the filling factor increases the cluster
lifetime and decreases the average intercluster distance and,
in consequence, increases the diffusion coefficient. For 𝜃0 ∼1, the diffusion process can be regarded as a motion of this
“excitation” along the entire channel, when the arrival of
a particle at the channel entrance results in the end-most
particle leaving the channel.

Figure 5(a) shows the temperature dependences of the gas
flux through a membrane for ethane and argon, calculated

using the formulas (5) and (81) and a relation following
from (81): 𝐽 ∝ 𝐷(𝜃0(𝑇, 𝑝))𝜃0(𝑇, 𝑝). These dependences were
compared with the experimental values obtained in [42]. It
is evident that the theoretical and experimental results agree
satisfactorily with one another. The temperature dependence
can also be understood on the basis of the model developed
in the present work. Indeed, it follows from the relation (5)
that at low temperatures (𝑇 → 0), the filling factor 𝜃0 ∼ 1.

The effective diffusion activation energy 𝐸(𝜃0) is 𝐸0 at
zero temperature (56). The diffusion coefficient of the gas
particles in the channel (81) approaches zero as a result of
the “freezing out” of the thermal motion of the particles
in the potential field of the channel surface. Increasing the

temperature decreases 𝐸(𝜃0) without appreciably changing

the filling factor. The value of 𝐸(𝜃0) reaches a minimum
at a certain temperature 𝑇0. It is obvious that the diffu-
sion coefficient reaches its maximum value precisely at this
temperature. It follows from (54) and (75) that a further
increase of temperature decreases the filling factor 𝜃0, and
this is accompanied by an increase in the effective diffusion
activation energy right up to the value 𝐸0 which is attained
for 𝜃0(𝑝, 𝑇) ≈ 𝜃0 ≪ 1 at some temperature 𝑇 = 𝑇1(𝑝). The
temperature 𝑇1 corresponds to a minimum in the function𝐷(𝑇). A further increase of the diffusion coefficient with
increasing temperature corresponds to the variation of the
coefficient according to the Arrhenius law 𝐷 ∝ exp(−𝐸0/𝑇).
Figure 5(b) shows the temperature dependence of the flux
for argon, calculated using (81) and the data from [57]. We
note that the theory developed in the present paper predicts
that the presence of a minimum at 𝑇 ∼ 400 K should be
accompanied by the appearance of a maximum at 𝑇 ∼ 200 K.
In this connection, for further elaboration of the theory, it is
of interest to make an experimental search for a maximum
in the temperature dependence of the flux for argon near𝑇 ∼ 200 K. Thus, two types of behavior of particles in
a channel, which have different diffusion mechanisms, can
be distinguished in the pressure and temperature ranges
investigated. For the first group, this is the diffusion of
single particles in a channel, and for the second group it is
diffusion as a result of a collective interaction of particles in a
completely filled channel. Such behavior of single-component
gases is a direct consequence of the real one-dimensionality
of subnanometer channels, where molecules cannot change
places with one another. The proposed model is based on
two basic assumptions: (1) the pair interaction between gas
particles plays the decisive role in the description of the
state and transport phenomena in a one-component gas in
subnanometer channels, and (2) as a result of the fact that
the channel diameter is comparable to the diameter of the
gas molecules, such channels can be assumed to be one
dimensional. The one-dimensionality of the system studied
is actually due to the fact that the gas molecules do not have
classical transverse degrees of freedom. This difference from
the conventional systems plays a fundamental role in the
analysis of all phenomena described above.

We note that (73) derived previously possesses, besides
the solution described in the text, strongly nonuniform
nonstationary soliton-like solutions. It should be expected
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Figure 5: Relative flux versus the relative temperature 𝑇/𝑇0, 𝑇0 = 296 K. Solid lines—theoretical curves calculated using (5), (34), and (81);
dots—experimental data for ethane (a) [42] and argon (b) [58].

that an experimental consequence of the existence of such
solutions will be the appearance of substantial fluctuations
of the gas flux through a membrane. The proposed model
satisfactorily describes the equilibrium properties of a gas
in a channel (specifically, the filling factor) and the weakly
nonequilibrium properties of the gas, such as the diffusion
coefficient and flux. It should be noted that a satisfactory
description of the equilibrium properties, for example, the
adsorption isotherm, has been obtained previously on the
basis of a number of phenomenological models [42]. A qual-
itative analysis of the maximum (but not minimum) in the
temperature dependence of the relative diffusion coefficient is
presented in [43]. A model describing the dependence of the
diffusion coefficient on the filling factor on the basis of a one-
particle approximation by introducing into the diffusion rate
jumps of individual particles a phenomenological correction

factor 𝜒 = (1 − 𝜃0)−1 has been proposed in [36]. However,
even though each of the phenomena indicated previously
can be described on the basis of individual models, the
approximations used in so doing either are not physically
substantiated or completely contradict one another.

2.2. Particle Mobility and Diffusion in 1D System. Although,
in many cases, the parameters of 1D systems can be calcu-
lated exactly, their complete theoretical description has not
yet been accomplished. 1D systems belong to the class of
strongly fluctuating systems [59]; thus, in contrast to systems
of higher dimensionalities, they cannot unambiguously be
described only by mean values such as mean density and
compressibility [59]. The transport properties of 1D systems
can also be rather specific (see [43, 57, 60] and Section 2.1).
Recent ab initio calculations [61] have shown that water
flux through hydrophobic nanotubes is more than one order
of magnitude higher than the estimated ordinary diffusion
flux. The permeation experiments on zeolite membranes [57]
have shown that for gases, whose particle diameter is larger
than half the zeolite channel diameter, the increase of the
diffusion coefficient with density is more than one order of

magnitude larger than would be expected for one-particle
diffusion. On the other hand, there are also experimental
results, for example, obtained using nuclear magnetic reso-
nance (NMR) and quasi-elastic neutron scattering (QENS)
techniques, indicating that the particle mobility in 1D systems
can decrease and the mean square displacement (MSD) can
become proportional not to time, as it is in the case of a
normal (Einstein) diffusion, but to the square root of time,⟨𝑥2⟩ ∼ 𝑡1/2 (so-called single-file diffusion mode (SFD))
[43, 62–67]. Moreover, the experiments [64, 66] show that
both the Einstein and SFD diffusion modes can exist for
the same particles but at different densities and observation
times. Furthermore, for certain investigated gases, a density
increase leads to a transition from the Einstein diffusion to
the SFD mode [64]. Thus some experiments suggest that the
particle mobility in 1D systems must decrease with increasing
density, whereas others show that diffusion accelerates as
density becomes larger. An explanation for this contradiction
is absent at present.

Diffusion in 1D systems has been studied in numerous

theoretical works [36, 57, 67–73]. The dependence ⟨𝑥2⟩ ∼ 𝑡1/2
has been obtained for a 1D system within the screened-gas
model, which partly takes into account correlations between
the particles [68–73]. It has been suggested [70–73] that the
appearance of the two diffusion modes, characterized by the
different time dependences of MSD, can be explained by a
transition from the one-particle diffusion mode, occurring
at short times, to SFD appearing at longer times when the
particle mobility is limited by its neighbors. In this case

at 𝑡 → ∞ the dependence of MSD is always ⟨𝑥2⟩ ∼𝑡1/2. Although this approach can describe the experimentally
observed dependences of MSD, corresponding to SFD, it
fails to explain the increase of the diffusion coefficient and
transport acceleration observed in dense 1D systems [43]. The
physical reason for this failing is that the proposed model
[60] considered the system of individual tagged particles,
whereas in experiments one does not follow the diffusion
of a particular particle but rather deals with the system
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of many of identical particles. We propose a description
for the particle diffusion [57] and mobility [43, 62–65] in
1D systems of identical particles with blocking effect (BE)
when the motion of a particle is blocked by other particles
or clusters. According to our model, different mobility and
diffusion transport mechanisms can be realized in a 1D
system depending on its density. At low densities, an ordinary
diffusion of single particles takes place. As density increases,
a formation of 1D clusters of a finite size and lifetime takes
place. In this case, there are two competing mechanisms
prevalent in the system: a barrier-free propagation of density
perturbations (“collective diffusion” (CD)) [60] and a block-
ing effect. When BE dominates, the SFD mode is realized,
whereas when the CD mechanism prevails, we predict an
essential transport acceleration, as compared to the one-
particle diffusion mode. In this case, MSD is Einstein-like
with the diffusion coefficient increasing with density. The
proposed model consequently takes into account all the time-
space correlations occurring in a 1D system composed of
identical particles with an arbitrary interaction potential. This
model is able to describe the experimentally observed MSD
dependencies at different densities as well as the transport
acceleration with increasing density of a 1D system. To
describe the transport properties of a 1D system, we apply
the response function method (see Section 2.1 and [31, 32,
48]). This approach allows one to consistently take into
account many-body correlations and obtain the diffusion
coefficient and MSD for a 1D system of arbitrary density.
Within response function method, we calculate the response
function 𝛽(𝑘, 𝜔), which determines the Fourier image of the
density fluctuation 𝛿𝑛(𝑘, 𝜔) occurring in the 1D system in
the external field of frequency 𝜔 and wave number 𝑘. The
relaxation spectrum of a density fluctuation (𝜔(𝑘)) can be

calculated from the relation 𝛽−1(𝑘, 𝜔) = 0. Note that in
response function method, 𝛿𝑛(𝑥, 𝑡) can be interpreted as a
distribution function if 𝑡 ≫ 𝑎2/𝐷, where 𝑎 is the particle
diameter and 𝐷 is the one-particle diffusion coefficient [48].
A density fluctuation 𝛿𝑛(𝑥, 𝑡) in a 1D system is determined by
the relation (87), and the MSD can be expressed as

⟨𝑥2⟩ = ∫𝑥2𝑑𝑥 𝑑𝑘𝑒−𝑖𝜔(𝑘)𝑡𝑒𝑖𝑘𝑥∫𝑑𝑥𝑑𝑘𝑒−𝑖𝜔(𝑘)𝑡𝑒𝑖𝑘𝑥 . (83)

It is evident from (87) and (83) that MSD is determined
by the relaxation spectrum 𝜔(𝑘). The evaluation of 𝜔(𝑘) is
reduced to the solution of Dyson equation for the response
function (55) and for the 1D system takes the form (70), where
](𝑘, 𝜃) is the Fourier image of the pair correlation function of
interacting particles. The function ](𝑘, 𝜃) can be obtained for
a 1D system with an arbitrary interaction potential Φ(𝑥) [45]:

] (𝑘, 𝜃) = 2𝑛0 ( 𝜙 (𝑝 (𝜃) − 𝑖𝑘𝑎)𝜙 (𝑝 (𝜃)) − 𝜙 (𝑝 (𝜃) − 𝑖𝑘𝑎) + 𝜃𝑖𝑘𝑎) ,
𝜙 (𝑧) = ∫∞

0
𝑒−𝑧𝑥 exp (−Φ (𝑥)𝑇 ) ,1𝜃 + (ln 𝜙 (𝑧))𝑧=𝑝(𝜃) = 0.

(84)

Here 𝑇 is the temperature. The last expression in (84) helps
us to obtain the dependence of pressure on the filling factor
(𝑝(𝜃)). It follows from (70) and (84) that at 𝜃 → 0, the
relaxation spectrum 𝜔(𝑘) describes the one-particle diffusion𝜔(𝑘) = −𝑖𝐷0𝑘2. For 𝑘𝑎 ≫ 1, the Fourier image of the pair
correlation function ](𝑘, 𝜃) approaches zero for any arbitrary
short-range potential Φ(𝑥). This corresponds to the absence
of correlations between the particles at the length scale 𝑎 < 𝑙0,
where 𝑙0 is the average particle path between two collisions.
In this case, the relaxation spectrum 𝜔(𝑘) also describes the
one-particle diffusion mode 𝜔(𝑘) = −𝑖𝐷0𝑘2. The analysis
of the relaxation spectrum performed in Section 2.1 for the
hard-core potential has shown that due to collective effects
and density fluctuations, the 1D system can transform into
a nonhomogeneous state as density increases. This state is
characterized by the formation of 1D clusters with a finite
lifetime (Section 2.3) (Section 2.1). In this case at high density
(𝜃 → 1), long distances (𝑘 → 0), and 𝑡 → ∞ (see (70),
(84)) the spectrum becomes diffusion-like with the diffusion
coefficient increasing with density (72) that corresponds to
the CD mode existing in a nonhomogeneous, clustered 1D
system [62]. In order to describe the relaxation of density

fluctuations at times 𝑡 ≫ 𝑎2/𝐷0 (that corresponds to the long-
time limit 𝑡 → ∞) for an arbitrary filling factor 𝜃, one should
do series expansions of (70) and (84) with respect to the
parameter 𝑘𝑎 ≪ 1 and keep the expansion terms following
the first one. It is convenient to rewrite this expansion with
respect to parameter 𝑘𝑙0. Having done this, the relaxation
spectrum for 𝑘 ≪ 1/𝑎 can be written as𝜔 (𝑘) = − 𝑖 (𝐷 (𝜃) 𝑘2 + 𝐹 (𝜃) 𝑘2(𝑘𝑙0)2 + 𝑖𝐹1 (𝜃) 𝑘2 (𝑘𝑙0)) ,

(85)

where the expansion coefficients are 𝐷(𝜃) = 𝐷0𝜁(0, 𝜃), 𝐹1(𝜃)= 𝐷𝜃](0, 𝜃)𝜁2(0, 𝜃), and 𝐹(𝜃) = 𝐷𝜃2((1/2)](0, 𝜃)𝜁2(0, 𝜃) −
]2(0, 𝜃)𝜁3(0, 𝜃)). The values with apostrophes represent the
corresponding derivatives of ](𝑘, 𝜃) with respect to wave
number 𝑘, calculated at 𝑘 = 0. Equations (83) and (85)
can be used to evaluate the time dependence of ⟨𝑥2⟩ at any
length scale, starting from a diffusion path of just few particle
jumps up to those comparable to the total length of the
channel. Note that the real part of the spectrum Re 𝜔(𝑘),
which at 𝜃 → 1 corresponds to the sound mode, describes
the collective effect of density perturbation propagation

(𝛿𝑛(𝑥, 𝑡) ∼ ∫ 𝑑𝑘𝑒−𝑖𝜔(𝑘)𝑡𝑒𝑖𝑘𝑥 = ∫𝑑𝑘𝛿𝑛1(𝑘, 𝑡)𝛿𝑛2(𝑘, 𝑡)𝑒𝑖𝑘𝑥, 𝛿𝑛1 ∼𝑒𝑖Re𝜔(𝑡)𝑡), and its imaginary part Im 𝜔(𝑘) determines the
diffusion mode for the relaxation of a density fluctuation
taking into account the length-time correlations between

the particles (𝛿𝑛2 ∼ 𝑒− Im𝜔(𝑘)𝑡). Equations (87), (83), and
(85) allow us to study the mobility and distribution function
of the particles in a 1D system for different length/time
scales, filling factors and interaction potentials Φ(𝑥). Figure 6
presents the dependences of the distribution function on the
dimensionless coordinate 𝑥 = 𝑥/𝑙0, calculated for different
dimensionless times 𝑡 = 𝑡/𝜏 (𝜏 ∼ 𝑙20/𝐷0) using the square-
well interaction potential with the well depth 𝑉 ∼ 𝑇 (𝑢 =𝑉/𝑇 ∼ 1) and width 𝑅.

It is important to mention that the obtained results do not
depend on the specific form of the pair interaction potential
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Φ(𝑥); we have obtained similar results using rectangular
potentials, the Lennard-Jones and Morse potentials. We
also note that the shape of the distribution function is
independent on density as both dimensionless coordinate
and time are determined by the filling factor. The distribution
functions at different time scales clearly differ from each
other. The distribution is a Gauss-like function at short times
(𝜃2 ≪ 𝑡 < 1, 𝜃 ≪ |𝑥| < 1) that corresponds to the
one-particle diffusion (Figure 6). At 𝑡 ∼ 1, |𝑥| ∼ 1, the
distribution function varies faster than the Gauss distribution
(Figure 6) that corresponds to limited mobility of a particle
due to its blocking by other particles. At longer times (𝑡 ≫ 1,|𝑥| ≫ 1), the distribution function becomes Gauss-like again
(Figure 6) as the transport in a dense 1D system is due to the
CD mechanism [60]. In this case, the relaxation spectrum is
diffusion-like with a density-dependent diffusion coefficient𝐷𝑢(𝜃) ≈ 𝐷0/(1 − 𝜃)2.

MSDs calculated at different time and length scales
(Figure 7) using the distribution functions (Figure 6) notice-
ably differ from each other confirming the existence of several
diffusion modes in the system. At short length-time scales

(𝑡 < 𝜏, ⟨𝑥2⟩ ≪ 𝑙20), one should observe the one-particle

diffusion mode with ⟨𝑥2⟩ ∼ 𝑡 (Figure 7(a)). When ⟨𝑥2⟩ is

comparable to 𝑙20 and time 𝑡 ∼ 𝜏, the correlations between
the particles become essential that lead to the appearance
of blocking effect. In this case, MSD has a non-Einstein

character (Figure 7(b)). At longer times 𝑡 ≫ 𝜏, ⟨𝑥2⟩ ≫ 𝑙20 ,
the particle mobility is mostly determined by the second term

in (85). This leads to the reappearance of the Einstein-type

110 dependence of MSD, ⟨𝑥2⟩ = 2𝐷(𝜃)𝑡, where 𝐷(𝜃) is an
effective diffusion coefficient. Notice that the characteristic
times at which different diffusion modes can be observed
depend on the density of the system. Indeed, the average
distance between the particles and, consequently, the time𝜏 ∼ 1/𝜃2 decrease with increasing density.

Further we compare our results to those of the QENS,
NMR [43, 62–65], and permeation [57] experiments as well
as to the results of the molecular dynamics (MD) calculations
[71] summarized in Table 1. Notice that such a system can be
considered as one dimensional with the presence of BE as the
diameters of the experimentally investigated molecules are
less than the doubled diameter of the membrane channel. Our
estimates for zeolite ZSM-48 obtained using the data from
[71] show that for the low filling factor (𝜃 = 0.11) and times∼ 10 ns, the normal diffusion mode, ⟨𝑥2⟩ ∼ 𝑡, should occur
while at higher density (𝜃 = 0.48) the dependence ⟨𝑥2⟩ ∼ 𝑡1/2
should be observed, which is in a perfect agreement with the
experimental data (Table 1). In Table 1, experimental and MD
results are presented; 𝑎 and 𝑑 are the particle and membrane
channel diameters, respectively, 𝑇 is a temperature, and 𝜃 is
a degree of filling of the channel. The fifth column represents
the data on the motion mode of a particle in a channel (“SFD”
means 𝑥2 ∼ 𝑡𝛼, 𝛼 < 1, “normal” corresponds to 𝑥2 ∼ 𝑡). The
observation time of corresponding modes is represented in
the sixth column.

The experimental results obtained for ethane molecules in
zeolite AlPO4-5 and for methane molecules in zeolite ZSM-
48 (Table 1) are successfully described by our model. Indeed,
using (85), one can write MSD for the SFD mode at 𝐹(𝜃) > 0
as ⟨𝑥2⟩ = (1 − 𝜃) 𝑙0√32𝐷𝑡𝐹 (𝜃),

𝐹 (𝜃) = 𝐷0𝜃2 (12] (0, 𝜃) 𝜁2 (0, 𝜃) − ]
2 (0, 𝜃) 𝜁3 (0, 𝜃)) .

(86)

Equation (86) with 𝐹(𝜃) = 1 is identical to the relation
derived in [62] with the accuracy of the numeric coefficient√32. Note that 𝐹(𝜃) describes the correlations effects in a 1D
system of interacting particles. Using (86) and the parameters

for AlPO4-5 [62], we obtain ⟨𝑥2⟩ ∼ 3 𝜇m for times ∼100 ms
that is in good agreement with the values reported in [62, 64].

At short times 𝑡 ≤ 𝑙20/𝐷 ∼ 10−8 s, the main contribution
comes from the first term in (85), and, in this case, the normal
diffusion mode is realized. Our results obtained using (83)
and (85) at 𝑢 = 1 and the experimental data for ethane
molecules in zeolite AlPO4-5 are compared in Figure 8.

The dependence of the diffusion coefficient on the filling
factor was investigated for several gases (CH4, C2H6, and
C3H8) in silicalite-1 membrane at times 𝑡 > 10 s [57]. The
diffusion coefficients for these gases were found to increase
more than 20 times as the filling factor varied from 0 to
0.9. This observation can be explained by the collective
effect of density perturbation propagation through a 1D
clustered system. The calculated dependence of the relative

diffusion coefficient 𝐷/𝐷0 = (Im 𝜔(𝑘)/𝐷0𝑘2)𝑘=0 on the
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(a) shows the curve up to 100𝑡/𝜏; its magnification is shown in (b) (0 : 7𝑡/𝜏) and (c) (0 : 1𝑡/𝜏). The insert in (c) shows very short times up to
0.01, when the normal diffusion mode is observed.
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Table 1: Experimental and MD results: 𝑎 and 𝑑 are the particle and membrane channel diameters, respectively.

Method Molecule, zeolite 𝑇, K 𝜃 Diffusion mode Observation time Reference

NMR
C2H6, 𝑎 = 3.8Å 300 0.15 SFD 100 ms

[62]
AlPO4-5, 𝑑 = 7.3Å

NMR

180 0.003 SFD 2 ms

CF4, 𝑎 = 4.7Å 0.03 SFD 150 ms
[71]

AlPO4-5, 𝑑 = 7.3Å 0.11 SFD 50 ms

0.22 SFD 150 ms

MD CF4, 𝑎 = 4.7Å 180 0.11 SFD 10−8 s

QENS

CH4, 𝑎 = 3.8Å 155 0.3 Normal 10−8 s

AlPO4-5, 𝑑 = 7.3Å 0.45 Normal 10−8 s

C2H6, 𝑎 = 3.8Å

AlPO4-5, 𝑑 = 7.3Å

250 0.36 Normal 10−8 s

0.6 Normal 10−8 s [64]

0.72 Normal 10−8 s

CH4, 𝑎 = 3.8Å 155 0.11 Normal 10−8 s

ZSM-48, 𝑑 = 5.6Å 0.48 SFD 10−8 s
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Figure 8: MSD versus time at 𝑢 = 1, 𝑅 = 𝑎. The solid line shows the
results calculated using (55), (70), (87), and (85); points represent the
experimental data for the diffusion of ethane in zeolite AlPO4-5 [61].
The insert shows the dependence of the relative diffusion coefficient
on the filling factor obtained for several gases (solid line) using (84)
and (85) and 𝑉/𝑇 = 1. Points are the experimental data from [57].

filling factor 𝜃 in comparison with experimental results is
presented in Figure 8 (insert). The figure shows that the
diffusion coefficient is only weakly dependent on the filling
factor for 𝜃 < 0.5 (Figure 8 insert) but it rapidly increases
when the filling factor becomes larger. This behavior of 𝐷(𝜃)
can be easily understood as at low filling factors, the particles
inside the membrane channel do not interact with each other,
no clusters are formed, and particle motion is purely diffusive.

The increase of the diffusion coefficient for 𝜃 > 0.5 is due to
the cluster formation inside the channel and activation of the
CD mode (Section 2.1).

2.3. Formation of High- and Low-Density Clusters in a 1D
System. In recent experiments [74], the one-dimensional
(1D) Au chains formed on the (110) NiAl surface have been
investigated at low temperature (𝑇 = 12 K). This surface
exhibits 1D grooves made of the rows of Ni atoms, which
suppress the transverse movements of Au adatoms allowing
them to move only along the groove. The measured Au-Au
distances in such chains were about 2.9 Å that is very close
to those in bulk gold [74]. The properties of 1D Au chains
were also investigated in experiments [8, 12, 75–77] where
they were either pulled out of a gold surface by an STM tip
or created in a process of thin film etching. Such chains were
stable during the observation time and consisted of several
gold atoms. The Au-Au distances in some of them appeared to
be strikingly large, up to 3.5–4.0 Å [75–77], whereas in others
much smaller Au-Au separations (∼2.5–2.9 Å) were observed
[8, 12, 78–80]. These results suggest that a 1D gold chain
can exist in two different states characterized by different
interatomic distances.

The ab initio calculations performed at zero temperature
have shown that a 1D gold wire should break when the Au-
Au separations exceed ∼2.9 Å [81–84]. Being in agreement
with the experiments reporting the Au-Au distances of 2.5–
2.9 Å, this result, however, does not explain the existence
of large Au-Au separations. It has lately been demonstrated
that the presence of hydrogen or other light atoms in the
wire structure can stabilize gold chains and significantly alter
their properties [3, 4, 82–88]. Assuming a somewhat ordered
distribution of impurities within the wire, one can easily
explain the experimentally observed large Au-Au separations
[6, 82, 83, 87]. Although this finding offers an intriguing
possibility to modify the wire properties by an intentional
incorporation of impurities (Im), a spontaneous formation
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of locally ordered Au-Im-Au structures seems unlikely and
remains to be proven experimentally. Another explanation
has been proposed by Sun et al. [89] who suggested that the
large Au-Au distances might result from chain melting. It is
known, however, that phase transitions do not occur in 1D
systems [34]; thus, the proposed model should be taken with
precaution.

Monoatomic chains can disintegrate due to atomic move-
ments in both longitudinal and transverse directions caused
by thermal fluctuations. The probability of disintegration
is determined by the characteristic frequencies of atomic
vibrations in the chain, and the energy barrier atoms need to
be overcome in order to leave the chain, which is comparable
with the energy per atom in the chain. A change of inter-
atomic distances due to transversal or longitudinal motion
of one of the atoms leads to a transition to a nonequilibrium
state, and the energy per atom increases. As the energy
barriers in the longitudinal and transversal directions are
comparable [90], the disintegration probabilities for these
two mechanisms appear to be comparable as well. Therefore,
further on we consider only one mechanism occurring due to
longitudinal fluctuations.

The probability of disintegration of a chain due to longitu-
dinal fluctuations is determined by the frequency spectrum of
relaxation of density fluctuations (relaxation spectrum) of the
quasi-1D system. To study the relaxation spectrum of a quasi-
1D system, we apply the previously stated response functions
for density functional method, which allows one to describe
the equilibrium and dynamical properties of a system if its
interaction potential is known. Within this method, one can
find the response function 𝛽(𝑥, 𝑡) that determines the relation
between the density fluctuation 𝛿𝑛(𝑥, 𝑡) and the external
field as well as all the space-time correlations in the system.
Additionally, one can find the free energy of the quasi-1D
system taking into account density fluctuations ([38] and
Section 2.1). A density fluctuation appearing in the quasi-1D
system can be determined as

𝛿𝑛 (𝑥, 𝑡) = Re (∫∞

0
𝑑𝑘𝐴 (𝑘) 𝑒−𝑖𝜔(𝑘)𝑡𝑒𝑖𝑘𝑥) ,

𝐴 (𝑘) = {𝐴 = const, 𝑘min ≤ 𝑘 ≤ 𝑘max∼ 0, otherwise. (87)

Here 𝑘 is the modulus of the wave number, and 𝐴(𝑘) is the
amplitude of the density fluctuation, which in the analysis of
cluster relaxation can be arbitrary and adequately considered
to be a constant for 𝑘 in the interval {𝑘min = 2𝜋/𝐿; 𝑘max =2𝜋/𝑑}. Clusters forming in the system are characterized by the
parameter 𝛿𝑛(𝑥, 𝑡), which is defined as a Fourier integral (87)
in the interval {𝑘min; 𝑘max}, where 𝐿 is the cluster length, and𝑑 is the atomic diameter. The cluster lifetime (𝑡) is determined
by the maximal magnitude of the imaginary part of the

spectrum 𝜔(𝑘) (𝜏−1 = Im 𝜔(𝑘)) in the interval 𝑘min < 𝑘 <𝑘max.
The relaxation spectrum of the 1D system 𝜔(𝑘) is deter-

mined by (70). If the relaxation of such a system is determined

by diffusion with the coefficient 𝐷0, then 𝜔0(𝑘) = −𝑖𝐷0𝑘2.𝜃 = 𝑛0𝑑 is a dimensionless density. 𝑛0 is the average number

of particles per length unit. ](𝑘, 𝜃) is a Fourier image of the
pair correlation function for interacting particles, which is
related to the Fourier component of the pair distribution
(𝑔(𝑘)) as ](𝑘) = 𝑔(𝑘) − 𝛿(𝑘), where 𝛿(𝑘) is the Dirac
delta-function. Note that the divergence must be removed
from 𝑔(𝑘) before any analysis. Otherwise reverse Fourier
transformation and the transition from wave numbers to
coordinates are impossible due to the integral divergence. For
a quasi-1D system, the pair distribution can be calculated
exactly for an arbitrary short-range interaction potentialΦ(𝑥) [44]:

𝑔 (𝑥) = 12𝜋 ∫∞

0
𝑑𝑘𝑒𝑖𝑘𝑥𝑔 (𝑘) ,

𝑔 (𝑘) = 1𝑛0 𝜙 (𝑝1D/𝑇 − 𝑖𝑘)𝜙 (𝑝1D/𝑇) − 𝜙 (𝑝1D/𝑇 − 𝑖𝑘) ,𝜙 (𝑝1D) = ∫∞

0
exp (−𝑝1D𝑥 + Φ𝑇 ) 𝑑𝑥.

(88)

Here 𝑝1D and 𝑇 are 1D pressure and temperature, respectively.
Equation (88) allows one to evaluate the pair distribution
and consequently the relaxation spectrum of the 1D system.
We have performed an extensive analysis, which has shown
that the properties of quasi-1D clusters are determined by the
presence of the repulsive and attractive terms in the potential
but not by the specific form of Φ(𝑥). In particular, we have
obtained similar results using rectangular potentials, and the
Lennard-Jones as well as Morse potentials. We notice that this
finding correlates well with the known results of the liquid
state theory [45, 46, 91]. For the sake of simplicity, we present
here the calculations of 1D pressure 𝑝1D(𝜃) (𝜃 = (𝑁𝑑/𝐿)
is dimensionless density) and pair distribution done for the
square-well potential with the well width 𝑅 and depth 𝑈0:

Φ (𝑥) = {{{{{
∞, 𝑥 ≤ 𝑑−𝑈0, 𝑑 < 𝑥 ≤ 𝑑 + 𝑅0, 𝑥 > 𝑑 + 𝑅. (89)

The performed calculations give the 𝑝1D(𝜃) dependence:

𝑝1D𝑑(1𝜃 − 1) = 𝑇 − 𝑝1D𝑅[ exp(𝑝1D𝑅/𝑇)(1 − exp (𝑈0/𝑇)) − 1]−1. (90)

Equations (88) and (90) allow one to analyze the possible
states of the quasi-1D system of the interacting particles
of an arbitrary density. They also let us to estimate the
relaxation time of a density fluctuation (cluster) as well as the
interatomic distances in the clusters. We choose to perform
this analysis using the parameters of the pair potential (89),𝑈0 = 1.1 eV, 𝑑 = 2.5 Å, and 𝑅 = 2.5 Å, corresponding to
the gold atoms [80]. For these parameters, we calculate the
compressibility 𝜂 = −(𝜕𝜃/𝜕𝑝1D) (Figure 9), pair distribution
(Figure 10), and dimensionless spectrum Ω ≡ 𝜔(𝑘)/𝜔0(𝑘)
(Figure 11).

At low densities (𝜃 < 0.67), the compressibility increases
with increasing density and it approaches its first maximum
at 𝜃 = 𝜃𝑐 = 0.18 (Figure 9). The compressibility has a
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Figure 9: The compressibility versus density for Au atoms at room
temperature.

second maximum at 𝜃 = 𝜃(1)𝑐 = 0.71. The derivative of the
compressibility equals 0 at extrema. Therefore, the presence of
extrema can indicate changes in the system state. As we show
in the following, the presence of maxima does not depend
on the specific form of the pair interaction potential Φ(𝑥),
but it is determined by the 𝑈0/𝑇 ratio (𝑈0 is a characteristic
depth of an arbitrary potential). The second maximum of the
compressibility disappears if 𝑈0/𝑇 ≪ 1. When 𝑈0/𝑇 ≫ 1,
the second maximum always exists if the condition 𝑅 ≥ 𝑑
is satisfied regardless of the specific form of the potentialΦ(𝑥). Also we have to note that the ratio 𝑈0/𝑇 provides the
existence of the second maximum whereas the position of this
maximum does not depend on the magnitude of this ratio.
This allows us to conclude that in the limiting case 𝑈0/𝑇 ≫ 1,
the variation of the temperature of a system does not lead to
any qualitative changes in a state of a system.

To demonstrate how the physical state of the system
changes at the compressibility maxima, let us analyze the
pair distribution 𝑔(𝑥) that determines the probability to find
atoms at a certain distance from each other. It has been shown
in Section 2.1 that the function 𝑔(𝑥) → 1 when 𝑥 → ∞. The
distances between the maxima of 𝑔(𝑥) are equal to 1, 2, 3, and
so forth, atomic diameters. Hence, the separation between
these maxima corresponds to the interatomic distance in the
clusters [45].

In the vicinity of the first compressibility maximum
(𝜃𝑐 = 0.18), the distance between the peaks of 𝑔(𝑥) and,
correspondingly, the interatomic distances in the clusters
are ∼3.6 Å (Figure 10(a)). At densities close to the sec-
ond maximum, interatomic distance in the cluster ≤3 Å
(Figure 10(b)). As it was mentioned above in the limiting case𝑈0/𝑇 ≫ 1, the variation of the temperature of a system does
not lead to any changes in the state of this system. Therefore,
at 𝑇 = 300 and 12 K, the magnitude of the gold cluster
interatomic distance will be the same.

As it has been noticed previously the qualitative shape and
the distance between the peaks of the pair distribution func-
tion are independent of the concrete form of the interaction
potential. The pair distributions 𝑔(𝑥) calculated for 𝜃 = 0.15

with square-well potential (solid line) and Morse potential for
the Au atoms (dashed line) are compared in Figure 11.

Figure 11 demonstrates that the distances between the
peaks are the same for both potentials, but the peaks for the
Morse potential are higher compared to the ones obtained
with the square-well potential. This difference is due to the
different characteristic length scales of the Morse and square-
well potentials. The characteristic length scale of the Morse
potential is larger than that of the square-well potential that
leads to a larger atomic attraction at long distances. Note that
in the case of the Morse potential 𝑈0 in (89) is a potential
well depth and 𝑑 + 𝑅 is the characteristic length scale of the
potential.

Further, we analyze the stability of the 1D clusters. The
change of the free energy of the 1D system (ΔΦ) due to the
cluster disintegration determines the probability of such a
disintegration [34]. ΔΦ can be divided into the following
contributions: ΔΦ0 that is the change of the free energy
due to the pair interactions in the cluster; ΔΦ1 that is the
change of the free energy coming from changes in the cluster
electronic states; and the fluctuation part ΔΦ𝑓 that is an
average fluctuation of the free energy of the 1D system
caused by cluster disintegration calculated for the stationary
state of the 1D system. Therefore, the probability of cluster
disintegration can be written as𝑊 ∝ 𝑊𝑓𝑊𝑖, 𝑊𝑓 ∝ 𝑒Δ𝐹𝑓/𝑇,𝑊𝑖 ∝ 𝑒Δ𝐹𝑖/𝑇, Δ𝐹𝑖 = Δ𝐹0 + Δ𝐹1. (91)

To estimate the cluster lifetime 𝜏 ∼ 𝑊−1, we analyze the
contributions to ΔΦ. Since there are no phase transitions
in 1D systems, ΔΦ𝑓 is always positive and its magnitude is
determined by the spectrum Ω(𝑘) [46] (Figure 12):

Δ𝐹𝑓 ∼ 𝑇∫∞

0
𝑑𝑘Ω (𝑘) (𝛿𝑛 (𝑘))2. (92)

It follows from (92) that ΔΦ𝑓, which is related to the
probability of cluster disintegration due to the loss of one
or several atoms, is determined by the maximal magnitude
of Ω(𝑘) in the interval (𝑘min = 2𝜋/𝐿; 𝑘max = 2𝜋/𝑑). In
the vicinity of the first maximum of the compressibility at𝜃 = 0.2 (Figure 9), ΔΦ𝑓 ∼ 𝑇𝑁Ω(𝑘). Here 𝑘 is the wave

number corresponding to the maximum of Ω(𝑘), 𝑘𝑑 ∼ 2
(Figure 12(a)), and 𝑁 is the number of particles in the cluster.
It follows from (91) that in this case the magnitude of 𝑊𝑓

is large for all the clusters with the length exceeding several
atomic radii. In the vicinity of the second maximum of the
compressibility at 𝜃 = 0.7 (Figure 9), ΔΦ𝑓 becomes larger as
the cluster length increases (Figure 12(b)). In this case for all
clusters with the length exceeding 𝐿, for which Ω(2𝜋/𝐿) ≫1, ΔΦ𝑓 ∼ 𝑇𝑁Ω(2𝜋/𝐿) and the probability 𝑊𝑓 is large.
Thus at all densities, only clusters of a certain maximal length
can exhibit a noticeable lifetime, and the formation of long
clusters appears to be unfavorable.ΔΦ𝑖 is the sum of the changes of the free energy of the
pair interaction between atoms in the cluster 𝜀0 and the free
energy of the cluster electronic states 𝜀1 (ΔΦ𝑖/𝑁 = 𝜀0 + 𝜀1).
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Figure 10: Pair distribution of gold atoms at room temperature.
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Figure 11: Pair distribution calculated with both square-well (solid)
and Morse (dashed) potentials.

In the limiting case 𝑇 ≪ |𝜀1|, 𝜀1, is negative [92] and it
is determined by the overlap of the atomic orbitals. This
overlap is determined by the penetrability coefficient Γ of
the potential barrier separating the electronic potential wells
of the neighboring atoms (Section 2.4). In the quasi-classical
approximation, Γ depends exponentially on the width and
height of the potential barrier (Section 2.4). It has been shown
[92] that due to collective effects, the penetrability coefficient

Γ depends not only on the interatomic distances, but also on
the difference between the maximum and minimum values
(Δ𝑔) of the pair distribution 𝑔(𝑥) (Figure 10). The interatomic
distances in the clusters formed at the densities about 𝜃 ∼ 0.2
are larger than those for the clusters existing at 𝜃 ∼ 0.7
(Figure 10), but Δ𝑔(𝜃 = 0.75) > Δ𝑔(𝜃 = 0.2). Using the
approach of [92], we find that in this case the magnitudes|𝜀1| (|𝜀1| ∼ 𝐺) for the clusters of both kinds appear to be
similar. Thus, for our analysis of cluster stability, we can
use the value |𝑒𝜀1| ∼ 0.5 eV obtained from the measure-
ments of the cluster conductivity in the scanning tunneling
spectroscopy (STS) experiments for the Au chains on the
NiAl surface [74]. The energy 𝜀0 per atom can be written as𝜀0 ∼ (𝜃/2) ∫∞

0
𝑑𝑥Φ(𝑥)𝑔(𝑥) [46]. Calculations show that 𝜀0 is

negative and |𝜀0| ∼ 1 eV and |𝜀0| ∼ 0.7 eV for the clusters at𝜃 ∼ 0.7 and 𝜃 ∼ 0.2, respectively.
Let us now compare the lifetime and interatomic dis-

tances calculated for the 1D clusters to the known properties
of the 1D chains fabricated in experiments [74–80]. The
results of the STS experiments [74] as well as the ab initio
study of the electronic structure of gold wires on (110) NiAl
[93] suggest that the main role of the substrate is to be a
natural template insuring the one-dimensionality of the Au
chains. This allows one to suggest that the observed Au-Au
distances (∼2.9 Å) in such chains to a large extent might be
determined by the one-dimensionality of the system. Taking
into account the minimal possible distance between Au atoms
(∼2.5 Å [81]), we can estimate the density in these chains:𝜃 = (2.5/2.9) = 0.87. Thus, the fabrication of Au chains
on (110) NiAl can be understood as an artificial formation
of 1D clusters with the density 𝜃 fulfilling the condition 𝜃 >𝜃(1)𝑐 (𝜃(1)𝑐 = 0.71). As we have shown previously, the Au-
Au separations in such 1D clusters should range from 3 Å
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Figure 12: Dimensionless spectrum Ω(𝑘) versus the wave number 𝑘.

(𝜃 = 0.74) to 2.7 Å (𝜃 = 0.9) or 2.5 Å (𝜃 = 1). The
lifetime of such clusters of the length 𝐿 can be estimated as
the characteristic time (𝜏 ∼ 𝜏𝑓 exp(𝑄/𝑇)) during which an
atom stays in the potential well of the depth 𝑄 = |𝜀0| + |𝜀1| −𝑇Ω(2𝜋/𝐿) (see (91)). Here 𝜏𝑓 ∼ 𝜔−10 (𝑘 = 2𝜋/𝑑) ∼ 10−12 s.
The calculations of the spectrum Ω(𝑘) at 𝜃 = 0.87 show
that, for example, for the cluster of the length 𝐿 ∼ 15 Å,
containing ∼5 Au atoms Ω(2𝜋/𝐿) ∼ 10. In this case using
the estimates obtained previously (|𝜀1 ∼ 0.5 eV, |𝜀1| ∼ 1 eV),
one can estimate the lifetime of such chains to be 𝑡 > 1000 s
(𝑇 = 300 K). Notice that in the absence of collective effects
and attractive interaction between atoms in a quasi-1D system
the lifetime of the chain of 𝐿 ∼ 15 Å would be very short,𝜏 ∼ 𝜔−1(𝑘 = 2𝜋/𝐿) ∼ 𝐿2/𝐷 ∼ 10−9 s (here 𝐷 ∼ 10−5 s m2/s
is the diffusion coefficient for Au atoms at the surface of NiAl
[94] at 𝑇 = 300 K).

The formation of suspended Au chains by pulling them
out of the Au surface or by etching an Au film with an
electron beam [2, 8, 12, 75–79] corresponds to conditions
where considerable tensile stress is applied to the chain. The
presence of an external force corresponds to the appearance
of the one-dimensional pressure 𝑝1D = −(𝜕𝐹/𝜕𝐿), where𝐹 is a free energy of the 1D chain. One can see from (90)
that 1D chains of finite length are affected by two types of
forces: forces corresponding to the effective repulsion of the
atoms from each other as a result of their movement (the
first term in (90)) and forces corresponding to their mutual
attraction that is determined by interaction potential of atoms
with each other. The attractive force |𝑝V

1D| depends on depth
of potential well and radius of the potential 𝑅 and equals𝑝V
1D = −(𝑁2/𝐿2)𝜀𝑅 in the van der Waals approximation. Thus

a cluster is in a compressed state. The value of compression
is |𝑝V

1D| = (𝑁2/𝐿2)𝜀𝑅. The presence of such a compression

can lead to loss of stability of the cluster in the transverse
direction and formation of a zigzag configuration of a chain.
Therefore, to form a stable linear chain, it is necessary to
attach an external force to the end of a chain to compensate
the compression |𝑝V

1D|. The presence of an external force
corresponds to the appearance of one-dimensional pressure|𝑝V
1D| = −(𝜕𝐹/𝜕𝐿), where 𝐹 is the free energy of a one-

dimensional chain. Let us estimate the lifetime of these
chains.

The decrease of the tensile force corresponds to the
decrease of the density 𝜃 (90). The observation of Au chains
[75–77] containing three or more atoms and exhibiting large
Au-Au separations (∼3.6 Å) can be considered as a formation
of a 1D cluster at the pressure 𝑝1D for which 𝑦 satisfies the

condition 𝜃𝑐 < 𝜃 < 𝜃(1)𝑐 (𝜃𝑐 = 0.18, 𝜃(1)𝑐 = 0.71). The lifetime
of such chains can be estimated as 𝜏 ∼ 𝜏𝑓 exp(𝑄/𝑇), where𝑄 = |𝜀0|+|𝜀1|−𝑇Ω(𝑘), 𝑘𝑑 ∼ 2. For |𝜀1| ∼ 0.7 eV, |𝜀0| ∼ 0.5 eV
and Ω(𝑘) ∼ 10 (Figure 12(a)), it turns out that 𝜏 > 100 s
(𝑇 = 300 K). The experimentally obtained chains [1, 8, 12, 78–
80] with the Au-Au separations of 2.5–2.9 Å are formed at

the pressure 𝑝 for which 𝜃 fulfills the condition 𝜃 > 𝜃(1)𝑐 .
According to our estimations, the Au-Au separations in such
clusters should be <3 Å (Figures 10(b) and 12(b)) and their
lifetime is 𝜏 > 1000 s (𝑇 = 300 K, 𝐿 ∼ 25 Å, Ω(2𝜋/𝐿) ∼ 20)
(Figure 11).

Within the framework of these assumptions, we can also
estimate minimal lifetime of chains of other metals, such as
Ag, Ni, and Pt. Due to the lack of experimental data on the
characteristic values of 𝜀0 for these materials let us assume|𝜀1| + |𝜀2| ∼ |𝜀|, where 𝜀 is the binding energy per atom
for dimer [95]. The calculated values of minimal lifetime of
one-dimensional chains are presented in Table 2. As one can
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Table 2: Minimal chain lifetime 𝜏, minimum number of atoms in a
stable chain 𝑁min, and 𝐹0th, 𝐹0𝑒 are the estimated and experimental
values of the force required to break the cluster with a minimum
number of atoms in it correspondingly.

Ag Au Ni Pt|𝜀|, eV [95] 1.15 1.46 1.78 2.22𝑎, Å [95] 2.58 2.58 2.08 2.32𝜏, s >1 >102 >105 >107𝑁min 2 3 4 5𝐹0th, nN 1.4 2.03 1.5 2.2𝐹0𝑒, nN [13] 1.2 0.19 1.7 3.1

see, the material of a one-dimensional chain greatly affects its
stability.

Let us estimate the minimal length of stable chains and
the force that is necessary for their formation. Note that if we
consider the chain as a rod of length 𝐿 with a radius equal to
the atomic radius 𝜎, then such a rod loses its stability when

it is compressed with a force greater than 𝐹𝑐 = 𝜋3𝐸𝜎4/𝐿2
[96], where 𝐸 is the Youngs modulus. So, if the compression
pressure of the chain is |𝑝V

1D| > 𝐹𝑐, then the chain is
unstable. Therefore, the minimum compressive force that
ensures stability of the chain is |𝑝V

1D| = 𝐹𝑐. Chains of metal
atoms have a conductivity comparable to the metal one [13],
so the range of the interatomic potential is comparable to the
length of the chain 𝑅 = 𝜅𝐿, where 𝜅 ∼ 1 and varies from metal

to metal. Relations |𝑝V
1D| = (𝑁2/𝐿2)𝜀𝑅 and 𝐹𝑐 = (𝑝𝑖3𝐸𝜎4/𝐿2)

allow to estimate the minimum number of atoms in a cluster𝑁min = 𝜋(𝐸𝜎4/𝜅𝑎)1/3, where 𝑎 is an interatomic distance
in the cluster. The value |𝑝V

1D| is the force that compresses a
stable cluster without external influences on it. In this case,|𝑝V
1D| = (𝑁min/𝑎)𝜀𝜅 is a force 𝐹0 required to break the cluster

with the minimum number of atoms in it. Table 2 shows the
results of the estimations of the minimum number of particles
in the chain 𝑁min and the corresponding force required to
break the chains 𝐹0th for chains of different material. It was
assumed that 𝜅Ag = 1 for the chains of Ag. For the rest
of metal chains, this coefficient was estimated by using the
relative conductivities 𝜅𝑖 = 𝜅Ag(𝜎𝑖/𝜎Ag), 𝑖 = Au, Ni, Pt.

2.4. Transport of a Two-Component Mixture in One-Dimen-
sional Channels. The dependence of transport selectivity on
the pressure in a two-component system of atomic particles
is nonmonotonic: the selectivity attains its maximal value and
then decreases instead of increasing. Thus, the mechanism of
diffusion enhancement in 1D channel, which was proposed in
Section 2.1, is inapplicable for two-component mixtures.

The transport of a two-component mixture in sub-
nanometer channels was considered earlier [51, 97] on the
basis of the generalized phenomenological Stephan-Maxwell
equation. The authors of these publications used the depen-
dence of the chemical potential on the fill factor, taking
into account the finite size of particles, but disregarding
their interaction. The dependences obtained in [51, 97] also
indicate a monotonous increase in the diffusion coefficients,
fluxes, and selectivity upon an increase in 𝜃 and, hence,

fail to describe the experimental data for two-component
mixtures.

2.4.1. Ground State of a System in 1D Channels. Let us
consider the surface of a porous body in contact with a two-
component gas mixture at temperature 𝑇 and pressure 𝑝.
Suppose that 𝑁 adsorption centers are located on the surface.
We assume that the particles on the outer surface do not
interact with one another. We also assume that the energy

of a gas molecule on the surface is equal to 𝜀(𝑖)0 , 𝑖 = 1, 2,
depending on the species of the molecule. We also suppose
that 𝜅 cylindrical channels (𝜅 ≫ 1) of diameter 𝑑 and length𝐿 emerge at the surface. We assume that the diameter of a
cylinder is comparable to the maximal diameter of the gas

molecule. Let us assume that 𝜀(𝑖)1 is the binding energy of the𝑖th particle at the mouth of a channel, 𝑁(𝑖)
1 is the number of

particles of the 𝑖th species above the membrane, 𝑞(𝑖) is the total

number of particles of the 𝑖th species in the channel, 𝑛(𝑖) is
the total number of 𝑖th particles in the channel and on the
surface, and 𝑁0 is the number of “seats” in the channel. Then
the partition function of the grand canonical ensemble taking
into account the interaction of system of atomic particles in
the channel has the form

Θ = 2∑
𝑖=1

∑ (𝑁 − 𝑘)! exp [𝛽𝜀(𝑖)0 (𝑁(𝑖)
1 − 𝑛(𝑖))](𝑁(𝑖)

1 − 𝑛(𝑖))! [𝑛 − 𝑘 − (𝑁(𝑖)
1 − 𝑛(𝑖))]!

× 𝜅! exp [𝛽𝜀(𝑖)1 (𝑛(1)) − 𝑞(1)](𝑛(1) − 𝑞(1))! [𝜅 − (𝑛(1) − 𝑞(1))]!
× 𝑁0! exp (𝛽𝜀(𝑖)2 𝑞(𝑖))𝑞(𝑖)! (𝑁0 − 𝑞(𝑖))! exp (𝛽𝜇𝑁(𝑖)

1 )𝑍int (𝑞(1), 𝑞(2)) ,
𝑁(𝑖)
1 + 𝑞(𝑖) = 𝑛(𝑖).

(93)

Here, the second sum corresponds to summation over config-

urations 𝛽 = 𝑇(1), 𝜀(𝑖)2 is the binding energy of particles of the𝑖th component in the channel, 𝜇 is the chemical potential, and𝑍int(𝑞(1), 𝑞(2)) is the partition function corresponding to the
inclusion of particle interaction in the channel. Considering
that the main contribution to the partition function comes

from states with a large number of particles (𝑞(𝑖) ≫ 1), we

can replace partition function 𝑍int(𝑞(1), 𝑞(2)) by the partition
function for particles interacting in the channel, calculated

for the mean value 𝑞(𝑖) of the number of particles of each
species in the channel. From the physics standpoint, this cor-
responds to “averaging over channels,” when a single channel
(whose state is calculated by averaging the parameters of par-
ticles in 𝜅 channels) is considered instead of the large number
of channels. It should be noted that this approximation is
possible since the number of channels having a diameter
of 𝑑 < 1 nm and emerging on a square centimeter of the

zeolite membrane surface is large: 𝜅 ∼ 𝑙−2𝑐 ∼ 1014 cm−2 ≫1, where 𝑙𝑐 is the characteristic distance between the chan-
nels on the membrane surface (Section 2.1). Using relation
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(93) and following the method proposed in Section 2.1,
we obtain for the adsorption isotherm𝑎𝜎av

𝜃 = 𝑐 𝑝𝑝 + 𝑝(1)0 + (1 − 𝑐) 𝑝𝑝 + 𝑝(2)0 ,
𝑎𝜎av

𝑐1𝜃 = 𝑐 𝑝𝑝 + 𝑝(1)0 , 𝑎𝜎av

𝑐2𝜃 = (1 − 𝑐) 𝑝𝑝 + 𝑝(2)0 ,
𝑝(𝑖)0 = 11 − 𝑐(1 − 𝑐𝑐 )𝑐(𝛼(2)𝛼(1))𝑐 1𝛼(2) exp [−𝛽 (𝜀(𝑖)2 + 𝐹int)] ,

𝑖 = 1, . . . , 2,
𝛼(𝑖) = 1𝑇( 2𝜋ℎ2𝑚(𝑖)𝑇)3/2, 𝑖 = 1, . . . , 2,

(94)

where 𝑎 = 𝐿/𝑁0 is the mean distance between the seats
in a channel, 𝑐 is the concentration of the first component
in the gas phase above the membrane, 𝑐1 and 𝑐2 are the
concentrations of the components in a channel, 𝜎1 and 𝜎2
are the diameters of molecules of the first and second species,𝜎av ≡ (𝜎1 + 𝜎2)/2 is the average diameter, 𝜃 is the fill factor
of the channel, and 𝐹int has the meaning of the free energy
of interaction per particle in the system of atomic particles
in the channel. The concentrations of the components in the
channel are chosen so that the following relation is satisfied:𝑐1 + 𝑐2 = 1. (95)

In accordance with relations (94), the calculation of the
adsorption isotherm is reduced to the calculation of the value
of 𝐹int: 𝐹int = −𝑇 ln (𝑄𝑁𝐿𝑁 ) , (96)

where

𝑄𝑁 = ∫ ⋅ ⋅ ⋅ ∫ exp [−𝛽∑
𝑖,𝑚

𝑈(𝑥𝑤𝑖 )] 𝑑𝑥𝑤1 ⋅ ⋅ ⋅ 𝑑𝑥𝑤𝑁,
𝑖 = 1 . . . 𝑁, 𝑤 = 1, 2, (97)

𝑈(𝑥) is the potential energy of interaction of particles of
species 𝑤 separated by distance 𝑥 from each other. It is con-
venient for subsequent computations to introduce, instead
of coordinates 𝑥𝑖 of individual particles in a channel, “pair”

coordinates 𝜁𝑙𝑚𝑖 , where 𝑙 = 1, 𝑚 = 1 corresponds to the
location of two particles of the first species in the vicinity of
point 𝑧𝑖; 𝑙 = 2, 𝑚 = 2 corresponds to the same for particles of
the second species, and so on. Obviously, the coordinates are
connected through the relation

𝑁11∑
1

𝜁11𝑖 = 𝐿1, 𝑁12∑
1

𝜁12𝑖 = 𝐿2, 𝑁22∑
1

𝜁22𝑖 = 𝐿2. (98)

Here 𝑁𝑖𝑗 has the meaning of the total number of pairs of
closely spaced particles of species 𝑖 and 𝑗 and 𝐿1 (𝐿2, 𝐿3)

is the effective length “occupied” by all pairs 𝑁11 (𝑁12, 𝑁22)
of particles. Considering that 𝐿1 + 𝐿2 + 𝐿3 = 𝐿 and, as
a consequence, the impossibility of mutual penetration of
particles through one another, we can reduce integration
with respect to coordinates 𝑥𝑖 to integration with respect to
coordinates 𝜁𝑙𝑚, which corresponds to summation over all
possible configurations of pairs of particles of the first and
second species in the channel. Consequently, we obtain the
following expression for 𝑄𝑁 from (97):

𝑄𝑁 = ∫∞

0
⋅ ⋅ ⋅ ∫∞

0
𝛿(𝑁11∑

1

𝜁11𝑖 − 𝐿1)𝛿(𝑁12∑
1

𝜁12𝑖 − 𝐿2)
× 𝛿(𝑁22∑

1

𝜁22𝑖 − 𝐿3)
× 𝛿 (𝐿1 + 𝐿2 + 𝐿3 − 𝐿) exp [−𝛽∑𝑈(𝜁𝑘𝑚𝑖 )]× ∏

𝑖

𝑑𝜁11𝑖 𝑑𝜁12𝑖 𝑑𝜁22𝑖 .
(99)

Using the delta function representation in the form of a line
integral [45] and carrying out integration with respect to𝜁𝑙𝑚𝑖 independently for different values of indices 𝑙 and 𝑚, we
obtain

𝑄𝑁 = 116𝜋4 ∮ ⋅ ⋅ ⋅∮ 𝑒𝑆1𝐿1 [∫∞

0
exp (𝛽𝑈 (𝜁11𝑖 ) − 𝑆1𝜁11𝑖 )
×∏

𝑖

𝑑𝜁11𝑖 ]𝑁11
×𝑒𝑆2𝐿2[∫∞

0
exp (𝛽𝑈 (𝜁12𝑖 ) − 𝑆2𝜁12𝑖 )∏

𝑖

𝑑𝜁12𝑖 ]𝑁12
×𝑒𝑆3𝐿3[∫∞

0
exp (𝛽𝑈 (𝜁22𝑖 ) − 𝑆3𝜁22𝑖 )∏

𝑖

𝑑𝜁22𝑖 ]𝑁22
× 𝑒𝑆[𝐿−(𝐿1+𝐿2+𝐿3)] 𝑑𝑆1 𝑑𝑆2 𝑑𝑆3 𝑑𝑆.

(100)

Integrating this relation with respect to 𝜁𝑙𝑚 for the simplest
form of the intermolecular interaction potential of the hard-
sphere type

𝑈(𝜉11𝑖 ) = {0, 𝜁11𝑖 > 𝜎1∞, 𝜁11𝑖 ⩽ 𝜎1,
𝑈 (𝜉12𝑖 ) = {0, 𝜁12𝑖 > 𝜎av∞, 𝜁12𝑖 ⩽ 𝜎av,
𝑈 (𝜉11𝑖 ) = {0, 𝜁22𝑖 > 𝜎2∞, 𝜁22𝑖 ⩽ 𝜎2,

(101)
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we obtain

𝑄𝑁 = Γ (𝑁𝑐21 + 1) Γ (𝑁𝑐1𝑐2 + 1) Γ (𝑁𝑐22 + 1)4𝜋 1𝑁× [𝐿 − 𝑁(𝜎1𝑐21 + 𝜎2𝑐22 + 2𝜎av𝑐1𝑐2)]𝑁. (102)

Here we have used the definition 𝑁𝑖𝑗 = 𝑁𝑐𝑖𝑐𝑗 (𝑁 is the total
number of particles in a channel) and the representation of
a factorial in terms of the gamma function, 𝑁! = Γ(𝑁 + 1).
Eliminating the factor corresponding to an ideal system of
atomic particles from relation (102) and substituting the result
into (96), we obtain the following expression for 𝐹int:𝐹int = −𝑇 ln (1 − 𝐶𝜃) , 𝐶 ≡ 1𝜎 (𝜎1𝑐21 + 𝜎2𝑐22 + 2𝜎av𝑐1𝑐2) .

(103)

As 𝑐1 → 0 or 𝑐2 → 0, expression (103) is transformed
into the corresponding expression for the free energy of a
one-component system of atomic particles in a 1D channel
(Section 2.1). From relations (103) and (94) for the adsorption
isotherm of a two-component system of atomic particles, we
finally derive the expressions𝑎𝜎av

𝜃 = 𝑐 𝑝 (1 − 𝐶𝜃)𝑝 (1 − 𝐶𝜃) + 𝑝(1)0 + (1 − 𝑐) 𝑝 (1 − 𝐶𝜃)𝑝 (1 − 𝐶𝜃) + 𝑝(2)0 ,
𝑝(𝑖)0 = 11 − 𝑐(1 − 𝑐𝑐 )𝑐(𝛼(2)𝛼(1))𝑐 1𝛼(2) exp [−𝛽𝜀(𝑖)2 ], 𝑖 = 1, . . . , 2.

(104)

Using these relations and specifying the external conditions,
we can obtain the fill factor and the component concentration
in the channel. For 𝑐 = 0 and 𝑐 = 1, isotherm (104)
transforms into the isotherm for a one-component system of
atomic particles, which was obtained in Section 2.1. Let us
now analyze the ground state of a mixture in 1D channels.
It is known (Section 2.1) that short-lived clusters can be
formed in 1D channels in the case of a one-component
system of atomic particles. The formation of clusters can
apparently be expected in the case of a two-component
system of atomic particles also. In order to describe possible
transition to an inhomogeneous clustered state, we must
calculate and analyze the free energy of the system taking
into account fluctuations and the equation determining the
amplitude of these fluctuations in the system (equation for
the order parameter), which follows from the free energy.
Since molecular transport depends on the lifetime of clusters,
the analysis of the equation for the order parameter aims
at determining the characteristic lifetime of clusters as a
function of the channel fill factor and, hence, as a fucntion of
pressure, temperature, and composition of the mixture above
the membrane. In order to describe the ground state of the 1D
system and relaxation process to the ground state, one is to
know the free energy 𝐹 of the 1D system and two-component
functional Δ[𝑛𝛼], 𝛼 = 1, 2, determined by the relations (39),
(44). The functional Δ[𝑛𝛼] can be written in the way of (49):Δ [𝑛𝛼] = Δ 0 [𝑛𝛼] + Δ int [𝑛𝛼] . (105)

Here Δ 0[𝑛𝛼] is the functional of the non-interacting system
and Δ int[𝑛𝛼] corresponds to the particles interaction:Δ 0 [𝑛𝛼] = lim

𝜏→∞
𝜏−1 ∫𝜏

0
𝐹0 [𝑛𝛼 (𝑥, 𝑡)] 𝑑𝑡,

Δ int [𝑛𝛼] = lim
𝜏→∞

𝜏−1 ∫𝜏

0
𝐹1 [𝑛𝛼 (𝑥, 𝑡)] 𝑑𝑡, (106)

where 𝐹0 is the free energy per temperature unit of the
ideal (non-interacting) system, 𝐹1 is the fluctuation part
of the free energy due to interatomic interaction in the
mixture. Quantity Δ can be expressed in terms of the response
function 𝛽𝛼,𝛽(𝑥, 𝑥, 𝑡, 𝑡) of the two-component system, which
is defined as𝛿𝑛𝛼 (𝑥, 𝑡) = ∫𝛽𝛼𝛽 (𝑥, 𝑥𝑡, 𝑡) 𝑒𝑉ext

𝛽 (𝑥, 𝑡) 𝑑𝑥𝑑𝑡, (107)

where 𝛿𝑛𝛼(𝑥, 𝑡) is the density fluctuation of particles of
species 𝛼 and 𝑒𝑉ext(𝑥, 𝑡) is a weak external field depending
on time. Here and in the following, we assume summation
over recurrent indices. Response function 𝛿𝑛𝛼(𝑥, 𝑡) can be
derived by varying directly the mean value of functional Δ
over 𝛿𝑛(𝑥, 𝑡) [38]:

𝛽𝛼𝛽 (𝑥, 𝑥, 𝑡, 𝑡) = −( 𝛿2Δ𝛿𝑛𝛼 (𝑥, 𝑡) 𝛿𝑛𝛽 (𝑥, 𝑡))−1. (108)

Using this relation, we can obtain the expansion of functionalΔ into a series in deviations 𝛿𝑛 of density from its mean
value in the case of a multicomponent system. In the Fourier
representation, the result has the formΔ = 12 ∫𝑑𝑘 𝑑𝜔𝛽−1𝛼𝛽 (𝑘, 𝜔) 𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔)

+ 13 ∫𝑑𝑘 𝑑𝜔𝑑𝑘 𝑑𝜔 𝛿𝛽−1𝛼𝛽 (𝑘, 𝜔)𝛿𝑛𝛾 (𝑘, 𝜔)× 𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔) 𝛿𝑛𝛾 (𝑘, 𝜔)
+ 14 ∫𝑑𝑘 𝑑𝜔𝑑𝑘 𝑑𝜔 𝑑𝑘 𝑑𝜔 𝛿2𝛽−1𝛼𝛽 (𝑘, 𝜔)𝛿𝑛𝛾 (𝑘, 𝜔) 𝛿𝑛∗𝛿 (𝑘, 𝜔)×𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔) 𝛿𝑛𝛾 (𝑘, 𝜔) 𝛿𝑛∗𝛿 (𝑘, 𝜔)+ ⋅ ⋅ ⋅ .

(109)

Here 𝛽𝛼𝛽(𝑘, 𝜔) is the response function of the multi-
component system in the Fourier representation, and the
asterisk indicates complex conjugation. It follows from the
fluctuation-dissipative theorem [98] that response function𝛽𝛼𝛽(𝑘, 𝜔) is directly proportional to the pair distribution; this
enables us to calculate 𝛽𝛼𝛽(𝑘, 𝜔) for a 1D system with an
arbitrary density, for which the pair distribution is known
exactly [45]. To calculate Δ, we use the local approximation
that makes it possible to replace functional derivatives by
ordinary derivatives [38]:𝛿2𝜑𝛿𝜌 (𝑥1) 𝛿𝜌 (𝑥2) ≈ 𝛿 (𝑥 − x1) 𝛿 (𝑥 − 𝑥2) 𝑑2𝜑𝑑𝜌2 . (110)
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Using this relation, we obtain from (109)

Δ = 12 ∫𝑑𝑘 𝑑𝜔𝛽−1𝛼𝛽 (𝑘, 𝜔) 𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔)
+ 13 ∫𝑑𝑘 𝑑𝜔𝑑𝑘 𝑑𝜔 𝜕𝛽−1𝛼𝛽 (𝑘, 𝜔)𝜕𝑛𝛾 (𝑘, 𝜔)× 𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔) 𝛿𝑛𝛾 (𝑘, 𝜔)
+ 14 ∫𝑑𝑘 𝑑𝜔𝑑𝑘 𝑑𝜔 𝑑𝑘 𝑑𝜔 𝜕2𝛽−1𝛼𝛽 (𝑘, 𝜔)𝜕𝑛𝛾 (𝑘, 𝜔) 𝜕𝑛∗𝛿 (𝑘, 𝜔)×𝛿𝑛𝛼 (𝑘, 𝜔) 𝛿𝑛∗𝛽 (𝑘, 𝜔) 𝛿𝑛𝛾 (𝑘, 𝜔) 𝛿𝑛∗𝛿 (𝑘, 𝜔)+ ⋅ ⋅ ⋅ .

(111)

Thus, the evaluation of functional (111) in the one-
dimensional case can be reduced to the calculation of
response functions. In the case of two-component systems,
the equations for determining partial response functions 𝛽
have the form [38]𝛽 (𝑘, 𝜔) = 𝛽(0) (𝑘, 𝜔) + 𝛽(0) (𝑘, 𝜔) �̂� (𝑘, 𝜔) 𝛽 (𝑘, 𝜔) ,

𝛽 (𝑘, 𝜔) ≡ 𝛽𝑖𝑘 (𝑘, 𝜔) = (𝛽11 (𝑘, 𝜔) 𝛽12 (𝑘, 𝜔)𝛽21 (𝑘, 𝜔) 𝛽22 (𝑘, 𝜔)) ,
�̂� (𝑘, 𝜔) ≡ 𝑅𝑖𝑘 (𝑘, 𝜔) = (𝑅11 (𝑘, 𝜔) 𝑅12 (𝑘, 𝜔)𝑅21 (𝑘, 𝜔) 𝑅22 (𝑘, 𝜔)) ,

𝛽(0) (𝑘, 𝜔) ≡ 𝛽(0)𝑖𝑘 (𝑘, 𝜔) = (𝛽(0)11 (𝑘, 𝜔) 𝛽(0)12 (𝑘, 𝜔)𝛽(0)21 (𝑘, 𝜔) 𝛽(0)22 (𝑘, 𝜔)) .
(112)

Here 𝛽𝑖𝑘(0)(𝑘, 𝜔) and 𝛽𝑖𝑘(𝑘, 𝜔) are the partial response func-
tions for noninteracting and interacting particles, respec-
tively. The quantity 𝑅𝑖𝑘(𝑘, 𝜔) describes the effective dynamic
interaction between particles and is defined as

𝑅𝑖𝑘 (𝑘, 𝜔) = 𝛿2Δ int𝛿𝑛𝑖 (𝑘, 𝜔) 𝛿𝑛𝑘 (𝑘, 𝜔) . (113)

Premultiplying expression (112) by (𝛽(0)(𝑘, 𝜔))−1 and post-

multiplying it by 𝛽−1(𝑘, 𝜔), we obtain

(𝛽(0) (𝑘, 𝜔))−1 = 𝛽−1 (𝑘, 𝜔) + �̂� (𝑘, 𝜔) . (114)

Over long time periods (𝑡 ≫ 𝜏mom), function 𝑅𝑖𝑘(𝑘, 𝜔) can be
represented in the form�̂� (𝑘, 0) = (𝛽(0) (𝑘, 0))−1 − 𝛽−1 (𝑘, 0) . (115)

In view of homogeneity and the absence of correlations in

a system of noninteracting particles, we have 𝛽(0)(𝑘, 0) =𝛽(0)(0, 0) = 𝑏𝑖𝑗, where

𝑏𝑖𝑗 ≡ − 𝜕2𝑆𝜕𝑐𝑖𝜕𝑐𝑗 , (116)

with 𝑆 being the entropy of the two-component system
of atomic particles divided by temperature in the absence
of the intermolecular interaction. In this case, we obtain
the following expression for the effective interaction from
(115): �̂� (𝑘, 0) = (𝛽(0) (0, 0))−1 − 𝛽−1 (𝑘, 0) . (117)

Substituting this expression into (114), we obtain the follow-

ing relation for response function 𝛽(𝑘, 𝜔):
𝛽−1 (𝑘, 𝜔) = (𝛽(0) (𝑘, 𝜔))−1 + 𝛽−1 (𝑘, 0) − (𝛽(0) (0, 0))−1.

(118)

In order to calculate the response function 𝛽(𝑘, 0) for a
system of interacting particles, we can use the fluctuation-

dissipative theorem connecting response function 𝛽(𝑘, 0)
with the pair correlation function for a system of interacting
particles: 𝛽𝑖𝑗 (𝑘, 0) = − [𝑏−1𝑖𝑗 + 𝑐𝑖𝑐𝑗𝜃2]𝑖𝑗 (𝑘)] . (119)

Here ]𝑖𝑗(𝑘) is the pair correlation function divided by
temperature [46]. Relation (119) is a generalization of the
relation (68) for one-component systems to two-component
systems.

Thus, the calculation of the response function can be
reduced to the calculation of the pair correlation function
or function 𝑔𝑖𝑘 called a pair distribution [46] and connected
with the pair correlation function through the relation

]𝑖𝑗 (𝑘) = 𝑔𝑖𝑗 (𝑘) − 𝑐𝑖𝑐𝑘𝛿 (𝑘) . (120)

We will calculate the pair distribution using the method
described in [45] and determine 𝑔11(𝑘). Functions 𝑔12(𝑘) and𝑔22(𝑘) are calculated similarly. Pair distribution 𝑔11(𝑥) can be
written in the form [45]

𝑔11 (𝑘) = ∞∑
𝑚=1

Ψ11
𝑚 (𝑘) − 1, (121)

where the function Ψ11
𝑚 (𝑘) is the Fourier transform of the

function Ψ11
𝑚 (𝜁), which is equal to the probability of finding

two particles of the first species separated from each other by𝑚 other particles and by distance 𝜁. Function Ψ11
𝑚 (𝑘) can be

written in the form

Ψ11
𝑚 (𝑘) = ∫𝑑𝜁𝑒𝑖𝑘𝜁 ((𝑁12∑

𝑛=0

𝑁22∑
𝑙=0

𝑄𝑚−𝑛−𝑙,𝑛,𝑙 (𝜁)
⋅ 𝑄𝑁11−(𝑚−𝑛−𝑙),𝑁12−𝑛,𝑁22−𝑙

(𝐿 − 𝜁))
× (𝑄𝑁11 ,𝑁12,𝑁22

(𝐿))−1) ,
(122)



26 Journal of Nanomaterials

where 𝑄𝑚,𝑛,𝑙(𝜁) is the configuration integral corresponding
to the presence of 𝑚 pairs of particles of the first species, 𝑛
pairs of particles of the first and second species, and 𝑙 pairs of
particles of the second species in a channel. For 𝑚 = 𝑁11,𝑛 = 𝑁12, and 𝑙 = 𝑁22, the expression for configuration

integral 𝑄𝑚,𝑛,𝑙(𝜁) coincides with (98) [45]:

𝑄𝑚,𝑛,𝑙 (𝜁) = ∮𝑑𝑆[𝜑11 (𝑆)]𝑚[𝜙12 (𝑆)]𝑛[𝜙22 (𝑆)]𝑙𝑒𝑆𝜁,
𝜙𝑖𝑗 (𝑆) = ∫∞

0
𝑒−𝑆𝑥𝑒−𝑈𝑖𝑗(𝑥)/𝑇𝑑𝑥. (123)

Here 𝜁 has the meaning of a coordinate and 𝜙𝑖𝑗(𝑆) is the
Laplace mapping of function 𝑓𝑖𝑗(𝑥) ≡ exp(−𝑈𝑖𝑗(𝑥)/𝑇). In the
case of an intermolecular interaction potential in the form of
that in the hard-sphere model, we have

𝑈11 (𝑥) = {0, 𝑥 > 𝜎1∞, 𝑥 ⩽ 𝜎1,
𝑈12 (𝑥) = {0, 𝑥 > 𝜎av∞, 𝑥 ⩽ 𝜎av,
𝑈22 (𝑥) = {0, 𝑥 > 𝜎2∞, 𝑥 ⩽ 𝜎2.

(124)

Substituting these relations into (123), we obtain the following
expression for the configuration integral:

𝑄𝑚,𝑛,𝑙 (𝜉) = 𝑒𝑝𝜉/𝑇[𝜙11 (𝑝𝑇)]𝑚[𝜙12 (𝑝𝑇)]𝑛[𝜙22 (𝑝𝑇)]𝑙,
𝜙11 (𝑝𝑇) = 𝑇𝑝𝑒−𝑝𝜎1/𝑇, 𝜙12 (𝑝𝑇) = 𝑇𝑝𝑒−𝑝𝜎av/𝑇,
𝜙22 (𝑝𝑇) = 𝑇𝑝𝑒−𝑝𝜎2/𝑇.

(125)

Here 𝑝 has the meaning of one-dimensional “pressure.”
Substituting relation (125) into (122), we obtain the following
expression for pair distribution 𝑔11(𝑘):

𝑔11 (𝑘) = (𝑝/𝑇) 𝑒𝑖𝑘𝜎1(𝑝/𝑇) − 𝑖𝑘 − (𝑝/𝑇) 𝑒𝑖𝑘𝜎1 ⋅ 11 − 𝑒𝑖𝑘(𝜎av−𝜎1)

⋅ 11 − 𝑒𝑖𝑘(𝜎2−𝜎1) . (126)

In the long-wave approximation (0 ≤ 𝑘 ≤ 2𝜋/ max{𝜎1, 𝜎2}),
expression (126) contains no poles and we obtain

𝑔11 (𝑥) = 1𝜃eff

∑
𝑚,𝑥−𝑚𝑎>0

(𝑦 − 𝑚 (𝜎1/𝑎))𝑚−1(𝑚 − 1)!(1/𝜃eff − 1)𝑚
⋅ exp (− 𝑦 − 𝑚1/𝜃eff − 1) ,

𝑦 = 𝑥𝑎 (𝑐1, 𝑐2) , 𝜃eff = 𝑁 ⋅ 𝑎 (𝑐1, 𝑐2)𝐿 ,
𝑎eff (𝑐1, 𝑐2) = 𝜎1𝑐21 + 𝜎2𝑐22 + 2𝜎av𝑐1𝑐2.

(127)

Functions 𝑔12(𝑥) and 𝑔22(𝑥) can be calculated similarly.
Substituting expressions (127) and (119) into (118), we obtain

the final expression for response function 𝛽(𝑘, 0):(𝛽 (𝑘, 0))−1
= ( − 𝑎111 + 𝑎11𝜃2𝑐21Δ]11 (𝑘) − 𝑎121 + 𝑎12𝜃2𝑐1𝑐2Δ]12 (𝑘)− 𝑎211 + 𝑎21𝜃2𝑐1𝑐2Δ]21 (𝑘) − 𝑎221 + 𝑎22𝜃2𝑐22Δ]22 (𝑘) ) .

(128)

Here

Δ]𝑖𝑗 (𝑘) ≡ ]𝑖𝑗 (𝑘) − ]𝑖𝑗 (0) , 𝑎𝑖𝑗 ≡ − 𝜕2𝐹𝜕𝑐𝑖𝜕𝑐𝑗 . (129)

𝐹 is the free energy of a two-component system of atomic
particles with interaction, referred to temperature, which can

be calculated by differentiating configuration integral 𝑄𝑁

twice with respect to concentration. Function 𝛽(𝑘, 𝜔) can be
obtained by generalizing the response function of the one-
component system of atomic particles,

𝛽−10 (𝑘, 𝜔) = −1𝜃 (1 + 𝜔𝜔0) = 𝜕2𝐹𝜕𝜃2 (1 + 𝜔𝜔0) (130)

derived in Section 2.1, to the case of a two-component
mixture:

(𝛽(0) (𝑘, 𝜔))−1 = ((1 + 𝜔𝜔1) 𝑏11 (1 + 𝜔𝜔1) 𝑏12(1 + 𝜔𝜔2) 𝑏21 (1 + 𝜔𝜔2) 𝑏22),
𝜔(𝑝)1 = −𝑖𝐷1𝑘2, 𝜔(𝑝)2 = −𝑖𝐷2𝑘2.

(131)

Here 𝐷1, 𝐷2, 𝜔(𝑝)1 , and 𝜔(𝑝)2 are the diffusion coefficients
and the relaxation frequency spectra for pure components.
Substituting relations (128) and (131) into (118), we obtain the
following expression for response function 𝛽(𝑘, 𝜔):
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(𝛽 (𝑘, 𝜔))−1 = ( 𝜔𝜔(𝑝)1

𝑏11 − 𝑎111 + 𝑎11𝜃2𝑐21Δ]11 (𝑘) 𝜔𝜔(𝑝)1

𝑏12 − 𝑎121 + 𝑎12𝜃2𝑐1𝑐2Δ]12 (𝑘)𝜔𝜔(𝑝)2

𝑏21 − 𝑎211 + 𝑎21𝜃2𝑐1𝑐2Δ]21 (𝑘) 𝜔𝜔(𝑝)12

𝑏22 − 𝑎221 + 𝑎22𝜃2𝑐22Δ]22 (𝑘) ) . (132)

It is convenient for subsequent analysis to pass to new
variables. For a two-component system, the relation 𝑐1+𝑐2 = 1
holds and quantity 𝛿𝑛 can be represented in the form

𝛿n (𝑘, 𝜔) = ( 1−1) 𝜉 (𝑘, 𝜔) , (133)

where 𝜉 can be interpreted as an order parameter. Substituting
(133) into (111), we obtain the expression for functional Δ:

Δ = 12 ∫𝑑𝑘 𝑑𝜔Ω𝜉𝑘,𝜔2 + 23 ∫𝑑𝑘 𝑑𝜔𝜕Ω𝜕𝑛 𝜉𝑘,𝜔2𝜉𝑘,𝜔
+ ∫𝑑𝑘 𝑑𝜔𝜕2Ω𝜕𝑛2 𝜉𝑘,𝜔4 + ⋅ ⋅ ⋅ , (134)

where

Ω ≡ (𝛽11 (𝑘, 𝜔))−1 − (𝛽12 (𝑘, 𝜔))−1− (𝛽21 (𝑘, 𝜔))−1 + (𝛽22 (𝑘, 𝜔))−1. (135)

Series (134) can be summed and written in the form

Δ = 12 ∫𝑑𝑘 𝑑𝜔𝜉2𝑘,𝜔Ω(𝑛, 𝑐 + 𝜉𝑘,𝜔, 𝑘, 𝜔) . (136)

The formal proof of the correctness of representing quantity Δ
in form (136) without analyzing the convergence of the cor-
responding series follows from the expansion of expression
(136) into a power series of order parameter 𝜉. This expansion
exactly reproduces series (134) (at least, to within terms on
the order of 𝜉5). Using relations (132), (135), and (136), we
can obtain the dependence of functional Δ on the wave
vector and order parameter of the system. The minimum
of functional Δ determines the ground state of the system.
Substituting relation (132) into (136), evaluating the derivative
of Δ with respect to the order parameter, and applying the
inverse Fourier transformation in frequency𝜔 to the resulting
relation, we obtain

𝜕𝜉𝑘𝜕𝑡 = −𝐷𝑘2 𝜕 (𝐹1 (𝜉𝑘, 𝑘))𝜕𝜉𝑘 , (137)

where 𝐷 = (𝑏11 − 𝑏12𝐷1

+ 𝑏22 − 𝑏21𝐷2

)−1,
𝐹1 (𝜉𝑘, 𝑘) ≡ 12Ω (𝑐 + 𝜉𝑘, 𝑘) 𝜉2𝑘,

Ω (𝑐, 𝑘) = − 𝑎111 + 𝑎11𝜃2𝑐21Δ]11 (𝑘) + 2𝑎121 + 𝑎12𝜃2𝑐1𝑐2Δ]12 (𝑘)− 𝑎221 + 𝑎22𝜃2𝑐22Δ]22 (𝑘) .
(138)

Equation (137) has the same form as the equation usually
used for the order parameter. The role of the order parameter
is played in this case by the quantity defined by relation
(133). It should be noted that the order parameter here
could be either positive or negative. The cases when 𝜉 >0 and 𝜉 < 0 correspond to the density fluctuation of the
first and the second components, respectively. The role of

the diffusion coefficient is played by quantity 𝐷 depending
on the fill factor and the concentration of components in
channels via coefficients 𝑎𝑖𝑗 and 𝑏𝑖𝑗 defined by relations (116)
and (128). It should be noted that the concentration of
the components in a channel (and its fill factor) could be
determined unambiguously from isotherm (104) proceeding
from the pressure, temperature, and composition of the
system of atomic particles. Analysis of functional 𝐹1 as a
function of order parameter 𝜉 and wave vector 𝑘 makes it
possible to investigate the possibility for a transition of the
system to an inhomogeneous state. For example, when the
minimum of functional 𝐹1 is attained for 𝜉 ̸= 0, 𝑘 = 0, a
conventional phase transition to a homogeneous state takes
place [99]. The minimum at 𝜉 = 0, 𝑘 ≡ 𝑘𝑐 ̸= 0 corresponds to
the propagation of a density wave over a distance of 𝑟 ∼ 𝑘−1𝑐 .
In the case when the minimum is attained at 𝜉 ̸= 0 and 𝑘 ̸= 0,
a transition to an inhomogeneous state with clusters formed
in the system is realized [99]. Local minima here determine
metastable states. Figure 13 shows the graphs illustrating the
dependence of 𝐹1 on order parameter 𝜉𝑘 and wave vector 𝑘
for a mixture in which one of the gases (first) is a strong
sorbate, while the other gas is a weak sorbate. The chosen
parameters (𝑎 = 3.8 Å, 𝜎1 = 4.3 Å, 𝜎2 = 3.6 Å, 𝜀1 = 0.61 eV,𝜀2 = 0.38 eV, 𝑝 = 2000 kPa, and 𝑇 = 300 K) correspond to a
methane-butane molecular mixture [51] and make it possible
to describe adsorption and fluxes of these one-component
gases in zeolite membranes. It should be noted that the choice
of parameters 𝑝, 𝑇, and 𝑐 determines unambiguously the
filling factor 𝜃 and concentrations 𝑐1 and 𝑐2 of gases in a
channel.
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Figure 13: Dependence of free energy 𝐹1 on the order parameter and wave vector for various concentrations of the first component in the
mixture: (a) 𝑐 = 0.1 (𝜃 = 0.67), (b) 𝑐 = 0.25 (𝜃 = 0.71), (c) 𝑐 = 0.3 (𝜃 = 0.74), and (d) 𝑐 = 0.45 (𝜃 = 0.75).

For low concentrations of the first component in a gas
mixture and for fill factors 𝜃 ≤ 0.7, functional 𝐹1 has only
one minimum at 𝜉 = 0, 𝑘 = 0 (Figures 13(a) and 13(b)).
This corresponds to a homogeneous state of the system. An
increase in the concentration of the first component leads to
the emergence of local minima in functional 𝐹1.

In this case, the global minimum is shifted to point 𝜉 =𝜉𝑐 > 0, 𝑘 = 𝑘𝑐. In this case, the ground state of the system
becomes spatially inhomogeneous, which corresponds to
the formation of clusters in the system. This situation will
be analyzed in greater detail later. Equation (137) for the
order parameter also allows us to calculate the characteristic
relaxation times for the emerging density fluctuation depend-
ing on external conditions. For this purpose, we expand

functional 𝐹1(𝜉𝑘, 𝑘) into a series in the vicinity of 𝜉𝑘 = 0 to
within the first nonvanishing term:𝐹1 (𝜉𝑘, 𝑘) ∼ 𝜆 (𝑘) 𝜉2𝑘. (139)

Substituting (139) into (137), we obtain𝜕𝜉𝑘𝜕𝑡 = −𝜉𝑘𝜏 , 𝜏 = (2𝜆 (𝑘)𝐷𝑘2)−1. (140)

The quantity 𝜏 is the lifetime of the 𝑘th mode of the density
fluctuation emerging in the vicinity of 𝜉𝑘 = 0. The curves
describing the lifetime of the emerging fluctuation as a func-
tion of the wave vector for different mixture compositions
are shown in Figure 14. It can be seen from Figure 14 that,
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Figure 14: Dependence of lifetime 𝜏 on wave vector 𝑘 for 𝑐 = 0.1 (a), 0.3 (b), and 0.45 (c).
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Figure 15: Dependence of free energy 𝐹1 on the order parameter for different values of the wave vector for 𝑐 = 0.3: 𝑘 = 0.1 (a), 0.3 (b), and
0.5 (c).

for a low concentration of the highly adsorbed component,
the lifetime decreases monotonically with increasing wave
vector, while the free energy has a minimum at 𝜉 = 0.
From the physics standpoint, this means that the state of the
system in a channel for a given composition of the mixture
is homogeneous and the growth of clusters is energetically
disadvantageous. It should be noted that the fill factor of the
channel is small in this case, but short-lived clusters with the
lifetime

𝜏 ∼ 𝑟2𝐷 = 𝑟2𝐷0

exp (𝐸𝑎𝑇 ) (141)

can be formed due to density fluctuations. Here 𝐷 =𝐷0 exp(−𝐸𝑎/𝑇) is the diffusion coefficient of solitary par-
ticles, 𝐸𝑎 is the diffusion activation energy, and 𝑟 is the
characteristic size of fluctuations. Characteristic size 𝑟 is
determined, as in Section 2.1, from the position of the
extremum of the imaginary part of the spectrum divided
by the square of the wave vector. It should be noted that
the value of 𝑟 increases with the fill factor of the channel
Section 2.1. Expression (142) can be derived by expanding
order parameter (137) into a series in the vicinity of 𝜉 = 0.

For low concentrations, expression (141) coincides with the
characteristic diffusion decay time for density fluctuations.

An increase in the concentration of the first component
of the mixture to 𝑐 = 0.3 elevates the fill factor of the channel
to 𝜃 = 0.74 (see Figure 13(c)), while 𝐹1 acquires two more
minima for 𝑘 ∼ 1. Figure 15 shows the dependences of the
free energy on the order parameter for different values of the
wave vector at 𝑐 = 0.3. It can be seen from the figure that the
free energy minimum is attained at point 𝜉 = 0 for values
of the wave vector 0 < 𝑘 < 0.4. For 𝑘 ≈ 0.5, functional 𝐹
has two minima (at 𝜉(0)𝑐 = 0 and 𝜉(1)𝑐 = 0.35), and the state

with 𝜉(1)𝑐 is separated from the state with 𝜉(0)𝑐 by a potential

barrier. Since the global minimum is attained at 𝜉 = 𝜉(1)𝑐 , the

state with 𝜉(0)𝑐 is metastable. The ground state of the system is

attained at 𝜉 = 𝜉(1)𝑐 and is clustered. It should be noted that, in
accordance with formula (133), clusters of the first component

are formed in the channel since 𝜉(1)𝑐 > 0.
The lifetime of the clusters can be determined by passing

from (137) for the order parameter to a stochastic differ-
ential equation (Langevin equation) and the corresponding
Fokker-Plank equation via the introduction of additive noise.
Steady-state solutions to the Fokker-Planck equation define
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Figure 16: Dependence of free energy 𝐹1 on the order parameter for different values of the wave vector for 𝑐 = 0.45: 𝑘 = 0.1 (a), 0.3 (b), and
0.5 (c).

the probability for the system being in the state described by

order parameter 𝜉(1)𝑐 . For the lifetime, we have

𝜏 ∼ 𝑟2𝐷0

exp (𝐸𝑎𝑇 − 𝛿𝐹) ,
𝛿𝐹 = 𝐹1 (𝑐 + 𝜉(1)𝑐 , 𝑘𝑐) ⋅ 𝑇. (142)

The decay of a cluster formed in the system occurs via over-
coming an energy barrier of height 𝛿𝐹. From the standpoint
of physics, this can be interpreted as an effective increase in
the diffusion activation energy for the particles in the cluster.
However, for 𝑐 = 0.3, the barrier height is small (𝛿𝐹 ∼ 0.2𝑇;
see Figure 13(c)), and lifetime (142) is comparable to time
(141). A further increase in the first component concentration
in the mixture leads to negative values of the lifetime for a
certain value of 𝑘 = 𝑘𝑐 < 1 (see Figure 14(c)). In this case,

clusters with a size of 𝑟 ∼ 𝑘−1𝑐 are formed in the channel; for𝑘 < 𝑘𝑐, fluctuations decay over a finite time, while for 𝑘 > 𝑘𝑐,
the emerging density fluctuations evolve. Such a situation is
typical of transitions to an inhomogeneous condensate state
[99].

The curves describing the dependence of the free energy
on the order parameter for different values of the wave vector
are shown in Figure 16. Since functional 𝐹1 has a single
minimum at 𝜉 = 0 for 𝑘 ∼ 0, the state of particles in
the channel is homogeneous. However, as the wave vector
increases, curve 𝐹1(𝜉) acquires two more minima separated
from the state with 𝜉 = 0 by potential barriers. A further
increase in the wave vector leads to disappearance of the
barriers between the state with 𝜉 = 0 and the states
corresponding to two other minima of 𝐹1, and the state with𝜉 = 0 becomes unstable.

Thus, for a low concentration of the highly adsorbed
component, the fill factor of the channel is small and the
state of the system in the channel is homogeneous. As the
concentration of the highly adsorbed component increases,
the fill factor of the channel increases, and short-lived clusters
of the highly adsorbed component can be formed in the
channel. A further increase in the concentration (and the fill
factor of the channel) leads to an increase in the lifetime of

the clusters formed in the channel. At a certain concentration
of the highly adsorbed component, the clusters in the channel
become long lived and the ground state of the system becomes
clustered.

The formation of clusters of one of the components in a
channel may strongly affect the transport of the gas through
the membrane (see Section 2.1). In the next chapter, partial
gas fluxes through the membrane will be calculated, and the
effect of clusters on the mechanisms of transport will be
analyzed.

2.4.2. Transport in a Two-Component Gas in a High-Density
1D System. In order to calculate partial fluxes and to ana-
lyze the transport, we will use the approach proposed in
Section 2.1. It will be shown in the following that the eval-
uation of the flux can be reduced to the calculation of the
relaxation frequency spectra 𝜔(k) for density fluctuations of
the components. We can judge the mechanism of particle
transport in a subnanometer channel from the type of the
dependence of the spectrum on the wave vector of the system.
We can write the expression determining the relaxation of
the Fourier component 𝑛(𝑘, 𝑡) of the number density of
particles in a channel in the case of an arbitrary density 𝑛(𝑘, 𝑡)
under the conditions of slight deviation from equilibrium
(see Section 2.1 and [100]):̇𝑛 (𝑘, 𝑡) = 𝑖𝜔 (𝑘) 𝑛 (𝑘, 𝑡) . (143)

It follows from this relation that the equation for fluctuation
amplitude 𝛿𝑛 can be written in the form𝛿 ̇𝑛 (𝑘, 𝑡) = 𝑖𝜔 (𝑘) 𝛿𝑛 (𝑘, 𝑡) , (144)

where 𝜔(𝑘) is the relaxation frequency spectrum for the
system under study; in the case of diffusion of noninteracting
particles, this spectrum has the form [98]𝜔 = 𝜔0 (𝑘) = −𝑖𝐷𝑘2. (145)

Equation (144) describes relaxation of the 𝑘th component of
density fluctuation for an arbitrary value of the wave vector. In
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particular, this equation for 𝑘 ̸= 0 makes it possible to describe
the relaxation of density fluctuations and the propagation
of a perturbation over a finite-size cluster in the case of its
formation. For 𝑘 → 0, (144) describes the relaxation of
density fluctuation on a large spatial scale. This quantity is
associated with macroscopic fluxes. In order to calculate the
fluxes, we write the continuity equation

̇𝑛 + 𝜕𝑗𝜕𝑥 = 0 (146)

and apply the Fourier transformation to this equation:𝑖𝑘𝑗 (𝑘, 𝑡) = − ̇𝑛 (𝑘, 𝑡) . (147)

Substituting (143) into (147), we obtain the following relation
for flux 𝑗(𝑘):

𝑗 (𝑘, 𝑡) = 𝑛 (𝑘, 𝑡) 𝜔 (𝑘)𝑘 . (148)

For partial fluxes, we have

𝑗𝑖 (𝑘, 𝑡) = 𝑛𝑖 (𝑘, 𝑡)𝑘 𝜔𝑖 (𝑘) , (149)

where 𝑛𝑖 is the density of the 𝑖th component and 𝜔𝑖 is the
corresponding spectrum. The total gas flux is defined as the
sum of partial fluxes of the components:

2∑
𝑖=1

𝑗𝑖 (𝑘, 𝑡) = 𝑗 (𝑘, 𝑡) . (150)

It follows from (149) that partial fluxes are determined by
relaxation frequency spectra 𝜔𝑖(𝑘). Thus, the problem is
reduced to computing these spectra. The relaxation frequency
spectra can be determined from the condition of the existence
of nonzero density fluctuations for each component in an
arbitrarily weak external field. Consequently, applying the
Fourier transformation to (107), we find that the relaxation
frequency spectrum can be determined by solving the follow-
ing system of homogeneous equations:

𝛽−1 (𝑘, 𝜔) ( 1−1) = 0. (151)

Here matrix 𝛽−1(𝑘, 𝜔) of the response functions is defined by
relation (132). In view of 𝛿-function singularities for 𝑘 → 0
that emerge in pair correlation functions (120) appearing in
(132), we must calculate spectra 𝜔𝑖(𝑘) and the values of 𝜔𝑖(𝑘 =0), after which the renormalization procedure must be carried
out. Using (132) and passing to the limit 𝑘 → 0 for spectra𝜔𝑖(𝑘 = 0),
𝛽−1 (0, 𝜔) ( 1−1) = ( 𝜔𝜔(𝑝)1

𝑏11 − 𝜔𝜔(𝑝)1

𝑏12 + 𝑎11 − 𝑎12𝜔𝜔(𝑝)2

𝑏22 − 𝜔𝜔(𝑝)2

𝑏21 + 𝑎22 − 𝑎21) = 0,
(152)

where 𝑎𝑖𝑗, 𝑏𝑖𝑗, 𝜔(0)1 , and 𝜔(𝑝)2 are defined by relations (116),

(129), and (131). For 𝜔(0) ≡ 𝜔𝑖(𝑘 = 0), we obtain from relation
(152)

𝜔(0)1 = −𝜔(𝑝)1 (𝑎11 − 𝑎12)𝑏11 − 𝑏12 ,
𝜔(0)2 = −𝜔(𝑝)2 (𝑎22 − 𝑎21)𝑏22 − 𝑏21 . (153)

On the other hand, substituting (132) into (152), we obtain the
following expressions for relaxation frequency spectra 𝜔𝑖(𝑘)
of the system under investigation:�̃�1 (𝑘) = 𝑖𝐷1𝑘2𝑏11 − 𝑏12 [ 1𝜃2𝑐21]11 (𝑘) + 𝑏−111 − 1𝜃2𝑐1𝑐2]12 (𝑘) + 𝑏−112 ] ,
�̃�2 (𝑘) = 𝑖𝐷2𝑘2𝑏22 − 𝑏21 [ 1𝜃2𝑐22]22 (𝑘) + 𝑏−122 − 1𝜃2𝑐1𝑐2]21 (𝑘) + 𝑏−121 ] .

(154)

Tildes indicate that �̃�𝑖(𝑘 = 0) ̸= 𝜔(0)𝑖 (𝜔(0)𝑖 are defined in
relations (153)).

We will carry out the renormalization procedure for
spectra (154) taking into account relations (153), that is,
imposing the requirement�̃�𝑖 = 𝜔(0)𝑖 (𝑘 = 0) . (155)

Taking into account the value of 𝜔(0)𝑖 , we find from relations
(153) and (154) that𝑎11 − 𝑎12 = 𝑏11𝑏11𝜃2𝑐21]11 (𝑘) + 1 − 𝑏12𝑏12𝜃2𝑐1𝑐2]12 (𝑘) + 1 (156)

or 𝑎11 = 𝑏11𝑏11𝜃2𝑐21]11 (𝑘) + 1 , 𝑎12 = 𝑏12𝑏12𝜃2𝑐1𝑐2]12 (𝑘) + 1 .
(157)

Similarly, for 𝑎22, we have𝑎22 = 𝑏22𝑏22𝜃2𝑐22]22 (𝑘) + 1 . (158)

In order to separate singularities of pair correlation function
]𝑖𝑗(𝑘) for 𝑘 → 0, we expand it into a series in the vicinity of𝑘 = 0 to within first-order terms. Using relations (154), we
then obtain�̃�1 (𝑘) = 𝑖𝐷1𝑘2𝑏11 − 𝑏12 [ 1𝜃2𝑐21 (]11 (0) + 𝑘]11 (𝑘)) + 𝑏−111− 1𝜃2𝑐1𝑐2 (]12 (0) + 𝑘]12 (𝑘)) + 𝑏−112 ] ,

= 𝑖𝐷1𝑘2𝑏11 − 𝑏12 [ 𝑎111 + 𝑘𝑎11𝜃2𝑐21]11 (𝑘)− 𝑎121 + 𝑘𝑎12𝜃2𝑐1𝑐2]12 (𝑘)] .
(159)
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Taking into account the long-wave approximation and the
smallness of 𝑘, replacing the derivative in the last expression
by the difference 𝑘]𝑖𝑘(𝑘) ≈ ]𝑖𝑗(𝑘) − ]𝑖𝑗(0), omitting primes,
and carrying out similar calculations for 𝜔2, we finally obtain

𝜔1 (𝑘) = 𝑖𝐷1𝑘2𝑏11 − 𝑏12 [ 𝑎111 + 𝑎11𝜃2𝑐21 (]11 (𝑘) − ]11 (0))− 𝑎121 + 𝑎12𝜃2𝑐1𝑐2 (]12 (𝑘) − ]12 (0))] ,
𝜔2 (𝑘) = 𝑖𝐷2𝑘2𝑏22 − 𝑏21 [ 𝑎221 + 𝑎22𝜃2𝑐22 (]22 (𝑘) − ]22 (0))− 𝑎211 + 𝑎21𝜃2𝑐1𝑐2 (]21 (𝑘) − ]21 (0))] .

(160)

Using relations (104), (149), and (161) and passing to the
limit for 𝑘 → 0, we can obtain the dependence of partial
fluxes of the components on the pressure, temperature, and
composition of the mixture. For 𝑘 ̸= 0, expressions (144) and
(160) enable us to analyze the relaxation mechanism of the
emerging density fluctuation with a characteristic size of 𝑟 ≈2𝜋/𝑘.

In order to analyze the experimentally observed partial
fluxes, it is convenient to pass to the coordinate representa-
tion. Spectra (160) have the real and imaginary parts since
pair correlation function ]𝑖𝑗(𝑘) is a complex quantity in
accordance with relations (120) and (125). Separating the real
and imaginary parts of the spectra and applying the inverse
Fourier transformation to expression (149), we obtain

𝑗𝑖 = 𝑛𝑖Ψ𝑖 − 𝐷𝑖

𝜕𝑛𝑖𝜕𝑥 ,
Ψ𝑖 = Re 𝜔𝑖 (𝑘 → 2𝜋𝐿 ) ,
𝐷𝑖 = Im

𝜔𝑖 (𝑘)𝑘2 𝑘→2𝜋/𝐿

.
(161)

Here 𝐷𝑖 is the diffusion coefficient of a component, 𝐿 is the
channel length, and Ψ is the term emerging due to the mutual
effect on the mixture components in a channel for large fill
factors. It should be noted that, since 𝐿 ≫ 𝑟𝑐, where 𝑟𝑐
is the characteristic size of clusters, passing to the limit for𝑘 → 2𝜋/𝐿 in relation (161) corresponds to averaging over
characteristic scales of inhomogeneities in the case when the
ground state of the system is clustered. Separating the terms
linear in the wave vector from the real part of the spectrum,
we obtain the following expression for Ψ:

Ψ𝑖 = −𝐷𝑖

1𝑇 𝜕𝑈𝑖𝜕𝑥 + 𝑉𝑖. (162)

Here the first term describes the transport of molecules of the𝑖th component, which is induced by the effective intermolec-
ular interaction, while the second term has the meaning of the
“drag” effect familiar in the kinetics of mixtures. Substituting

(162) into (161), we obtain the final expression for partial
fluxes: 𝑗𝑖 = −𝐷𝑖

𝜕𝑛𝑖𝜕𝑥 − 𝐷𝑖

𝑛𝑖𝑇 𝜕𝑈𝑖𝜕𝑥 + 𝑉𝑖𝑛𝑖. (163)

Thus, it follows from this equation that the partial flux
is the sum of three terms. The first term corresponds to
diffusion transport, while the second term emerges due to
field diffusion. These two terms in the 𝑘 representation can
be combined into one by introducing the effective diffusion
coefficient 𝐷𝑖 = 𝐷(0)

𝑖 (1 + 𝑛𝑖𝑇𝑈 (𝑘)) . (164)

It was shown in the previous section that, for large filling
factors, clusters are formed in the system. The mechanism of
density relaxation may be different for the case of transport
over the characteristic scale 𝐿, when 2𝜋𝜎av/𝐿 ≪ 1 and𝑘 → 0 (which corresponds to macroscopic transport of
gas components through the channel), and for the case
when 𝑘 ̸= 0, which corresponds to relaxation over distances
comparable to the size of clusters formed in the system. To
prove this, we must analyze dependences Δ]𝑖𝑗(𝑘). In order
to avoid cumbersome formulas, we consider this problem
in greater detail in the limiting case of 𝑐1 = 1, which cor-
responds to a one-component mixture.

Passing to the limit for 𝑐1 → 1 in (160), we obtain the
relaxation frequency spectrum for a one-component system;
it is easy to obtain (70). It should be noted that, in accordance
with the relation (70), the pair distribution and, hence, the
pair correlation function associated with it depend not on the
wave vector 𝑘, but on the product 𝑖𝑘:𝜃] (𝑘) ≡ 𝜃] (𝑖𝑘) . (165)

Let us now write relation (164) in the form

𝜔 (𝑘) = − 𝑖𝐷0𝑘21 + 𝜃] (0) + 𝜃] (𝑘) − 𝜃] (0) = − 𝑖𝐷0𝑘21 + 𝜃] (0) + 𝜃Δ]
= − 𝑖𝐷0𝑘21 + 𝜃] (0) + 𝜃 Re Δ] + 𝜃𝑖 Im Δ] .

(166)

Separating the real and imaginary parts from relation (165),
we obtain

𝜔 (𝑘) = − 𝑖𝐷0𝑘2 ((1 − 𝜃)2 + 𝜃 Re Δ])((1 − 𝜃)2 + 𝜃 Re Δ])2 + (𝜃 Im Δ])2
− 𝐷0𝑘2𝜃 Im Δ]((1 − 𝜃)2 + 𝜃 Re Δ])2 + (𝜃 Im Δ])2 .

(167)

Here we have used the fact that1 + 𝜃] (0) ≈ (1 − 𝜃)2. (168)

This relation follows from the known relation [46]𝜕𝑝𝜕𝜃 ≃ 11 + 𝜃] (0) (169)



Journal of Nanomaterials 33

describing the increase in the compressibility with density.
Using relation (165), we now expand Δ] to within first-order
terms: Δ] = 𝜕𝜃] (𝑘)𝜕 (𝑖𝑘) 𝑘=0𝑖𝑘 ≡ 𝑖𝜃] (0) 𝑘. (170)

The value of ](0) is finite for 𝜃 ̸= 0. For example, using direct
expansion into the Taylor series, we can obtain𝜃] (0) = −𝜃 + 43𝜃2 − 12𝜃3. (171)

Substituting relation (170) into (167), we get

𝜔 (𝑘) ≈ − 𝑖𝐷0𝑘2(1 − 𝜃)2(1 − 𝜃)4 + (𝜃] (0))2𝑘2 − 𝐷0𝑘3𝜃] (0)(1 − 𝜃)4 + (𝜃] (0))2𝑘2 .
(172)

To calculate the fluxes for high densities (𝜃 ∼ 1), we must
consider two limiting transitions in relation (172): for 𝜃 → 1
and 𝑘 → 0. From the standpoint of physics, the transition
for 𝜃 → 1 and 𝑘 ̸= 0 corresponds to the analysis of transport
in a dense cluster. The transition for 𝑘 → 0 and arbitrary𝜃 is equivalent to analysis of diffusion in a channel of length𝐿 ≫ 𝑟𝑐, where 𝑟𝑐 is the characteristic size of a cluster. For𝜃 → 1, we obtain, instead of relation (172),𝜔 (𝑘) = − 𝐷0𝑘𝜃] (0) . (173)

This relation shows that spectrum 𝜔(𝑘) corresponds to the
hydrodynamic mode [46], for which quantity 𝐷0/](0) is the
effective velocity of sound.

Passing in relation (172) to the limit for 𝑘 → 0 and
retaining the lowest order in wave number 𝑘, we obtain

𝜔 (𝑘) = − 𝑖𝐷0𝑘2(1 − 𝜃)2 . (174)

This relation shows that the spectrum in this case is of the
diffusion type with the diffusion coefficient

𝐷 ≈ 𝐷0(1 − 𝜃)2 , (175)

which increases indefinitely as 𝜃 → 1.
It should be noted that, in accordance with (172), both

relaxation mechanisms (hydrodynamic and diffusion) oper-
ate in the system when 𝑘 ̸= 0 and 𝜃 ̸= 1. From the standpoint of
physics, this corresponds to the diffusion transport between
clusters (diffusion mode), over which density perturbations
propagate (hydrodynamic mode). In spite of different inter-
pretations of the sequence of limiting transitions, the calcu-
lated dependences of fluxes on external conditions are found
to be equivalent from the physics standpoint. This is due
to the fact that the hydrodynamic component is manifested
in the second case in the increase in the effective diffusion
coefficient 𝐷 ≈ 𝐷0/(1 − 𝜃)2 for high values of fill factor 𝜃.

In the two-component case, the transition for 𝑘 → 0
corresponds to the transition from relation (160) to (153).

It can be seen from relation (153) that the obtained spectra

are of the diffusion type since 𝜔(0)𝑗 = −𝑖𝐷𝑗𝑘2, 𝑗 = 1, 2,

while quantities 𝑎𝑖𝑗 and 𝑏𝑖𝑗 are independent of 𝑘. The limiting
transition for 𝜃 → 1 in the two-component case involves
considerable computational difficulties. However, the above
analysis shows that the relaxation frequency spectra for the
components also acquire a hydrodynamic mode in view of
the dependence of pair correlation function (120) on factor𝑖𝑘 for 𝜃 → 1.

Depending on the sequence of limiting transition, a
decisive role in relation (163) is played either by the term
corresponding to diffusion or the nongradient (hydrody-
namic) part of the flux. Since the gas flux for arbitrary fill
factors is measured in experiments on the penetrability of
the membrane over large distance (𝐿 ≫ 𝑟𝑐, 𝑘 → 0), the
limiting transition for 𝑘 → 0 should be performed first. In
this case, the effects associated with the formation of clusters
are taken into account in the dependence of the diffusion
coefficient on the concentration and fill factor of the channel.
Numerical calculations show that the last term in relation
(160) is insignificant in the entire range of concentrations
and fill factors of the channel. Thus, the relaxation frequency
spectrum of a two-component system can be treated as a
diffusion spectrum in the entire range of concentrations and
fill factors, where the role of diffusion coefficient is played by
a quantity taking into account clustering of the components
in the channel.

It should be noted that for calculating response func-
tion (132), relaxation frequency spectra (160), and, as a
consequence, partial fluxes (163), we used the fluctuation-
dissipative theorem (119) presuming the homogeneous
ground state of the system. In the case when the ground
state of the system is clustered (see Figure 13(d)), the kinetic
version of the fluctuation-dissipative theorem [98] should be
used:⟨𝛿𝑛 (𝑥, 𝑡) 𝛿𝑛 (𝑥, 𝑡)⟩

= −𝑇∫∞

0
𝛽 (𝑥, 𝑥, 𝑡, 𝜏) (𝑓 (𝑥, 𝜏) − 𝑓 (𝑥, 𝜏)) 𝑑𝜏, (176)

where 𝑓(𝑥, 𝜏) is the probability of a particle being located at
point 𝑥. In accordance with the detailed balancing principle,
in the case when states 𝑥 and 𝑥 differ from the equilibrium
state insignificantly, we have

𝑓 (𝑥, 𝑡) ∼ 𝑓 (𝑥, 𝑡) exp (Δ𝐸𝑇 ) , (177)

where Δ𝐸 is the energy difference between states 𝑥 and 𝑥.
Using this relation, we obtain the following expression for the
fluctuation-dissipative theorem:⟨𝛿𝑛 (𝑘, 𝜔) 𝛿𝑛 (𝑘, 𝜔)⟩

= −𝑇∫𝑑𝑥𝑑𝑥𝑑𝑡 exp (𝑖𝑘𝑥) exp (𝑖𝑘𝑥) exp (𝑖𝜔𝑡)
× ∫∞

0
𝛽 (𝑥, 𝑥, 𝑡, 𝜏) exp (Δ𝐸𝑇 )𝑑𝜏.

(178)
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Applying the Fourier transformation to this relation and
using (151), we obtain the relaxation frequency spectrum in
the form 𝜔(new) (𝑘) = 𝜔 (𝑘) exp (−Δ𝐸𝑇 ) . (179)

Thus, the application of relation (176) instead of (132) leads to
the emergence of an additional exponential term in relation
(163):

𝑗𝑖 (𝑘, 𝑡) = 𝑛𝑖 (𝑘, 𝑡)𝑘 𝜔𝑖 (𝑘) exp (−Δ𝐸𝑇 ) , (180)

where Δ𝐸 is the depth of the potential well occupied by the
system. In the case of small fill factors of the channel, the state
of the system is homogeneous and Δ𝐸 = 0 (see Figure 13(a)).
Then relation (180) transforms into (163). As the fill factor
of the channel increases, the state of the system becomes
clustered. For Δ𝐸 ≪ 𝑇, the exponential in relation (180) can
be disregarded, and the flux virtually coincides with the flux
calculated for a homogeneous state. This is due to the fact
that expression (142) for the lifetime of clusters practically
coincides with expression (141) for the lifetime of clusters in a
homogeneous state. In this case, as noted previously, density
excitation propagates via a cluster, leading to an increase in
the effective diffusion coefficient. A further increase in the
fill factor of the channel increases the value of Δ𝐸. The flux
decreases thereby, which can be explained by an increase in
the lifetime of the clusters formed in the channel. As a result,
the mechanism of excitation transport via a cluster is not
realized.

Thus, for small fill factors of the channel, the transport in
the system follows the diffusion mode. This can be demon-
strated by passing to the limit of small fill factors 𝜃 in relation
(160). Then the second term in the denominator becomes
insignificant and the spectra are reduced to diffusion spectra
(153). An increase in the fill factor results in the formation of
clusters. It was shown in the previous section that, depending
on the fill factor of the channel, the clusters formed may
be either short lived or stable in the case when the ground
state of the system is clustered. For short-lived clusters (see
Figure 13(b)), the transport between clusters occurs through
diffusion, while the transport over clusters occurs through
a rapid barrier-free transfer of density excitation, and the
arrival of a particle from one side of a cluster leads to the
emergence of a particle from the other side [100]. In this case,
the spectra contain both the diffusion and the hydrodynamic
modes, and the effective diffusion coefficient increases in
accordance with (175). An increase in the fill factor of the
channel reduces the distance between clusters and increases
their size. Since the transport over a cluster is faster than
the diffusion transport, the effective diffusion coefficient and
the partial flux increase. However, an increase in the fill
factor also increases the lifetime of the clusters formed in
the channel; as a result, the rate of excitation transfer over
a cluster decreases. In the case when a cluster is stable (see
Figure 13(d)), the transport of excitation over the cluster is
ruled out, and the presence of such a cluster in the channel
leads to blocking of transport in the system.

Using relations (160) and (180), we can calculate the
partial gas fluxes proceeding from the data on the penetra-
bility for pure components. Figures 17(a) and 17(b) show the
dependence of partial fluxes on the mixture composition in
the case when both gases are slightly adsorbed. The energies
of interaction and the diameters of particles correspond to
a methane-argon gas mixture (𝑎 = 3.8 Å, 𝜎1 = 3.6 Å, 𝜎2 =3.0 Å, 𝜀1 = 0.38 eV, 𝜀2 = 0.25 eV [51], 𝑝 = 100 kPa, and𝑇 = 300 K).

It can be seen from Figure 17(a) that an increase in
the concentration of the first component for fixed pressure
and temperature reduces the filling factor with the second
component, while the filling factor with the first component
increases thereby. A decrease in the total fill factor of the
channel in the concentration range 0 < 𝑐 < 0.4 of first compo-
nent takes place due to depletion of the channel in the second
component (Figure 17(b)). An increase in the total fill factor
of the channel for 𝑐 > 0.4 is associated with preferred enrich-
ment of the channel in the first component (see Figure 17(b)).
The partial flux of the first component in this case increases
monotonically due to an increase in the filling factor with
the first component (see Figure 17(a)), while the partial flux
of the second component decreases due to a decrease in the
filling factor with the second component. The transport is of
the diffusion type, and clusters are not formed in the channel
in view of small fill factors of the channel (𝜃 ≤ 0.25 for any
composition of the mixture).

Figures 17(c) and 17(d) show the dependence of partial
fluxes on the mixture composition in the case when one
of the gases (the first) is a strong sorbate, while the other
gas is a weak sorbate. The energy of interaction and the
diameter of particles correspond to a butane-methane gas
mixture (𝑎 = 3.8 Å, 𝜎1 = 4.3 Å, 𝜎2 = 3.6 Å, 𝜀1 = 0.61 eV,𝜀2 = 0.38 eV [51], 𝑝 = 2000 kPa, and 𝑇 = 300 K). The
behavior of the total and partial fill factors of the channel
upon an increase in the concentration of the first (highly
adsorbed) component in this case coincides qualitatively
with the case of slightly adsorbed gases described previously:
the partial filling factor with the first (highly adsorbed)
component increases monotonically against the background
of a monotonic decrease in the filling factor with the second
(slightly adsorbed) component (see Figure 17(c)).

The behavior of partial fluxes in this case is less trivial.
It can be seen from the figure that the partial flux of
the first component increases in the concentration interval0 < 𝑐 < 0.2. This is due to the fact that, in accordance
with relation (141), short-lived clusters (see Figure 13(a))
whose size increases with concentration are formed for such
concentrations and fill factors of the channel. The transport
over clusters occurs via a barrier-free transfer of density
excitation, which increases the effective diffusion coefficient.
This process is similar to the transport in one-component sys-
tems for high fill factors (see Section 2.1). It should be noted,
however, that the formation of clusters and the mechanism
of transfer of density excitation through a cluster in a two-
component mixture can be realized for smaller fill factors
(𝜃 = 0.71; see Figures 13(b), 17(c), and 17(d)) as compared
to the one-component case (𝜃 ≥ 0.8). An increase in the
concentration of the first component increases the lifetime
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Figure 17: Dependence of the total and partial fill factors of a channel (a, c) and partial fluxes (b, d) on the composition of methane-argon
(a, b) and butane-ethane mixtures (c, d): (1)—total fill factor of a channel; (2), (3)—filling factors with the first and second components,
respectively; (4), (5)—partial fluxes of the first and second components, respectively; 𝑐 is the concentration of the first component in the
mixture.

of the clusters formed in the system (see Figures 14(b) and
15(c)). As a result of this increase, the transport over clusters
becomes slower and the flux decreases. A further increase in
the concentration leads to the formation of stable clusters in
the channel (see Figures 14(c) and 16(c)); in accordance with
relation (120), the lifetime of these clusters is much longer
than the lifetime (141) of short-lived clusters since 𝛿𝐹 ≫ 𝑇.
In this case, the transfer of density excitation over clusters is
ruled out and the partial flux vanishes.

Thus, three mechanisms of particle transport in a channel
are possible in the two-component case. For small fill factors,
the transport occurs through diffusion. An increase in the
fill factor leads to the formation of short-lived clusters in
a channel. As in the one-component case, this leads to an
increase in the effective diffusion coefficient due to barrier-
free transport of density excitation over a cluster. As the fill
factor increases further, the characteristic lifetime of clusters
increases, leading to a decrease in the flux. A further increase
in the fill factor makes the clusters stable, and the so-called

blocking effect takes place, when the partial flux of one of the
components vanishes. A decrease in pressure does not lead
to a qualitative change in the behavior of the dependences of
partial fluxes on the mixture composition.

2.4.3. Comparison with Experiment. The transport of two-
component gas mixtures in zeolite membranes MFI (silicalite,
ZSM-5) with a pore diameter of ∼0.6 nm has been studied
by the technique widely used for one-component gases [51].
However, in contrast to the rich variety of experiments
with one-component gases, a consistent analysis of a two-
component mixture has not been reported in the literature.
The most detailed information on penetrability for two-
component mixtures is given in [51, 97].

The experiments [51, 97] on penetration of two-compo-
nent mixtures were made in a chamber with a porous stainless
steel substrate with a thickness of approximately 3 mm. A
polycrystalline layer of zeolite ZSM-5 with a thickness of
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∼50 𝜇m and a random orientation of crystals was deposited
on the substrate. Zeolites have a complex crystalline structure
based on silicon oxide with admixtures of sodium and
aluminum [51]. The crystalline structure of zeolite ZSM-5 is
formed by straight channels with an elliptical cross section

(0.57 × 0.52 nm2) intersecting sinusoidal channels with a
circular cross section of diameter 0.54 nm (Section 2.1). The
measured adsorption capacity and the calculated fraction
of molecules in the channel intersections make it possible
to treat the channels as one dimensional for the molecular
mixtures under study (Section 2.1). The experiments [51, 97]
were carried out at temperatures from 300 to 700 K under
pressures from 25 to 500 kPa on the external side of the
membrane. The purity of the mixture components was higher
than 99.95%. The mixture composition at the membrane exit
was measured on a quadrupole mass spectrometer with a
sensitivity of approximately 25 ppm when a Faraday cell was
used for recording. The selectivity measured in the experi-
ments was determined as the relative change in concentration𝑐 of 𝑛-butane molecules and concentration 1 − 𝑐 of methane
molecules at the membrane entrance (𝐹) and exit (𝑝):

𝛼 = ( 𝑐1 − 𝑐)𝐹 : ( 𝑐1 − 𝑐)𝑝. (181)

It should be noted that, for a constant composition of
the mixture at the membrane entrance, the selectivity is
proportional to the ratio of partial fluxes of the mixture
components at the membrane exit:

𝛼 ∼ 𝐽1𝐽2 . (182)

It was found experimentally [51] that the partial flux of the
highly adsorbed gas 𝑛-C4H10 at 𝑇 = 300 K under a total
pressure of 𝑝 = 100 kPa changes considerably (by a factor
of several units) in the presence of the slightly adsorbed
component CH4 as compared to the flux of a pure gas, while
the partial flux of the slightly adsorbed gas changes by two
orders of magnitude in the presence of the strongly absorbed
component. Depending on the mixture composition, selec-
tivity 𝛼 varies and attains its maximum value 𝛼max = 380
for a concentration ratio of 5 : 95 at the membrane entrance.
It was shown [97] that the dependences of partial fluxes
on the mixture composition and external pressure for the
mixtures studied (C2H6-CH4 and C3H8-CH4) are monotonic
in the range of experimental pressures. The partial flux of
methane decreases in the presence of the second component
(ethane or propane), while the partial flux of the second
component increases with its concentration in the mixture.
The selectivity of both mixtures increases monotonically with
the concentration of the more highly adsorbed component
in the mixture. The dependences of the partial fluxes on
the total pressure of the mixture are also monotonic, but
the pressure dependence of selectivity in ethane for the
mixture C2H6-CH4 has a peak at a pressure of 𝑝 ≈ 300 kPa
[97]. Similar dependences of partial fluxes were observed in
experiments with another mixture of slightly adsorbed gases
(CO2-N2) [53] (Figure 18).
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Figure 18: Dependence of partial fluxes on the mixture composition
for slightly adsorbed gases: (1), (2)—theoretical dependences for
CO2 and N2 fluxes, respectively; 𝑐 is the CO2 concentration above
the membrane; squares correspond to experimental data from [53];𝑎 = 3.8 Å, 𝜎1 = 3.8 Å, and 𝜎2 = 3.6 Å [51]; 𝑝 = 100 kPa, 𝑇 = 300 K.

The theory developed in the previous sections enables
us to describe peculiarities in the transport of binary gas
mixtures in zeolite membranes. In the case of a mixture
of slightly adsorbed gases, when the fill factor of a chan-
nel is small (𝜃 ≪ 1) for any mixture composition, the
system relaxes in accordance with the diffusion mechanism
corresponding to diffusion of solitary particles without the
formation of clusters in a channel. In this case, in accordance
with (104), (160), and (180), the partial flux of the first
component decreases monotonically upon an increase in the
concentration of the second component, while the partial flux
of the second component increases with its concentration in
the mixture.

Figure 18 shows that the theoretical curves calculated
by formulas (104), (160), and (180) are in good agreement
with the experimental data borrowed from [53]. The mean
distance 𝑎 between the seats in a channel was estimated
proceeding from the value corresponding to a close pack-
ing of a unit cell of a ZSM-5 membrane with nitrogen
(Section 2.1).

The filling factor for mixtures with a strongly absorbed
component depends on the mixture composition; it is signif-
icant and can be as high as 𝜃 ∼ 1. In this case, in accordance
with the arguments put forth in Section 2.4.1, the dependence
of fluxes on the mixture composition is nonmonotonic due to
the formation of clusters in a channel.

Figure 19 shows the dependence of the ratio of partial
fluxes of gases for the mixture 𝑛-C4H10-CH4 on the butane
concentration in the mixture under a pressure of 𝑝 =100 kPa at temperature 𝑇 = 300 K. It can be seen from
the figure that the ratio of partial fluxes increases with the
concentration of the highly adsorbed component (butane)
in the concentration range 0 < 𝑐 < 0.35. Analysis of
experimental data [51] and calculations based on formulas
(104), (160), and (180) show that the methane flux for a butane
concentration of 𝑐 > 0.05 changes insignificantly upon an
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Figure 19: Ratio of the partial fluxes of butane and methane as a
function of the butane concentration; 𝑐 is the concentration of 𝑛-
C4H10 above the membrane; squares correspond to experimental
data obtained in [51]; 𝑎 = 3.8 Å, 𝜎1 = 4.3 Å, and 𝜎2 = 3.6 Å [51];𝑝 = 100 kPa, 𝑇 = 300 K.

increase in the butane concentration in the mixture. In this
case, the behavior of the flux ratio is completely determined
by the behavior of the butane flux. The increase in the butane
flux is due to the fact that, in accordance with formula (141),
short-lived butane clusters are formed for concentrations 0 <𝑐 < 0.35 and for the fill factors corresponding to these
concentrations (see Figure 13(a)); the size of these clusters
increases with the concentration of the highly adsorbed
component. The transport over clusters (see Figure 13(b))
occurs via barrier-free transfer of density excitation, leading
to an increase in the effective diffusion coefficient for butane,
which is observed for 𝑐 < 0.35. The increase in the butane
concentration in the mixture increases the lifetime of the
clusters formed in the system (see Figures 14(b) and 15(c)).
With increasing lifetime, the transport over the clusters slows
down and the butane flux decreases for concentrations 𝑐 >0.35. A further increase in the concentration results in the
formation of stable clusters in a channel (see Figures 14(c) and
16(c)), leading to a rapid (exponential) decrease in the butane
flux upon an increase in its concentration in the mixture.

Thus, it follows from the theory that the butane flux
becomes exponentially small for a butane concentration of𝑐 > 0.6 in the mixture, and the transport of particles must
be blocked. It should be noted that calculations based on
formulas (104), (160), and (180) for butane concentrations
in the interval 0 < 𝑐 < 0.05 show that the methane
flux decreases approximately by an order of magnitude upon
an increase in the butane concentration, which is also in
qualitative agreement with the experimental data [51]. The
numerical difference between the predictions of the theory
developed previously and the experimental data in this range
of butane concentrations are due to the fact that relations
(104), (160), and (180) were derived for the model potential
of intermolecular interaction of the type of interaction (101)
between hard spheres. It is well known that the potentials of
hard spheres correctly describe the behavior of real systems

for high densities [46, 101]. In order to describe the behavior
of the system in the entire range of fill factors, potentials of the
Lennard-Jones type, which take into account the attraction
between particles even in the zeroth order in density, should
be used. However, although the application of this type
of potentials of intermolecular interaction does not change
the results qualitatively, it leads to the formation of butane
clusters at lower filling factors and, hence, to a sharper
decrease in the methane flux upon an increase in the butane
concentration in the concentration range under investigation.

Relations (104), (160), (180), and (181) also make it possi-
ble to derive the dependence of the selectivity on the pressure,
temperature and composition of the mixture. Figure 20(a)
shows the dependence of the ethane selectivity for the
C2H6-CH4 mixture with a concentration ratio of 50 : 50 at
the entrance on the total pressure of the mixture [97]. It can
be seen that the dependence is nonmonotonic. This is due
to the fact that the diffusion coefficient first increases due
to an increase in the pressure and fill factor of the channel
as a result of the formation of short-lived clusters, and the
partial ethane flux increases (Figure 20(b)). The increase in
the total fill factor of the channel is determined by the increase
in the partial fill factors for both components. This process
continues until the channel filling with ethane slows down.
In this case, the fill factor of the channel increases mainly
due to channel filling with methane. At such pressures, the
increase in the ethane flux slows down (see Figure 20(b)),
while the methane flux continues to increase (Figure 20(c)).
The theoretical dependences plotted in the figures show that a
further increase in pressure due to an increase in the lifetime
of ethane clusters formed in the channel must lead to a
decrease in the ethane flux (Figure 20(b)). Thus, the analysis
of experimental data proves that the theory constructed here
describes the experimental results satisfactorily.

One of the main results of the proposed theory is the
prediction of nonmonotonic dependences of partial fluxes
and selectivities on the mixture composition and pressure
(see Figures 19 and 20), while conventional models [51, 53,
97] (in particular, the generalized Maxwell-Stefan equation
[51, 97]) lead to monotonic dependences of these quantities
on the same parameters (see Figure 20(a)). The qualitative
discrepancy between the dependences in question is due to
the fact that conventional models [51, 53, 97] take into account
only the finite size of particles, in which the interaction
between particles in a channel is disregarded. It is well known
[46, 47, 101], however, that the interaction between particles
in dense systems plays a decisive role both in the construction
of the equations of state of the system and in the description of
transport. For example, the inclusion of interaction between
particles of the hard-sphere type leads to the emergence
of peaks in the pair correlation function at distances equal
to one, two, three, and so forth particle diameters [44, 46,
101]. This fact indicates the existence of “effective” attraction
between particles and necessitates the inclusion of cluster
formation in the description of the behavior of the system at
high densities, when it passes to a spatially inhomogeneous
state. It was demonstrated previously that this leads to the
emergence of nonmonotonic dependences of fluxes and
selectivities on external parameters.
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Figure 20: Dependence of the ethane selectivity (a) and of the partial fluxes of C2H6 (b) and CH4 (c) for the C2H6-CH4 mixture on the
total pressure of the mixture: (1)—calculations based on formulas (104), (160), and (180) and (181); (2)—calculations based on the generalized
Maxwell-Stefan equation [97]; squares correspond to experimental data obtained in [51]; 𝑎 = 3.8 Å, 𝜎1 = 3.8 Å, and 𝜎2 = 3.6 Å [51]; 𝐽0 =63 mmole/(m2 s), 𝑝0 = 100 kPa.

It should be noted that the stabilization of clusters in 1D
systems by the second component at high fill factors, which
has been investigated here, was obtained numerically in a
recent work [83]. It should be borne in mind, however, that,
in accordance with our previous results (Section 2.1), clusters
with a large but finite lifetime can be formed even in a one-
component system with high filling factors. It is 1D gold
clusters of this type that were apparently observed in recent
experiments under the ultrahigh vacuum conditions.

3. Results and Discussion

The analysis of the experimental data showed that for most
gases investigated, the sorption and transport can be treated
as a process in a one-dimensional (1D) system. In statistical
physics, the theoretical models of 1D systems are classical
examples of exactly solvable models [44]. It is well known [34,
46] that in 1D systems, a phase transition (condensation) does
not occur as density increases. This means that, specifically,
no critical nuclei are present in the system, and stable nuclei
of a new phase with macroscopically long lifetimes do not
appear in the system. At the same time, the system of 1D
channels in zeolite membranes consists of channels of finite
length, where for a sufficiently high filling factors, clusters
with sizes comparable to the channel length can form. Thus,
the description of molecular transport in zeolite membranes
reduces to describing transport in a 1D system, where there
are strong density fluctuations with a finite lifetime of
clusters. The density functional method [38] makes it possible
to calculate the spectrum of density fluctuations and the
diffusion coefficient for particles with arbitrary density and
arbitrary laws of interaction with one another and with the
channel walls. Since the flux measured in the experiments
performed in [41] is determined by the diffusion coefficient
and the filling factor of the channels in the membrane,
the sorption isotherm of a one-component molecular gas
is calculated separately. For the one-dimensional channels
considered in the present paper, this problem is solved exactly
for an arbitrary intermolecular interaction potential. A new

feature here is an analysis of the dependence of the lifetime
and size of the 1D clusters on the filling factor of the channel
with particles. A description of molecular transport for an
arbitrary filling factor (𝜃) of a channel is performed. It
was found that as the filling factor approaches 1, so that
blocking of the relative motion of the particles becomes
substantial, the diffusion coefficient increases. Following [31],
a new diffusion mechanism is observed. It makes it possible
to explain the transition from activated diffusion of single
particles in a channel with low filling factors to collective
fast barrier-free diffusion, which consists of the propagation
of density disturbances for large values of 𝜀0. In the hard-

sphere approximation, as 𝑁1 increases, the well-known [46]
effective attraction of the molecules—hard spheres—results
in vanishing of the energy barrier for diffusion along the
channel axis. Another consequence of the effective attraction
of molecules is the formation of molecular clusters in the
channel, which have a finite lifetime because of the one-
dimensionality of the system. The size and lifetime of the
clusters increase as 𝜃 increases. The diffusion of particles in
clusters is described as a barrier-free process of propagation
of density disturbances. The pressure, temperature, and filling
factor dependences of the flux of molecules make it possible,
even in the high-sphere model, to describe the experimental
data currently known to the authors.

We have shown that contradictory experimental data,
reporting the presence of the SFD mode and transport accel-
eration with the increasing density, can be described within
the proposed model consistently accounting for correlation
effects in a strongly fluctuating 1D system of identical parti-
cles. The molecular transport in a 1D system can change with
time going from the Einstein diffusion mode to SFD mode
and then again to a normal diffusion at large observation
times. Whereas the sequence of these modes is general, their
actual realization depends on the concrete characteristics of
the system. For example, at very low densities one expects
to observe only a normal diffusion mode. If we consider a
system of weakly interacting particles (𝑢 ≤ 1), we can see that

at low densities 𝜃 ≤ 0.2 and time scale 𝑡 < 𝑙20/𝐷0, the particles
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move independently and MSD obeys the Einstein law ⟨𝑥2⟩ ∼𝑡. At times 𝑡 > 𝑙20/𝐷0, when a particle mobility is limited

by other particles, the SFD diffusion mode (⟨𝑥2⟩ ∼ 𝑡1/2)
should appear. As the density is increased, collective effects
force the 1D system to transform into a nonhomogeneous
state, characterized by a formation of clusters with a finite
lifetime [31]. In such a clustered system, a particle moves in a
limited space between the clusters and at collision, it transfers
its momentum to a cluster. This transfer of momentum
can cause the cluster to emit a particle from the opposite
side to the impact. For a system of identical particles, such
a process, which we call collective diffusion (CD), results
in an increase of the diffusion coefficient with increasing
density [31]. Therefore at long times (𝑡 → ∞) MSD again

obeys the Einstein law ⟨𝑥2⟩ ∼ 𝑡 with an effective diffusion

coefficient 𝐷𝑢(𝜃) ∼ 𝐷0/(1 − 𝜃)2. We suggest that further
experimental investigations could confirm the reappearance
of the Einstein-like diffusion mode at high densities, which
is characterized by a diffusion coefficient increasing with
density. When the interaction between the particles in the 1D
system is strong (𝑢 ≫ 1), cluster formation occurs even at low
filling factors (𝜃 ≤ 0.2); one has the same general physical
picture but the transitions from one diffusion mode to the
other take place at lower densities.

In this paper, we also analyse the transport of a two-
component gas mixture in subnanometer channels theoret-
ically for an arbitrary filling factor. The main problem in
this case is to take into account consistently the density
effects associated with both the interaction and the finite size
of the particles. This is done in the hard-sphere model, in
which the interaction is manifested as an effective (dynamic)
attraction of particles, leading to their correlation [46]. It
is well known [46, 101] that, applying this model to 3D
system, one can describe the density effects qualitatively
and even quantitatively in some cases. The comparison with
experimental data with the obtained theoretical dependences
demonstrates the possibility of a quantitative description of
diffusion of a two-component mixture in a 1D system.

The adsorption isotherm of a mixture in 1D channels
is calculated; this isotherm relates the fill factor and the
concentration of particles in channels to the temperature,
pressure, and composition of a mixture of gases whose
diffusion is studied in experiments [51, 53, 97]. The ground
state of a mixture of particles in 1D channels is analyzed
by the density functional method [38] generalized to the
case of a two-component mixture. However, in contrast
to [38], the free energy is obtained by calculating directly
the correlation function and the response function using
the method developed for 1D systems [45]. The density
functional method is used to derive, from microscopic con-
siderations, the equation of motion for the order parameter of
the system, which is the Fourier component of the deviation
of the particle concentration from its mean value. Analysis
of this equation shows that the two-component mixture in
channels is transformed to a spatially inhomogeneous state
upon an increase in 𝜃. As a result, short-lived clusters appear
in channels, with the cluster size and lifetime increasing with𝜃. A new and unexpected result obtained in this case is the

emergence of a minimum in the fluctuating part of the free
energy as a function of the wave vector and the Fourier
component of the order parameter. Thus, at high filling levels,
the two-component mixture acquires a new property: clusters
of a definite size are stabilized by a potential barrier due
to the emergence of effective attraction between particles
in the channels. Such a situation is typical of transitions
of the system to an inhomogeneous state [99]. The lifetime
of clusters formed increases exponentially in accordance
with the Arrhenius law; at a low temperature, channels with
such clusters might be blocked for the transportation of
particles forming the mixture. It should be noted that the
idea of stabilizing the clusters of one component by the other
component in 1D systems was put forth in [83]. Thus, the
description of transport in nanochannels is reduced to the
description of diffusion in a spatially inhomogeneous high-
density one-dimensional system.

For a weakly nonequilibrium system, the problem of
computing fluxes in 1D channel is reduced to the calculation
of relaxation frequency spectra for density fluctuations of
mixture components. Spectra 𝜔𝑖(𝑘) were determined by using
the response functions derived in Section 2.4.1. Analysis of
the dependences of 𝜔𝑖 on 𝑘 and on fill factor 𝜃 proved that a
hydrodynamic spectrum 𝜔𝑖(𝑘) = 𝑐𝑖𝑘 is typical of clusters (𝜃 ∼1, finite values of 𝑘), while for transport of excitations over
distances much longer than the characteristic size of clusters
(𝑘 ≪ 1), the spectrum is of the diffusion type, 𝜔𝑖(𝑘) ∝𝐷𝑖𝑘2, for an arbitrary fill factor. In accordance with the
dependences of spectra and fluxes on the fill factor obtained
here, three regimes of particle transport can be singled out.
For 𝜃 ≪ 1, we have diffusion of solitary particles. As the value
of 𝜃 increases, the flux and the diffusion coefficient increase
due to the barrier-free (hydrodynamic) transport of particles
along the increasing part of the length of a 1D channel filled
with short-lived clusters formed in it. As the value of 𝜃
increases further and the potential barrier (𝐸𝑖) stabilizing the
clusters arises, particle fluxes decrease exponentially since the
value of 𝐸𝑖 increases with 𝜃. Thus, an increase in the fill factor
gives rise to the new property of 1D two-component systems
(transport blocking by the clusters formed). A comparison of
the theory with experimental data and discussion of results
was carried out (Section 2.4.3). The obtained dependences of
the fluxes on the mixture composition (fill factor) and of the
selectivity on pressure successfully describe the experimental
data known to the authors.

We have also considered an infinite quasi-1D system and
showed by means of statistical methods [102] that in spite
of the absence of phase transitions in an infinite quasi-1D
system it can be in two states due to collective effects [33].
These two states of a quasi-1D system are characterized by
the formation of clusters with finite lifetimes but different
structural properties [33]. Clusters in a quasi-1D system
can be interpreted as density fluctuations that can exhibit
macroscopic lifetimes. As a concrete example, we estimate
the lifetime, interatomic distances for 1D gold clusters and
compare them to the available experimental and theoretical
data on monoatomic gold chains. Depending on the den-
sity of the quasi-1D gold system, clusters with either large
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(3.5 ÷ 4.0 Å) or smaller Au-Au separations (2.5 ÷ 2.9 Å)
can have an observable lifetime. Also we have estimated the
minimal number of atoms in a 1D chain and a force required
to break a chain with a minimal number of atoms in it for
different metals (Au, Ag, Ni, and Pt). Thus we show that the
methods of statistical mechanics, in some cases, can be used
to investigate the properties of finite systems. In particular,
these methods allow one to explain experimentally observed
anomalously large interatomic distances in monoatomic Au
chains and to predict its maximal length and to estimate its
lifetime. The described approach was applied to analyze the
interatomic distances and lifetimes of quasi-1D structures of
different materials such as Ag, Ni, and Pt. The obtained results
successfully describe the experimental data.

4. Conclusions

The paper is devoted to the analysis of the correlation
effects and manifestations of general properties of 1D systems
(spatial heterogeneity that is associated with strong density
fluctuations, the lack of phase transitions, the presence of
frozen disorder, confinement, and blocked movement of
nuclear particle by its neighbours) in nonequilibrium phe-
nomena by considering the four examples. The anomalous
transport in zeolite channels is considered. The mechanism
of the transport in carbon nanotubes and MOF structures,
relaxation, mechanical properties, and stability of nonequi-
librium states of free chains of metal atoms, non-Einstein
atomic mobility in 1D atomic systems is considered.

Description of molecular transport in zeolite membranes
is reduced to the description of transport in 1D system in
which strong density fluctuations with a finite lifetime of the
clusters are presented. Response function method for density
functional allows us to calculate the spectrum of density
fluctuations and the diffusion coefficient of the particle with
arbitrary density and arbitrary laws of interaction between
particles and between a particle and a wall of the channel.
Systematic account of correlation effects leads to the fol-
lowing physical picture of transport and mobility in strong
fluctuating 1D confinement system.

Thus, if the interaction between particles in the 1D system

is low (𝑢 ≤ 1), at low densities 𝜃 ≤ 0.1 at times 𝑡 < 𝑙20/𝐷0

particles move independently of each other, and, therefore,

their mobility is of the Einstein type ⟨𝑥2⟩ ∼ 𝑡. At the times 𝑡 >𝑙20/𝐷0, the motion of the particles is limited due to blocking

by other particles that results in the SFD regime ⟨𝑥2⟩ ∼ 𝑡1/2.
1D system becomes spatially inhomogeneous due to collective
effects in it by increasing of density of system. This state is
characterized by the presence of clusters with a finite lifetime.
In such a system, the diffusion of a particle is the result of its
moving in a confined space between clusters with subsequent
transfer of momentum to a cluster. This effect results in a
disintegration of a cluster and a disconnection of the particles
from the other side of the cluster. For identical particles, this
process is a result of diffusion due to the “excitation” transfer
along the chain of closely spaced particles and leads to an
increase of a diffusion coefficient with increasing density of
particles in 1D clustered system.

A further increase of the filling factor leads to the increase
of a cluster lifetime, to the simultaneous decrease in the
average distance between these clusters, and to the increase of
diffusion coefficient. In this case, the dependence of the mean
square displacement of particles at the large times (𝑡 → ∞)
is of the Einstein type with an increased diffusion coefficient𝐷(𝜃) ∼ 𝐷0/(1 − 𝜃)2, 𝜃 ∼ 1. If the pair interaction between
particles is large, the cluster formation occurs at low densities,
so that all the discussed above becomes true for small filling
factors zeolite channels also.

Cluster of atomic particles that forms in 1D systems
allows to describe and explain the phenomena observed in
experiments, such as the formation of atomic chains with
two different interatomic distances, mechanical properties,
and stability of the nonequilibrium free chains, and allows to
calculate the minimal number of atomic particles of different
metals in free chains. In this case, it is not necessary to use
impurity atoms, the presence of which requires experimental
confirmation in the chain to explain the large interatomic
distances in the 1D chains of gold.

The description of the practically important transport of
two-component mixture in membranes with subnanometer
channels by the response function method allowed to show
that in 1D system of two types of particles at high filling
factors, a phase transition in an inhomogeneous state with the
formation of clusters of a finite size components may occur
due to an effective particle attraction.

In the framework of the response function method, the
equation of motion of the order parameter of the system
is derived. The order parameter is the Fourier compo-
nent of the density fluctuations. Analysis of this equation
shows that two-component mixture in the channels passes
into a spatially inhomogeneous state with the increase of𝜃 that results in formation of a short-lived clusters, the
size and the lifetime of which increase with increasing of𝜃.

A new result here was the occurrence of a minimum of a
dependence of fluctuation part of the free energy on the wave
vector and the Fourier component of the order parameter.
Thus, at high filling factors in the two-component mixture,
there is a new feature: the clusters of a certain size in the
channels stabilizes by a potential barrier due to the effective
attraction of particles.

Such a situation is typical for the transition to an
inhomogeneous state. The lifetime of the clusters increases
exponentially according to the Arrhenius law, and the clusters
can be locked for transport of the particles of the mixture at
sufficiently low temperature channels. The observed increase
of the separation factor with conductivity of 1D channels in
case of blocking a channel by stable clusters with a certain
concentration is described. The dependence of the separation
coefficient on the concentration, temperature, and density is
defined.

A comparison of the theory with experimental data
and results is discussed. The resulting fluxes depending
on the composition of the mixture (the filling factor) and
selectivity depending on pressure describe the experimental
data presented in the literature.
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The resistance of several pristine and functional single-wall carbon nanotubes (SWNTs) deposited and dried on interdigitated
electrode (IDE) chips was investigated to better understand how functional groups influence their resistivity. Without the external
electrical field, the resistance was generally increased for the sulfonated and fluorinated SWNTs but not for COOH-SWNTs. With
a 3 V electric field applied during depositing, while no change in resistance was found for the purified pristine SWNTs, fluorinated
SWNTs, COOH SWNTs, and Ni-SWNTs, a significant decrease in resistance was observed in sulfonated SWNTs and unpurified
pristine SWNTs, which could be due to the alignment of SWNTs in an electric field. The alignment of the sulfonated SWNTs is most
likely due to the charge of the sulfate functional group. It is interesting to note that the alignment was found in the unpurified pristine
SWNTs but not in the purified pristine ones which have lessened resistivity. The lower resistivity in the purified pristine SWNTs may
be due to the smaller number (<5%) of impurities. The significance of this research is that hydrophilic COOH-SWNTs could be a
better candidate than the hydrophobic pristine SWNTs for being used in many applications, especially in polymer nanocomposites.

1. Introduction

Carbon nanotubes have attracted extensive attention recently
because of their extraordinary thermal, electrical, and me-
chanical properties [1–3]. Due to these unique properties,
they have the potential to be used in electrical devices [4],
nanofluids [5, 6], grease [7], and sensors [8–10].

Measuring the electrical properties of carbon nanotubes
in solutions is not easy because it is difficult to get a homo-
geneous solution with carbon nanotubes. It is very hard to
dissolve or disperse the carbon nanotubes in their pristine
form in the hydrophilic fluids, such as water and ethylene gly-
col, simply because carbon nanotubes are inorganic solids
(hydrophobic) [11]. Usually chemical surfactants are added
to disperse the nanotubes. But the added chemical surfac-
tant is always a concern in such measurements because it
would complicate the interpretation of electrical conductivity
results.

An alternative approach to improve the solubility of
carbon nanotubes in water or organic solvents is by surface

modification, such as covalent, noncovalent, free-radical, and
electrochemical modification or plasma treatments [12]. The
most used and efficient method is chemical functionalization,
through which carboxyl groups or other functional groups
such as fluorinated groups and sulfonated groups are attached
to the sidewall or the ends of the single-walled carbon
nanotubes (SWNTs), leading to a reduction of the strong van
der Waals interactions among carbon nanotubes and strongly
facilitating the separation of SWNT bundles into individual
tubes [12]. For example, recently, Dr. Billups’ group at Rice
University has synthesized highly exfoliated, water soluble,
and single-walled carbon nanotubes with functional aryl
sulfonated group [13]. Therefore, no chemical surfactant is
necessary to disperse the nanotubes, thus eliminating the
influence of chemical surfactants and simplifying the exper-
imental procedure. The addition of the functional groups to
the SWNTs causes a change of the electronic structure from
a trigonal-planar local bonding geometry to a tetrahedral

geometry, leading to the transformation of sp2- into sp3-
hybridized carbon atoms [12], which may affect the intrinsic
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electronic properties of SWNTs and their potential applica-
tion in electronic devices and sensors. Therefore, it is inter-
esting to investigate the effect of the added functional groups
on electrical resistance to better understand how the chem-
ical bonds and geometric/electronic configuration affect the
electrical properties of the SWNTs.

In this paper, the electrical resistance of several pristine
and functionalized SWNTs was investigated with and without
an electric field to better understand the relationship between
nanotube structure and physical properties (thermal, electri-
cal, and mechanical).

2. Experimental and Procedure

The functional sulfonated SWNTs were obtained from Dr.
Billups’ group, Rice University. The details for the synthesis
of these materials can be found in [13]. The COOH SWNTs
were obtained from School of Mines and Nankai University
respectively. (fluorinated single-wall carbon nanotubes) F-
SWNTs were purchased from Carbon Nanotechnologies
Incorporation (CNI, Houston, TX, USA). The surfaces have
not been treated chemically or physically. Ni-coated SWNTs
were prepared using the methodology as reported previously
[14, 15]. A handheld sonic probe (Sonic Dismembrator, Model
100) was used to efficiently disperse the nanotubes into
solvents. All flocculation of the nanotubes visible to the eye
was removed by this process.

The nanotube coatings on the interdigitated electrode
(IDE) chips were applied by a Nanoject II (Drummond
Scientific Co.). The smallest drop distributed by this device
is 2.3 nL. Ten drops of each sample were put to each IDE chip
to ensure a uniform 23 nL SWNTs coating. When an electrical
field was applied, 3 V or 5 V was added to the IDE chips before
dropping the solution droplets on the electrodes. At the same
time, the IDE sensor chip is heated up to 60∘C. The electric
field is removed once the SWNTs are dried. The IDE is made
by a P-type boron-doped silicon (100) wafer with a resistivity
of 0.006–0.01 ohm-cm and thickness of 500 ± 25 𝜇m. A layer
of 0.5 𝜇m silicon dioxide was thermally grown on top of the
Si substrates. A layer of 200 nm platinum on top of 20 nm
titanium was deposited on the SiO2 layer with the designed
finger patterns. These patterns consisted of 4, 8, 12, and 50 𝜇m
finger gaps with 10 𝜇m finger width [16]. The IDE used for the
conductivity measurement is shown in Figure 1 with a finger
width of 10 𝜇m and a gap width of 12 𝜇m.

The electrical conductivities of various fillers (nanotubes)
in solid phase were measured by Keithley 2002/7001 High
performance DMM/Multipluxer and Agilent 34401 DMM
(precisely calibrated). A Keithley 237 High voltage measure
unit was used to measure the voltage of the electric field when
the nanotube coating was applied.

3. Results and Discussion

In order to better understand the influence of functional
groups on the conductivity (resistivity) of nanotubes, the
electrical resistivity of various fillers (nanotubes) in solid
phase was measured. Table 1 lists seven nanofillers (nanotu-
bes) with different functional groups and chemical structures.
All solutions were prepared to make SWNTs in the similar

Figure 1: Interdigitated electrode (IDE) chip for measuring the re-
sistance of different SWNTs.

Figure 2: Picture of five nanofiller (nanotube) solutions with dif-
ferent functional groups and chemical structures. (1) Unpurified
pristine SWNT, (2) fluorinated SWNT, (3) COOH SWNT (school
of mines), (4) COOH SWNT (outside campus), and (5) sulfonated
SWNT.

Table 1: Types of nanofillers, concentrations, and solvents.

No. Type of nanofiller Concentration, wt%
Solvent

type

1 Unpurified pristine SWNT 0.0324% DMF

2 Fluorinated SWNT 0.0364% DMF

3
COOH SWNT

(school of mines)
0.0363% DMF

4
COOH SWNT

(outside campus)
0.0365% DMF

5 Sulfonated SWNT 0.0366% DMF

6 Ni-SWNT 0.037% DMF

7 Purified pristine SWNT 0.037% DMF

concentration by wt% in order to control the amount of
nanotubes deposited on each IDE.

Pristine SWNTs were not distributed as well as the others
in Dimethylformamide (DMF) even after being set in an
ultrasonicator for 15 minutes, see Figure 2. The possible rea-
son is that the pristine nanotube is hydrophobic. The other
functional SWNTs dispersed better in DMF because they are
hydrophilic.

Table 2 lists the conductivity (resistivity) data of the
SWNTs with and without an applied electric field when
depositing the nanotubes onto the electrodes.
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Table 2: Resistance of SWNTs with and without an applied electric
field.

Coating sample
Agilent

34401 DMM
Keithley

2002 DMM
Comments

Unpurified pristine
SWNT

256 KΩ 270 KΩ
Unpurified pristine
SWNT∗ 29.9 Ω 29.9 Ω Applied

3 V

Fluorinated SWNT 41.2 KΩ 40.5 KΩ
Fluorinated SWNT∗ 39.1 KΩ 39.2 KΩ Applied

3 V

COOH SWNT(S3) 12.0 Ω 12.0 Ω
COOH SWNT(S3)∗ 16.1 Ω 16.2 Ω Applied

3 V

COOH SWNT(S4) 18.5 Ω 18.2 Ω
COOH SWNT(S4)∗ 17.8 Ω 17.8 Ω Applied

3 V

Sulfonated SWNT 5.34 KΩ 5.29 KΩ
Sulfonated SWNT∗ 25.6 Ω 25.7 Ω Applied

3 V

Ni-SWNT 17.6 Ω
Ni-SWNT∗ 26.5 Ω Applied

3 V

Purified pristine SWNT 21.5 Ω
Purified pristine SWNT∗ 34.1 Ω Applied

3 V
∗

An electric field of 3 V across the fingers with a gap size of 12 mm was ap-
plied while the SWNT samples were being coated on the IDE.
Instrument used for the resistance measurement: Keithley 2002 digital mul-
timeter and Agilent 34401 DMM.

When no electric field is applied, the resistance of the
sulfonated SWNTs and fluorinated SWNTs is 5.34 kΩ and
41.5 kΩ, respectively, which are about two to three orders of
magnitude higher than that of purified pristine ones with
a value of 21.5 Ω, indicating that functionalization generally
increases the resistance except for COOH-SWNTs and Ni-
SWNTs, with a resistance range from 12.0 Ω to 17.8 Ω, close
to or even lower than 21.5 Ω of purified pristine ones. It is
reported that coating nickel on the SWNT aids in exfoliation
of SWNTs agglomerates and enables good dispersions [17].
The enhanced dispersions and formation of continuous inter-
connections between SWNTs lead to the low electrical resis-
tance of Ni-SWNTs. In addition, coating the SWNTs with
nickel will not diminish the sidewall properties and affect the
electrical properties as in sulfonated SWNTs and fluorinated
SWNTs [17], resulting in a much lower electric resistance in
Ni-SWNTs than that of other functional SWNTs.

When a 3 V electric field was applied during coating
the SWNTs onto IDE chips, the resistance decreased from
5.34 kΩ to 25.6 Ω for sulfonated SWNTs and from 256 kΩ
to 29.9 Ω for unpurified pristine SWNTs, respectively. The
decrease in resistance is most likely caused by the nanotubes
alignment. In our previous study [15, 18], a significantly
increase in thermal conductivity was observed in the nanoflu-
ids containing magnetic-metal-coated carbon nanotubes
when a magnetic field was applied. Real images showed that

the initial randomly dispersed Ni-coated SWNTs gradually
stretched and finally aligned to form chains and clusters
which are longer than the real length of individual nan-
otubes [18]. The contact between the individual nanotubes
in these chains and clusters leads to the increase in thermal
conductivity of the nanofluids. Similarly, since the sulfated
SWNTs have charged sulfate functional groups, these charges
could make SWNTs align in an electric field, leading to the
contact enhancements among the nanotubes, thus decreasing
the electrical resistance. No change in resistance was found
in the purified pristine SWNTs when they were applied in
an electric field, which indicates that there is no alignment
for the purified pristine SWNTs in an electric field because
there is no charged functional group. The same thing (no
alignment) should also be expected for the unpurified pris-
tine SWNTs because they are the same except that there are
more impurities (e.g., metal catalysts and their oxides and
graphite) in the unpurified ones. Therefore, these impurities
in the unpurified pristine SWNTs could be the reason for the
unexpected alignment.

The resistance of the Ni-SWNTs does not change in a
3 V electric field but change in a 5 V electric field (data is
not listed) because Ni-SWNTs are slightly polarized in nature
due to the addition of Ni. These slightly polarized Ni-SWNTs
will align along the electric field when the field is strong
enough (5 V in this study) and leads to the decrease in electric
resistance. It was reported that Cu and Ti atoms adsorbed on
SWNTs are positively charged and the two nearest carbon
atoms carry a little negative charge based on the model
using pseudo-potential plane wave method [19]. Such charge
transfer increased several times when an electric field was
applied. The binding energy of Ni to SWNT is very close to
that of Ti but larger than that of Cu [20]. Therefore, similar
charge transfer would be expected in Ni-SWNTs, and it would
increase with the strength of an electric field, leading to the
polarization of the Ni-SWNTs and their alignment.

No significant change was observed for the resistance of
the fluorinated SWNTs and COOH SWNTs after an electric
field was applied to the IDE during SWNTs deposition. This
is due to that the COOH and fluorine functional groups
have no charges, and, therefore, they were not aligned under
an electric field. It is also worth noting that the resistance
of COOH SWNTs is three magnitudes lower than that of
fluorinated SWNTs. The much lower resistance of COOH-
SWNTs is because that, during the well-controlled carboxyl
functinalization, the chemical modification is limited mostly
to the opening of the tube caps at the ends and the formation
of functional groups at defect sites along the sidewall. SWNTs
functionalized in this manner basically retain their pristine
electronic properties [12]. Therefore, the resistance of the
COOH-SWNTs is very similar to that of the purified pristine
ones. It was found using the density functional theory
that vacancy-COOH pairs with a strong covalent bond are
energetically favorable on the zigzag nanotube sidewall after
acid treatment, and the electrical conductivity would be
enhanced [21]. This is the case in the present study as seen
from Table 2, the resistance of the COOH-SWNTs is pretty
close to and even lower than that of the pristine ones with
an applied electric field or not. By comparison, addition
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reactions enable the direct coupling of functional groups such
as fluorine onto the 𝜋-conjugated carbon framework of the
tubes. It is known that the formation of carbon-heteroatom
bonds will transform a sp2-hybridized configuration to that

of a sp3-hybridized structure, leading to the disruption of the
pseudo-one-dimensional lattice of the SWNTs and increase
in resistance [12]. This is consistent with the results in the
present study that the resistance of the fluorinated SWNTs is
three magnitudes higher than that of the pristine SWNTs and
COOH-SWNTs.

Previous study showed that the tensile strength of the
cross-link membrane with 5 wt% of sulfonated SWNTs and
sulfonated polystyrene is only 35 MPa, which is much lower
than the expected value by considering the extremely high
tensile strength of SWNTs (around 60 GPa) [22]. Assuming
that nanotubes disperse very well in the polymer matrix, ide-
ally, a 5 wt% nanotube loading in a film would have a tensile
strength of around ≈3 GPa. One possible explanation of the
lower than expected values is that the inserted functional
groups interfere with the conjugate structure of the nanotube,
thereby reducing its macromechanical strength. The effective
electrical conductivity measurement of sulfonated SWNTs
solution [11] provides strong evidence and support to this.
No percolation threshold phenomenon is observed in the
experiments. The linear conductivity increase versus the
weight percentage indicates that the dominant conduction
mechanism might be the ionic conduction, which is in
agreement with the chemical structure of sulfonated SWNTs
(anion SO3

− group).
The existence of anion SO3

− group in sulfonated SWNTs
is also proved in the present study. The resistivity of the
SWNTs is 5.34 kΩ, which are about two orders of magnitude
higher than that of purified pristine ones with a value of
21.5 Ω. It decreased from 5.34 kΩ to 25.6 Ω under the external
electrical field, probably caused by the nanotubes alignment
due to the existence of the anion SO3

− groups.
The motivation of the resistivity measurement of pristine

and functionalized SWNTs is to better understand the rela-
tionship between nanotube structure and physical properties
(thermal, electrical, and mechanical). Our study indicated
that macrophysical strength is damaged by addition (inser-
tion) of functional group [22]. Electrical conductivity mea-
surement could provide additional information of structure
of SWNTs. COOH-SWNTs have a resistance around 12.0 Ω,
even lower than that of purified pristine ones with a value of
21.5 Ω, indicating that COOH group would maximally reduce
the interfacial influence and keep the unbroken nanotube
conjugate structure.

Changing the SWNTs from hydrophobic to hydrophilic
with COOH group, while keeping its excellent electrical con-
ductivity, makes it a better choice than pristine one to be used
as nanofillers for various applications, especially in polymer
composites [23].

4. Conclusions

The electrical resistivity of several pristine and functional
SWNTs in solid phase was investigated with and without an
applied electric field.

Without an applied electric field, the resistance gener-
ally increased for the sulfonated and fluorinated SWNTs
but not for COOH-SWNTs. With an applied electric field,
no change was observed in resistance for purified pristine
SWNTs, COOH-SWNTs, and fluorinated SWNTs. A signif-
icant decrease in resistance was observed from sulfonated
SWNTs and unpurified pristine SWNTs when an electric field
was applied, indicating that they both align within an electric
field. The alignment of the sulfonated SWNTs is most likely
due to the charged sulfonate groups. Alignment was found in
the unpurified pristine SWNT but not the purified pristine
SWNTs, which indicates that the alignment of unpurified
pristine SWNTs is probably due to the impurities within its
structure. The lower resistivity in the purified pristine SWNTs
may be due to the smaller number (<5%) of impurities.

The results in this study show that the resistance of
pristine and functional singlewall nanotubes is correlated
to the type of functional groups and the alignment of the
nanotubes. The significance of this research is that the hy-
drophilic COOH-SWNTs show relative low resistivity, which
indicates that conjugated 𝜋 structure of nanotubes (side-
wall properties) is alive. These results demonstrate that
hydrophilic COOH-SWNTs could be a better candidate than
the hydrophobic pristine SWNTs for being used in many
applications, especially in polymer nanocomposites.
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The synthesis of pure calcium carbonate nanocrystals using a high pressure homogeniser (HPH) via a microemulsion
system produced uniform nanosized particles, which were characterised using transmission electron microscopy (TEM), field-
emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and
thermogravimetric analysis (TGA). The identified particles were aragonite polymorphs with a rod shape and were approximately
50 nm in size. The aragonite polymorph of calcium carbonate was prepared from biogenic materials, cockle shells, and exhibited
unique characteristics (i.e., a higher density than that of calcite), which makes it biocompatible and potentially suitable for
applications in the medical, pharmaceutical, cosmetic, and paint industries. The methods adopted and the nonionic surfactant
used in the synthesis of calcium carbonate nanocrystalline aragonite polymorphs were environmentally friendly and can be scaled
up for industrial production. The sources are naturally available materials that are by-products of the seafood industry, which offers
an opportunity for exploitation in numerous industrial applications.

1. Introduction

Calcium carbonate nanoparticles are abundant inorganic bio-
materials with different morphological structures that have
attracted the interest of researchers in different fields. This
interest is due to the wider application of these nanoparticles
in many industries, such as the paint, rubber, and plastics
industries. With the present focus of interest in nanotech-
nology, calcium carbonate nanoparticles have been observed
to be biocompatible for use in medicine, pharmaceutical
industries, and drug delivery systems [1, 2]. The most impor-
tant aspect with respect to the synthesis of nanoparticles is
control of the particle size, polymorphism, and morphology
of the desired material. Control of this parameter has led
to the development of new materials with unique properties
that differ from those in the bulk material [3]. Many studies
have been conducted to mimic nature in the synthesis of
nanomaterial with the aim of analysing the biogenic materials

and identifying how nature controls the morphology, size,
and polymorphism in organisms.

Biomineralization is the process by which a living organ-
ism secretes inorganic material in the form of a skeleton, a
shell, teeth, or bone [1]. These processes are natural, are often
performed with a high level of spatial control, and usually
occur in a confined reaction environment. The organic matter
or biopolymers observed in the hard tissue, such as the bones,
teeth, and shells of living organisms, have the unique capacity
to control the morphology, crystal size, polymorphism, and
structure of the inorganic material. These biopolymers are
usually soluble and are referred to as a functional matrix [1–
3]. Biomaterials are highly optimised materials with remark-
able properties, and they serve as natural archetypes for
future materials [1]. These unusual properties have recently
attracted the attention of numerous researchers, including
both materials chemists and researchers in the medical and
pharmaceutical sciences because of the biogenic origin and
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potential biocompatibilities of these materials [3]. Bioma-
terials with an optimised structure exhibit better perfor-
mance, durability, and appearance, which offers valuable
opportunities for the development of new techniques for
the synthesis and control of nanostructures materials with
potential applications in pharmaceuticals, cosmetics, drug
delivery, medicine, microelectronics, and energy technology
[3].

Biological systems are capable of producing inorganic
materials such as calcium carbonate with different structures,
morphologies, and polymorphs. Such biological systems are
observed in numerous marine organisms such as oyster
shells, coral, ivory sea urchin, and mollusc shell bivalve nacre,
whereby the main components of the shells are calcium
carbonate and other organic components, such as anionic
protein and glycoprotein [4].

Currently, research with respect to cockle shells, in which
the primary component is approximately 98-99% calcium
carbonate, is in its infancy [5, 6]. Calcium carbonate has three
anhydrous crystalline phases: calcite, which is thermodynam-
ically stable under ambient conditions; aragonite, which is a
high-pressure polymorph that is less stable than calcite; and
vaterite, which is the least stable among the three polymorphs
and has the ability to transform into one of the other two
polymorphs [7]. Different techniques for the preparation of
calcium carbonate nanoparticles have been reported, includ-
ing the precipitation of homogeneous solutions [8], water-
in-oil-in-water emulsions [9], mechanochemical and sono-
chemical syntheses [10] and water-in-oil (W/O) microemul-
sions [11]. Other preparation methods include the high-
pressure homogeniser (HPH) technique and high-gravity
precipitation. For precipitation methods, two different routes
have been reported with the only difference being the
chemicals used. The first method is based on the carbonation
process, whereby carbon dioxide gas is bubbled through
aqueous slurry of calcium hydroxide at specific temperature
in present of organic additive such as surfactant thereby
inducing precipitation of calcium carbonate. The second
method is known as double decomposition and involves the
combination of salt of calcium ions with salt of carbonate
ions, such as the reaction of calcium chloride or calcium
nitrate with sodium carbonate or ammonium carbonate [12].

Most researchers are now diverting their attention to
the microemulsion route for the synthesis of different types
of nanoparticles. Microemulsions are a thermodynamically
stable, optically transparent, isotropic dispersion of two
immiscible liquids, such as water and oil, stabilised by an
interfacial film of a surfactant molecule [13]. The system
is a single optical dispersion of thermodynamically stable
liquids that typically consists of small particle droplets with
diameters in the range of less than from 10 nm to 100 nm
[14]. A microemulsion serves as a special microreactor that
inhibits the growth of nanosized particles [15]. The advantage
of this method is that it increases the homogeneity of the
chemical decomposition at the nanolevel and allows the easy
preparation of nanocrystals of comparatively equal sizes [16].

The research in this paper was focused on the synthesis
of calcium carbonate nanocrystals from cockle shells by the
microemulsion route using a HPH. The process is a top-down

technique that occurs in a special homogenising valve at the
heart of homogenising equipment. The fluid passes through
a minute gap in the homogenising valve [17], which creates
conditions of high turbulence and shear, combined with
compression, acceleration, and a pressure drop. The impact
causes disintegration of particles and dispersion throughout
the sample [17]. After homogenisation, the particles are
uniform in size, and their sizes depend on the number
of cycles, the processing, and the operating pressure. The
homogeniser is the most efficient device for the reduction of
particle and droplet sizes.

To the best of our knowledge, no research related to the
synthesis of calcium carbonate nanocrystals from biogenic
origins or its reservoir using calcium carbonate as the main
source of calcium and carbonate ions has been reported.
Most research has focused on the use of chemical reactions,
whereby the salts of calcium and carbonate ions act as the pre-
cursors for the synthesis of calcium carbonate nanocrystals.

2. Experimental

2.1. Synthesis of Calcium Carbonate Powder. Cockle shells
were obtained from market. The calcium carbonate powders
were prepared from the cockle shells according to the pro-
cedure described by Islam et al. [18]. Samples of the cockle
shells were dried in an oven at 50∘C for 7 days, and the
shells were then crushed and blended into a fine powder,
which was sieved through a 90-𝜇m laboratory stainless steel
sieve (Endecott, London, England). The calcium carbonate
powders were finally packed into a polyethylene plastic bag
for further analyses.

2.2. Synthesis of Calcium Carbonate Nanocrystals. The syn-
thesis of calcium carbonate nanocrystals was performed
through oil-in-water (O/W) microemulsions using a HPH.
In this technique, the particles sizes are reduced after leaving
the homogenising gap by cavitations, particle collisions, and
shear forces [19, 20].

The calcium carbonate nanocrystals were prepared by the
dissolution of 2 g of dry cockle shell powder in a formulated
oil-in-water (O/W) microemulsion, which was moderately
stirred by a magnetic stirrer for 5 min at 100 rpm to form
a calcium carbonate suspension. The formulated suspension
was passed through the liquid inlet of a HPH for premilling at
a moderate pressure of 300 and 500 bars for three cycles each.
The premilled suspension was collected at the HPH outlet
and was again passed through the HPH liquid inlet at a high
pressure of 1500 bars for 25 homogenising cycles to obtain the
desired product. The product of the crystal suspension was
filtered and dried in an oven at 105∘C for 24 hours.

2.3. Characterisation of Calcium Carbonate Nanocrystals.
The following instruments were employed for the observation
and characterisation of the calcium carbonate nanocrystals.
The morphology and particle size of the nanocrystals were
analysed using a transmission electron microscope (TEM,
Hitachi H-7100) and a field-emission scanning electron
microscope (FESEM, JOEL 7600F) operated at a voltage of



Journal of Nanomaterials 3

(a) (b)

Figure 1: FESEM micrographs of (a) cockle shell calcium carbonate nanocrystals and (b) cockle shell powder.
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Figure 2: TEM images of (a) rod-shaped nanocrystals synthesised via microemulsion routes and (b) cockle shell powder without organic
additive added.

Sample A

20

40

60

80

1000200030004000

Wave numbers

(a)

Sample B

1000200030004000

Wave numbers

0

50

1786 1455 1082
855709−50

−100

(b)

Figure 3: FTIR spectra of calcium carbonate nanocrystals (a) and
cockle shell powder (b).

5 kV and equipped with an energy-dispersive X-ray spec-
troscopy (EDX) unit. The crystal powder was characterised
by X-ray powder diffraction (XRD) using a Rigaku X-ray
diffractometer equipped with a Cu K𝛼 (𝜆 = 0.15406 nm)
radiation source; samples were scanned at a rate of 40/min.

Pellets of the calcium carbonate nanocrystals were calibrated
in a weight proportion of 1 wt% in Ker, and analyses were
performed with a Fourier-transform infrared spectrometer
(FTIR, model 100, Perkin Elmer, 710 Bridgeport Avenue,

Shelton, CT, USA) in the range of 400–4000 cm−1. Ther-
mogravimetric analysis of the calcium carbonate nanocrys-
tals was performed using a TG-DTA instrument (Netzsch
STA449C) with an air flow of 100 mL/min and a heating rate
of 10 K/min from room temperature to 1000∘C.

3. Results and Discussion

3.1. FESEM and TEM Characterisation of Calcium Carbonate
Nanocrystals. The morphological characteristics of the cal-
cium carbonate nanocrystals presented in Figures 1(a) and
1(b) are typical FESEM micrographs of the samples under
study. The nanometre-sized and rod-shaped particles in
Figure 1(a) were synthesised in the confined microemulsion
system, whereas Figure 1(b) shows micrographs of a cockle
shell powder without any organic additives. These results
indicate a natural ability of the biological system to control
specific size and morphology, which is very difficult to
achieve using classical methods or colloid-chemistry routes
[21]. A living organism has the ability to secrete macro-
molecules, such as in oyster shells, coral, mollusc shells
and bivalve nacre. Living organisms achieve this natural
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Figure 4: EDX spectral data for calcium carbonate nanocrystals and
cockle shell powder.

phenomenon by utilising the secreted macromolecules (pro-
teins, polysaccharides, and acidic macromolecules) as the
nucleators (usually in the form of phospholipid membranes)
to modulate the formation of a unique inorganic-organic
material with a special morphology and function [21].

TEM was also used to study the calcium carbonate crystal
particles. The images of the crystal presented in both Figures
2(a) and 2(b) reveal a rod shape of calcium carbonate arag-
onite polymorphs. The particles in Figure 2(a) are uniformly
distributed at the nanometre scale and were formed in the
microemulsion system; this system is considered an ideal
medium for the preparation of inorganic nanoparticles [22].
The nanocrystal particles synthesised in the microemulsion

system presented in Figure 2(a) differ in size, being approxi-
mately 50 nm with individual particles measuring 12–30 nm;
in addition, the shape of the particles is clear, and the
difference in the particle size may result from the presence of
Tween 80 used in the prepared microemulsion. In contrast,
the particles shown in Figure 2(b) agglomerated, and the rod
shape was not clear compared with the shape in Figure 2(a),
which may be due to the differences in the preparation
conditions and the additional surfactant (Tween 80) used.
Surfactants, both ionic and nonionic, have been reported to
strongly affect the size and morphology of calcium carbon-
ate nanoparticles during synthesis [23]. However, nonionic
surfactants have a weaker effect on the morphology than do
ionic surfactants [23]. This result is most likely due to the

weak interactions between a nonionic surfactant and Ca2+

and CO3
2− ions [24]; in addition, the microemulsion route,

when used for the synthesis of nanoparticles, enables control
of the size and morphology of the obtained materials [23].

3.2. FTIR Spectra of Calcium Carbonate Nanocrystals. FTIR
spectra of the calcium carbonate nanocrystals are presented
in Figures 3(a) and 3(b). FTIR spectroscopy is an important
instrument used to identity different phases of organic and
inorganic compounds and, specifically, calcium carbonate

phases due to the differences in their carbonate ions, CO3
2−.

Carbonate ions and similar molecules have four normal
modes of vibration peaks: V1, symmetric stretching; V2, out-
of-plane bending; V3, doubly degenerate planar asymmetric
stretching; and V4, doubly degenerate planar bending [25].
The spectral data obtained for the samples reveal a broad
absorption peak of CO3

2− at ∼1455 cm−1, ∼1082 cm−1, ∼
1786 cm−1, ∼855 cm−1, and ∼709 cm−1, which have been
reported to be the common characteristic features of the
carbonate ions in calcium carbonate and are the fundamental
modes of vibration for this molecule [26]. However, the
observed bands at ∼1082 cm−1 and ∼855 cm−1 were care-
fully assigned as V1 symmetric stretching and V2 out-of-

plane bending modes of CO3
2−, respectively. The peak at ∼

1082 cm−1 was only observed in the spectrum of aragonite-

phase calcium carbonate, whose CO3
2− ions are inactive in

the infrared region. This observation was verified by other
reports in the literature on characteristic infrared bands,
which are experimentally not observed in the spectrum of
calcite [26]. In contrast, the doubly degenerate peak that

appears at ∼709 cm−1 can be attributed to the V4 in-plane
bending mode of CO3

2− ions, which indicates a structural
change in the calcium ions from the symmetry of the calcite
phase. This degeneracy can only be removed by splitting the
band into two; thus, the band is attributed to the aragonite
phase only, which has been confirmed in the literature
[26]. This assertion was also supported by a very broad

doubly degenerate band V3 at ∼1452 cm−1, which confirms the

structural changes in the symmetry of the CO3
2− molecular

ions that correspond to the asymmetric stretching mode of

CO3
2−. A similar result was also reported by Cheng et al. [27].

The fundamental changes in the positions of the vibration
mode of a molecule are caused by a modification of the
electrostatic valence of the Ca–O bond due to changes in
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Figure 5: X-ray diffraction patterns of calcium carbonate nanocrystals (a) and cockle shell powder (b).

the coordination; the Ca–O bond alteration occurs because
the displacement of the carbonate vibration mode changes
in the environment of oxygen atoms [26–28]. This evidence
further demonstrates that the synthesis involves a single
phase of calcium carbonate aragonite crystals. The observed

IR frequencies at ∼1786 cm−1 and ∼252 cm−1 are due to the
combination of the fundamental vibration frequencies of the
carbonate molecular ions assigned between (V1 and v4) and
(v1 and V3), respectively, as reported in the literature [26–28].

Both the cockle shell powder and the synthesised calcium
carbonate nanocrystals possess the same vibration frequen-
cies as observed in the FTIR data obtained in Figure 3(a).
The results demonstrate that the nonionic surfactant (Tween
80) used in the preparation of the microemulsion does not
affect the vibration frequencies because no additional peaks
were observed when the spectrum of the calcium carbonate
nanocrystals was compared with that of the cockle shell

powder in Figure 3(b). The cockle shell powder was prepared
in distilled water only and without the use of additional
organic additives or surfactants. This result may be due to
the presence of a natural or organic matrix composed of an
elastic biopolymer, such as the silk-like protein chitin; this
organic matrix secreted by marine shell plays an important
role in controlling the inorganic structure, morphology, size,
and polymorphism [28, 29].

3.3. Elemental Compositions of Synthesised Nanocrystals and
Cockle Shell Powder. The chemical compositions of the sam-
ples were analysed using EDX, which revealed the presence
of individual elements in the samples. As indicated in
Tables 1(a) and 1(b), the samples contained almost identical
elements, with no significant differences observed between
the elements detected in the two samples analysed. Both
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Figure 6: (a) Graphical representation of nanocrystal TGA results. (b) Graphical representation of cockle shells powder TGA data.
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Table 1: (a) Elemental compositions of calcium carbonate nanocrystals and (b) elemental compositions of cockle shell powder.

(a)

Spectrum Carbon Oxygen Sodium Calcium Total (%)

Spectrum 1 20.18 59.51 0.53 19.78 100.00

Spectrum 2 14.44 46.73 0.30 38.53 100.00

Spectrum 3 13.57 28.14 0.18 58.11 100.00

Mean 16.06 44.79 0.34 38.81 100.00

Standard deviation 3.59 15.78 0.17 19.17

Max. 20.18 59.51 0.53 58.11

Min. 12.65 28.14 0.18 19.78

(b)

Spectrum Carbon Oxygen Sodium Calcium Aluminium Total (%)

Spectrum 1 22.18 50.51 0.53 27.60 0.17 100.00

Spectrum 2 12.44 46.32 0.30 30.53 0.41 100.00

Spectrum 3 13.57 37.14 0.18 58.11 100.00

Mean 16.06 44.79 0.34 38.81 100.00

Standard deviation 3.59 15.78 0.17 19.17

Max. 19.82 69.52 0.36 58.11

Min. 13.57 26.42 0.16 23.87

samples contained negligible traces of elemental sodium, and
a minute percentage of aluminium was recorded only in the
cockle shell powder (Figure 4(b)). This analysis proves that
the composition of the calcium carbonate in the cockle shell
powder is not 100% pure due to the presence of other elements
such as aluminium and sodium.

3.4. X-Ray Diffraction Pattern of Calcium Carbonate
Nanocrystals. X-ray diffraction is a sensitive instrument
used for the identification of crystalline phases of inorganic
compounds. The data obtained from the X-ray diffraction
patterns in Figures 5(a) and 5(b) demonstrate the crystalline
nature and phase composition of both samples under
analysis. The X-ray diffraction pattern of the synthesised
calcium carbonate nanocrystals and cockle shell powder
in Figures 3(a) and of 3(b) exhibits characteristics peaks of
aragonite at 2𝜃 values of 26.34∘, 33.24∘, 45.98∘ and 26.31∘,
33.24∘, 45.98∘, and respectively, which correlate with (hkl)
indices of (111), (012), (221), and (021), (0.12), and (221),
respectively. These are the strongest peaks observed in
the X-ray diffraction patterns of the analysed samples.
However, peaks are also observed at 26.71∘, 26.87∘, 27.02∘,
27.38∘, 27.57∘, 27.72∘, 41.28∘, 45.62∘, 46.54∘, 48.84∘, and
52.53∘. These values also correspond with calcium carbonate
aragonite polymorphs reported in the PDF-4+ data bank of
the International Centre for Diffraction Data [30]. All the
reflections can be attributed to the pure aragonite phase of
calcium carbonate, which validates the FTIR results of the
aragonite polymorph of calcium carbonate.

3.5. Thermal Decomposition of Calcium Carbonate Nanocrys-
tals. Thermogravimetric analyses of the cockle shell powder
and the nanocrystals synthesised from the powder were

performed using the shrinking core model (SCM), whereby
the reaction usually begins from the outer layer of the
particles and moves toward the solid, which yields an ash
solid as the converted material [5]. Therefore, Figures 6(a)
and 6(b) illustrate the weight losses of the samples analysed
during the process. Both samples were stable until 300∘C
and then decomposed in two steps. The first step was the
initial process, which started with a very small weight loss
of 4.0% due to the moisture content in the samples [31]; a
similar result has been reported by Yu et al. [32] for bulk
or microcalcium carbonate, and this value would also be
the loss for nanoparticles of the same material, as reported
as by Mohamed et al. [5]. Endothermic behaviour was also
observed in the temperature range from 304 to 373∘C, which
may be due to the removal of water molecules from the
carbonate lattice and the phase transformation of aragonite
to calcite due to its unstable nature, as described previously.
The phase transition of aragonite to calcite in coral and other
marine shells occurs at a lower temperature than that of the
phase transition in aragonite of mineral origin [26]. Second,
a rapid weight loss of 41.88% and endothermic behaviour
from 600 to 800∘C were observed in both samples; in this
temperature range, volatile minerals in the sample began
to decompose, thereby releasing CO2. For the cockle shell
powder, the rate of decomposition was slower compared
with that of the nanocrystals, as shown in Figure 6(a);
this result has been reported in the literature, whereby
particles of smaller size decompose faster than larger particles
[5] because smaller-sized particles have a greater surface
area than larger particles. However, both samples remained
unchanged when the temperature reached 900∘C. This result
indicates the total decomposition of calcium carbonate to
CaO and signifies the release of CO2 from calcium carbonate,
leaving only the product, that is, “ash” [5]. This assumption
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derived from the TGA analysis is also supported by the XRD
data shown in Figure 5.

4. Conclusions

Cockle shells consist of a higher percentage of calcium
carbonate aragonite polymorphs, as described in the intro-
duction of this paper. On the basis of the analysis of calcium
carbonate nanocrystals from the cockle shell powder and
that of the powder itself, the shells are composed of the
aragonite form of calcium carbonate, which is less stable
and denser than calcite. These properties make it a potential
biomaterial for medical applications. The thermogravimetric
analyses of the two samples revealed the solid-state phase
transformation of aragonite to calcite. The transformation of
aragonite began at approximately at 300–373∘C and at 600–
700∘C; the complete removal of volatile substances occurred,
and the phase transformation of aragonite to calcite was
completed with a loss of 41% of the initial weight of the
sample. These results also demonstrate that smaller particles
decompose faster than larger particles within a short time at
low temperatures.

The methods adopted and the nonionic surfactant used in
the synthesis of aragonite nanocrystals are environmentally
friendly and could be scaled up for industrial production,
thereby permitting a greener synthesis from naturally avail-
able materials and utilising the waste shells that are a by-
product of the seafood industry. This method thus offers
a great opportunity for exploitation in numerous industrial
applications.
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We compared mechanical and electrical properties of carbon nanotube (CNT) yarns formed from four different spinning methods.
In these methods, a yarn was spun from two aligned CNT arrays. CNT yarns fabricated from each method were tested quantitatively
through the mechanical and electrical properties and reported. This improvement is considered to be caused by multiple factors,
such as reduction of the yarn diameter, densification, water evaporation, and CNT orientation. The best electrical and mechanical
property of CNT yarn was observed from the fourth spinning method where heating and tension during spinning were applied.
The introduced yarn spinning methods are appropriate for continuous mass production of high strength carbon nanotube yarns
with controlled diameter, strength, and electrical conductivity.

1. Introduction

Carbon nanotubes (CNTs) are considered one of the strong-
est and stiffest materials known. They have unique atomic
structure with interesting related properties such as high
tensile strength and Young’s modulus, high aspect ratio, and
good electrical and thermal conductivities. These unique pro-
perties open up various applications in different areas, for
example, in advance electronics, biotechnology, and nano-
mechanics.

Research efforts have been carried out to fabricate macro-
scopic threads and yarn structures to make the use of the
CNTs unique properties. However there are technical chal-
lenges to transfer individual CNT properties into spun yarn
structures because CNT bundles tend to slide in yarn micro-
structures. Therefore may be promising techniques have been
implemented to improve the strength of the CNT yarn.
One practical application is polymer dip coating which will
improve the mechanical properties of CNT yarns structures
but it will not help to improve the electrical properties of the
yarn. Other is high temperature annealing which will help
to improve the electrical and thermal properties of the CNT
yarn. However, the disadvantage of thermal annealing is high
cost and brittle behavior of the yarn structures.

There are mainly two methods of CNT yarn production:
liquid-state spinning and solid-sate spinning. Most synthetic
fibers are created from a concentrated, viscous liquid. In
liquid based spinning, CNTs are dispersed into fluids and
either extruded or coagulation spun into fibers [1–3]. The
major issue with applying this approach to CNTs is that there
is a relatively high fraction of remaining polymer and using
of short CNTs, which limits the overall strength and electrical
and thermal conductivity of the produced fiber [4]. The solid-
sate spinning can be done in two methods. One is spinning
CNT yarns directly from a furnace using floating catalyst
[5]. The second method is substrate base spinning. Spinning
directly from a furnace is a very efficient approach for con-
tinuous production of yarn that has good properties [6, 7].
Limitations of this method are the nanotubes used relatively
short and there are catalyst impurities deposited in the final
product.

Cotton and wool are naturally made fibers that are made
by solid-sate spinning. In solid state spinning, CNTs are
assembled into either yarns or sheets without the use of any
chemical additives. This process is practiced by a handful
of research groups [2, 5, 8–11]. The posttreatment methods
play an important role to improve the properties of CNTs.
Zhang et al. showed substantial increase in the strength of
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Figure 1: Schematic of the four different spinning methods (Methods 1 to 4) illustrated in the schematic corresponding to figures (a) to (d).

the CNT threads after infiltration with a polymer [10]. Zhu et
al. reported that CNT yarn load capacity can be improved by
postspun twisting which is affected by two factors: bringing
the CNTs into closer contact with one another and therefore
enhancing the van der Waals forces and higher radial com-
pressive stress [5]. Other posttreatments involve densification
with organic solvents such as ethanol and acetone, or heating
the thread at high temperatures by applying an electric
current [12]. Those posttreatment techniques require extra
processing time [13–15]. In this paper, four improved meth-
ods for spinning CNT yarns are presented. The mechanical
and electrical properties of CNT yarns made by each method
are compared.

2. Experimental Procedure

We introduce four comparative methods of CNT yarn spin-
ning. Spinnable carbon nanotube arrays were grown on
silicon wafers using Chemical Vapor Deposition (CVD) at
750∘C for 30 minutes [16]. CNT arrays about 325 𝜇m in height
were spun into yarns at about a 2000 rpm twisting rate and a
324 mm/minute pulling speed.

Based on Method 1 (spinning yarn from two CNT arrays),
two CNT forests were drawn out forming two ribbons which
were directly spun into a two-ply thread without any further
treatment (Figure 1(a)). This spinning technique has been
used by several other groups [2, 5, 8–11] and served in our
experiments as a reference (baseline) to which all the other
techniques were compared in the present work. Method 2
(two arrays with cupper hooks) was designed to employ
two copper hooks which applied small tension force to the
ribbons prior to spinning (Figure 1(b)). This arrangement
forced the ribbons to condense and spin into low tension
threads before they were combined into the final thread.
Method 3 (two arrays with cupper hooks and tension rods)
improves the second method by using the same hook system
but also implementing several tensioning rods along the spun
yarn (Figure 1(c)). The rods applied tension to the thread
in order to increase the interactions between the CNTs and
to enhance the van der Waals forces between the individual
carbon nanotubes. The intention of this arrangement was to
increase the strength and decrease the resistivity of the thread.
Method 4 (two arrays with cupper hooks and heated tension
rods) is a modification of the third one, where the tensioning
rods were modified to heat the thread simultaneously while
applying tension (Figure 1(d)). This the method we call
heating and tension spinning (HTS).

1
2

3

4 5
6

7
8

A B C D E

Figure 2: Schematic of the setup used in the proposed improved
spinning process: A: CNT forest; B: web formation zone; C: partially
twisted thread and yarn formation zone; D: tension and heat zone;
E: twisting zone; (1) spinnable CNT forest; (2) CNT web; (3) copper
hook; (4) partially twisted thread; (5) low twisted yarn; (6) heated
rod for applying tension; (7) high twisted yarn; (8) spool.

The produced yarns were collected on spools. The sam-
ples were tested to determine their electrical resistivity and
ultimate tensile strengths. Scanning electron microscopy
(SEM) was used to measure the diameters of the tested
yarns. The tensile strength measurement was conducted
with a 3345-Instron stress-strain instrument. A four-probe
setup was employed to determine the electrical properties
of the yarn using a Keithley 6220 current source and a
2182A nanovoltmeter. All the tests were conducted multiple
times to verify consistency of the acquired data.

3. Results and Discussion

3.1. Production of Carbon Nanotube Yarn. Currently, dry
spinning of CNTs is conducted by twisting the formed web
while pulling CNTs from a single substrate [2, 5, 8–11]. This
process can be improved by introducing different spinning
techniques. Recently, Hu et al. tested a modified spinning
process attempting to improve the mechanical properties of
CNT yarns [17]. They formed CNT threads under tension
spinning in a high volume heated environment. Here we
introduced resistive heating tension rods which can be used
as tension rods as well as heat sources. Therefore the process
is really simple and cost effective. This paper also provides
a detailed characterization and explanation of the improved
spinning process. Figure 2 shows the main components of the
improved spinning setup. The main steps in the process for
spinning thread are described next.

3.1.1. Web Formation. CNTS initially pulled from the forest
form a web. As the CNT bundles are pulled away from the for-
est they form a long “line” in which all the CNT centerlines are
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Figure 3: (a) Two CNT arrays spun into a yarn using the improved spinning method, (b) TEM image of CNT web, (c) SEM image of aligned
CNT array (inset shows the forest cross-section at high magnification) and (d) HRTEM image of individual CNT with diameter ∼15 nm.

aligned and parallel. The CNT web is orthogonal to the initial
nanotube direction in the array and parallel to the substrate
surface. The web must be kept stable during the spinning
process in order to yield well-formed yarn. As shown in
Figure 3(a), smooth copper hooks are placed between the first
tension rod and the substrates. This improves the contact
between the loosely attached CNT bundles within the web.
The portion between the CNT forest and the copper hooks is
the CNT web, and just after the copper hook it is transformed
into a low twist thread. During the spinning process, those
low twisted threads are combined to form one yarn. The
joining point is called the convergence point. The conver-
gence point is located before the first tension rod. The portion
of the yarn shown in Figure 2 at position 5 is called low
twisted yarn. In general, the web is “fluffy” and for this reason
it needs to be compacted before spinning. Transmission
electron microscopy (TEM) images show that the CNT web
consists of poorly aligned and randomly orientated CNT
bundles (Figure 3(b)). The thickness of the web ranges from
50 nm to 100 nm. According to the capstan equation from the
rope theory, when yarn passes through a pulley, the change in
tension and the corresponding radial pressure on the yarn can
be written as follows [17, 18]:𝑇2𝑇1 = 𝑒𝜇𝜑, (1)

𝑁1 = 𝑇2𝜇 (𝑒𝜇𝜑 − 1) , (2)

where 𝑇1, 𝑇2, 𝜇, 𝜑, and 𝑁1 are the low incoming tension and
high outgoing tension, the frictional coefficient, the contact
angle, and the radial pressure on the yarn, respectively.

3.1.2. Thread Formed under Tension. Figure 4 illustrates the
arrangement of two copper hooks which apply a small initial
tension force to the ribbons prior to the spinning. This force
helps the ribbons to condense and spin together slightly
before they combine into partially twisted yarn. This part of
the fiber is called “low twisted yarn.” When the CNT web
passes through the copper hooks, tension increases according
to the capstan equation (1). This tension causes convergence
of the web which is observed at a point close to the copper
hooks. Further, Figure 4 displays the system using spinning
under tension, where 𝑇𝑤, 𝑇1, 𝑇5, Ω1, and Ω5 are the web
tension (incoming and outgoing after copper hook), final
tension (near the CNT yarn winding spool), twisting of pre-
formed thread, and twisting of final yarn, respectively. As
the yarn passes through different stages, it is subjected to
gradually increasing tension. The magnitude of the tension
for a 3-tension rod arrangement increases accordingly: 𝑇𝑤 <𝑇1 < 𝑇2 < 𝑇3 < 𝑇4 < 𝑇5 < 𝑇3 < 𝑇4 < 𝑇5. Thus, for the tested
spinning system, the change in tension after the last tension
rod (𝑇5) and the corresponding final radial pressure (𝑁5) on
the yarn is given by the following two equations, respectively:𝑇5 = 2 cos 𝜃𝑇1𝑒𝜇∑𝑛𝑖=1 0𝑖 ,𝑁5 = 𝑇5𝜇 (𝑒𝜇𝜑𝑖 − 1) , (3)
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Figure 4: Schematic of heating and tension spinning system (HTS)
with incorporated tension rods showing related process parameters:𝑇𝑤, 𝑇1, 𝑇5, Ω1, and Ω5 denoted as the web tension (incoming and
outgoing after copper hook), final tension (near the CNT yarn
winding spool), twisting of pre-formed thread and twisting of final
yarn respectively.

where 𝜃 is the angle between partially twisted thread and the
initially formed yarn at the convergent point (near II). Lastly,
Figure 4 illustrates various stages in yarn formation leading
to the final tension. Alignment and slip occur at the copper
hooks, where tension is first applied to the thread. This causes
increased CNT interaction in the bundles and yarn. Higher
alignment of the CNTs and bundles results in more compact
yarn. Therefore, the net effect of the multistage system is to
increase the mechanical and electrical properties of the CNT
yarn. However, we have observed after a certain maximum
tension, further increase in this parameter leads to decreased
yarn strength.

3.2. Twisting andHeating Effect on Yarn Formation. For short
bundles of CNT drawn from the forest, in the absence of
twisting action applied to the yarn, the strength of yarn is lim-
ited because of absence of significant transverse forces to bind
the CNT assembly together [5]. In order to achieve higher
mechanical and electrical properties, the CNTs and bundles
need to have maximum contact with one another. This makes
twisting a very important part in spinning CNT yarns. At
low twist, there is considerable cohesion between the CNTs
that can provide reasonable strength to the web. As twisting
increases, cohesion also increases, and at a very high level
of twisting, brittle behavior is observed [19]. The variation
in diameter of CNT yarn is shown in Figures 5(a) to 5(d) at
different stages (I to IV) of the HTS process. The SEM images
indicate that the diameter of the yarn suddenly decreased as
it passed though stage I to stage II (from 14.2 𝜇m to 12.1 𝜇m)
and then sate II to sate III (12.1 𝜇m to 10.9 𝜇m) and remained
relatively unchanged afterwards. It was observed from the
SEM images (Figures 5(a) to 5(c)) that the twisting angle of
the fibers gradually increased with the yarn passing through
the stages. We have observed when both heating and tension
are applied the diameters of the CNT yarn decreased by about
23% from 14 to 10.3 𝜇m (see Figures 5(a) and 5(d)). SEM
images demonstrated that the HTS technique improved the
uniformity along the CNT yarn (Figure 5(d)). This technique
provides two benefits. First, it increases the alignment of the
carbon nanotubes in the thread and also the interbundle
lateral cohesion. Second, it reduces the intertube distance
and increases the van der Waals force interaction between
all the CNTs. Figure 5(e) illustrated the schematic of different

positions of heating and tension spinning (HTS) stages are
illustrated in Figure 5(f). Raman spectroscopy performed on
both CNT yarn formed from treatment 1 and treatment 4 (see
Figure 5(f)) do not show important differences that can be
readily related to morphological differences in the CNTs for
different treatments.

Figure 6(a) shows the resistivity (left 𝑦-axis) and strength
(right 𝑦-axis) as a function of the tested four different meth-
ods of spinning. Substantial improvements in both the electr-
ical and mechanical properties of the threads occurred when
applying these methods. Method 4 was carried out using
an HTS system temperature of about 225∘C. Figure 6(b)
shows that the strength and electrical conductivity of CNT
yarn improve 61% and 71%, respectively, when employing
Method 4 as opposed to the Method 1. Method 1 is state
of art of spinning yarn which is practiced by most of the
research groups [8] and is used in this study as a baseline
for comparison. Spinning under tension brings the CNTs
in closer contact to each other and therefore enhances the
van der Waal interactions. The later causes increased friction
between the CNTs, which improves the load transfer between
the tubes.

The experimental results showed that treatments 2–4
brought improvement in the mechanical and electrical prop-
erties of the CNT yarns relative to treatment 1. The highest
percentage improvement compared to the baseline treatment
1 was observed for treatments 3 and 4. This effect is obviously
due to applying tension during spinning. However we also
noticed that there is a considerable improvement of CNT
yarn in treatment 4 compared to treatment 3. Figures 5(c)
and 5(d) display SEM images of CNT yarns formed from
treatment 3 and Method 4. Treatment 4 utilized three tension
rods preheated up to 225∘C. It shows that the diameter of the
CNT yarn formed from treatment 4 decreases from 10.9 to
10.2 𝜇m. We assume that the applied simultaneous heating
and tension during spinning improve the thread structure
by stretching the CNT bundles and enabling more effective
thread compactions.

Another interpretation of the results is based on the
hypothesis of collapsing the CNTs under tension, which may
be enhanced by the applied heating. It was observed by Motta
et al. that double walled tubes in yarn corresponding to diam-
eters larger than ∼5 nm collapse into structures with dog-
bone cross-sections thus forming stacks of parallel graphene
layers [7]. The applied tension and radial force change the
microscopic structure of the CNTs which tend to polygonize
from circular to hexagonal shape.

In the experiments, the mechanical and electrical proper-
ties of the CNT yarns substantially improved. This could be
due to two reasons. The first reason is the applied heat may
have caused evaporation of the absorbed water molecules
within the CNT bundles thus increasing the friction and de-
creasing the air gaps between them. The second is associated
with the possible CNT collapse due to the radial pressure
incurred from the HTS action. In this scenario stacks of
flattened nanotubes can share maximum contact area which
will cause increased yarn cohesion. The nanotubes used in
this study are double walled with diameters in the range of
8 to 12 nm which qualifies them for collapsing according to



Journal of Nanomaterials 5

(a) (b)

(c) (d)

I

II III

IV
𝑇𝑓

(e)

1200 1300 1400 1500 1600 1700
0

0.2

0.4

0.6

0.8

1

In
te
n
si
ty

 (
a.
u
.)

Treatment 1

Treatment 4

Raman shift (cm−1)

(f)

Figure 5: SEM images of CNT yarn at different stages of the spinning process. Stage I (a), Stage II (b), Stage III (c), and Stage IV (d), schematic
of the applied heating and tension spinning (HTS) stages (e). I-denotes the position before 1st applied tension; II before 2nd tension; III before
3rd tension; IV before winding on the spool; Raman spectra of CNT yarn formed from treatment 1 and treatment 4(f).

[17]. Thorough High Resolution TEM studies of the CNT
yarn may be able to confirm such a phenomenon.

4. Conclusions

This work introduced new and improved methods for dry
spinning of CNT yarns, which helped to positively affect the
yarn structure by stretching the CNT bundles and enabling
more effective yarn compaction. The preliminary results for
spinning CNT yarn under tension showed an improvement
of the fiber mechanical and electrical properties with respect
to a standard spinning method used as a baseline. Further

enhancement of the CNT yarn quality was observed by
introducing a heating and tension spinning (HTS) technique.
The tensile strength of the spun yarn when employing HTS
improved about 61% and the electrical conductivity increased
by ∼71%. Optimization of the new spinning techniques has
not been fully achieved and will require further studies to
understand the entire temperature and tension effect on
the quality of HTS spun yarns. Further optimization of the
spinning parameters employing the HTS environment is
required, since the results obtained are promising for man-
ufacturing high performance CNT-based yarns. Such experi-
ments are in progress and will be reported in the near future.
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Figure 6: (a) Stress (left 𝑦-axis) and resistivity (right 𝑦-axis) versus spinning methods, (b) strength and electrical conductivity improvement
in percentage versus spinning methods.
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See Movie 1 in supplementry material available online at
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This paper compares between the methods of growing carbon nanotubes (CNTs) on diamond substrates and evaluates the quality
of the CNTs and the interfacial strength. One potential application for these materials is a heat sink/spreader for high-power
electronic devices. The CNTs and diamond substrates have a significantly higher specific thermal conductivity than traditional
heat sink/spreader materials making them good replacement candidates. Only limited research has been performed on these
CNT/diamond structures and their suitability of different growth methods. This study investigates three potential chemical vapor
deposition (CVD) techniques for growing CNTs on diamond: thermal CVD (T-CVD), microwave plasma-enhanced CVD (MPE-
CVD), and floating catalyst thermal CVD (FCT-CVD). Scanning electron microscopy (SEM) and high-resolution transmission
electron microscopy (TEM) were used to analyze the morphology and topology of the CNTs. Raman spectroscopy was used to assess
the quality of the CNTs by determining the 𝐼𝐷/𝐼𝐺 peak intensity ratios. Additionally, the CNT/diamond samples were sonicated for
qualitative comparisons of the durability of the CNT forests. T-CVD provided the largest diameter tubes, with catalysts residing
mainly at the CNT/diamond interface. The MPE-CVD process yielded non uniform defective CNTs, and FCT-CVD resulted in the
smallest diameter CNTs with catalyst particles imbedded throughout the length of the nanotubes.

1. Introduction

Carbon nanotubes (CNTs) are lightweight materials that
express superior mechanical, electrical, and thermal proper-
ties [1–4]. Diamond films are well known for their hardness
and scratch resistance combined with excellent thermal
conductivity [5, 6]. Successful CNT growth on a diamond
substrate creates a unique all-carbon structure that can be
beneficial for advanced power and electronic applications.
Various methods such as chemical vapor deposition (CVD),
laser ablation, thermal evaporation, arc discharge, and glow
discharge have been used to grow CNTs on different surfaces
[7–9] including diamond substrates and nanoparticles [9–11].

Among these methods, CVD is perhaps the most promis-

ing and scalable approach for future power and electronic
devices.

There are many different varieties of CVD used to grow
CNTs. The variations depend on power sources, type of

catalyst deposition, gas composition, and operating temper-

atures. In addition to variations of the CVD process, CNT

growth is expected to depend significantly on the chemistry,

morphology, and activity of the substrate. Catalyst and

substrate interactions can create differences in root growth

or tip growth mechanisms, size distribution, and defects in

CNTs growth [12–14].



2 Journal of Nanomaterials

Several CVD approaches have been investigated and
documented on common electronic substrates such as sil-
icon, but no work seems to have been reported on spe-
cialty substrates such as CVD diamond. It is desirable
to test the applicability of these techniques on diamond
substrates and compare the CNTs obtained from different
CVD growth techniques. This would enable future device
manufacturers to select the most appropriate technique for
a specific application. This study compares three types of
CVD techniques believed to be the most probable candidate
techniques to be scaled up and utilized for future power
devices. They all utilize transition metal catalysts that can
readily form metastable carbides needed for CNT growth on
any substrate [15–17]. The three CVD approaches selected
were thermal CVD (T-CVD) with presputtered metal cat-
alyst, microwave plasma-enhanced CVD (MPE-CVD) with
presputtered metal catalyst, and floating catalyst thermal
CVD (FCT-CVD) with xylene and ferrocene liquid mixture
without any prior catalyst deposition. T-CVD is a low-cost
system that can easily be set up to grow CNTs. In comparison
to arc discharge, T-CVD operates at a lower temperature
which increases the range of substrate material selections.
However, the resulting CNTs’ structure may be defective
compared to arc discharge or laser ablation [18]. MPE-CVD
is very suitable for large surface CNT production and can
grow CNTs at even lower temperatures than T-CVD [19].
Both these techniques involve predeposition of catalyst on
the substrate. The FCT-CVD introduces the carbon and
catalyst simultaneously on the substrate via a gas mixture.
This approach cuts out the first step of catalyst deposition
giving it a potential economic advantage for future scale-up.
However, it coats everything in the growth chamber and may
be problematic when selective area growth is required [20].

The CNT forests grown have been investigated in detail,
and each sample has been analyzed using a scanning elec-
tron microscope (SEM), transmission electron microscope
(TEM), Raman spectroscopy, and energy dispersive X-ray
spectroscopy (EDS) to fully characterize the structures.

2. Experimental Methods

2.1. Sample Preparation. Polished free-standing diamond
substrates grown by a CVD technique were purchased from

SP3 Diamond Technologies Inc. The substrate measurements

were 5 × 5 mm2, with a 400 𝜇m thickness. The surface
roughness was determined to be 5 nm as measured by an
atomic force microscope. Three CVD-based CNT growth
techniques have been investigated: (i) T-CVD, (ii) MPE-
CVD, and (iii) FCT-CVD. The first two techniques involved
predeposition of seed catalysts prior to CNT growth and were
optimized first on an electronic grade silicon substrate with a
layer of thermal silicon dioxide layer on the surface. The last
one had the catalyst source combined with the carbon source
in the feeder gas and had been optimized earlier on graphitic
carbon substrates.

Due to limited quantities of CVD diamond substrates,
each -of the growth methods described below were first
tested and optimized using other standard substrates before

deposition on the diamond. While it is recognized that
optimization of parameters on identical diamond substrates
would be ideal, the large number of diamond substrates
necessary for such an undertaking was not available. It was,
however, verified that the growth conditions on standard
substrates were repeatable on other available substrates. As
for growth parameters of CNTs on the diamond available in
the literature the values reported for T-CVD and MPE-CVD
were found to be very comparable to ones derived in house
on standard substrates [10, 21]. There is no reported growth
on CNTs on diamond substrate using the FCT-CVD method.
However, this technique involves precoating the substrate
with a plasma-enhanced oxide layer, which is expected to
make the CNT growth more independent of the underlying
substrate. Additional optimization and refinement on specific
diamond substrates may be performed in the future as more
varieties of diamond substrates become available in larger
quantities. At the current time, Raman spectroscopy was used
as an indicator of CNT quality, and the 𝐷-peak to 𝐺-peak
intensity ratios from CNTs obtained on all samples were more
than satisfactory. Successful and repeatable experiments from
earlier research indicated that the best CNT forests were
obtained by using T-CVD and MPE-CVD growth processes
with nickel and iron catalysts, respectively. For the FCT-CVD
approach, ferrocene is used as an iron source to promote CNT
growth. Based on these repeatable results, the CNT growth
parameters were used to grow CNTs on the diamond films.

2.2. T-CVD Method. Polished free-standing CVD diamond
substrates were cleaned in an ultrasonic acetone bath for 5
minutes followed by 5 minutes in an ultrasonic isopropanol
bath. After cleaning, the samples were placed into a radio
frequency (RF) sputtering system loaded with a 99.999% pure
nickel target. The sputtering system uses RF power to create
a plasma plume that deposits material from the target to
the substrate surface. The substrate was first sputtered with
a 10 nm thin film of nickel in a sputter chamber. Then, the
nickel-sputtered sample then placed into a T-CVD furnace.
The furnace was heated from room temperature to the growth
temperature of 800∘C in 20 minutes with an argon/5% hydro-
gen (Ar/5% H2) gas mixture at a flow rate of 300 standard
cubic centimeters per minute (sccm). Upon reaching the
growth temperature, the sample was held for 10 minutes to
allow the thin nickel film to break up into nanoscale islands.
Then 400 sccm of argon/10% methane (Ar/10% C2H2) was
introduced as the carbon feedstock source at the end of the
10-minute heat treatment. The growth process continued for
2 hours followed by a slow cool to room temperature again
using a flow of 300 sccm of a (Ar/5% H2) gas mixture. The
entire growth process was performed at a pressure of 90 torr.

2.3. MPE-CVD Method. The same sample cleaning proce-
dures discussed above were followed here. The sputtering
process was used again, but with a 99.999% pure iron target
to form a 10 nm thin film of iron on the CVD diamond
samples. The sample was loaded into the MPE-CVD chamber.
The furnace was heated from room temperature to 400∘C
with pure hydrogen gas flowing at 150 sccm. Once the
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temperature reached 400∘C, a microwave frequency was used
on the hydrogen gas to induce a hydrogen plasma within
the chamber. The sample was held for 5 minutes with the
hydrogen plasma at 400∘C to allow iron island formation.
After 5 minutes of annealing in plasma, the temperature
was increased to the 650∘C growth temperature, followed
by the introduction of 15 sccm of methane gas as a carbon
source. Methane gas was allowed to flow for 5 minutes for
growth to take place. After that, the methane gas was shut off.
With hydrogen gas still flowing into the chamber, the current
source for the plasma was also shut off. Finally, the heating
unit was turned off to allow the system to cool naturally.

2.4. FCT-CVD Method. The free-standing CVD diamond
samples were treated with microwave plasma containing
dimethyl sulfoxide (DMSO) to deposit a thin film of silica,
100 nm in thickness, onto the CVD diamond substrate. Note
that there is a correlation between the silica thickness and
the quality of CNTs and that this silica layer is required in
order for CNTs to grow using FCT-CVD methods [22, 23].
The FCT-CVD system is a two-stage furnace with Ar gas
flowing at 600 sccm and hydrogen gas flowing at 45 sccm.
The low-temperature furnace is kept at 250∘C, while the high-
temperature furnace is ramped up to the growth temperature
of 750∘C. Ferrocene was dissolved into a xylene solvent in a
0.008 : 1 molar volume ratio. The xylene/ferrocene liquid mix-
ture serves as a carbon feed stock as well as an iron catalytic
particle source carrier. During growth, xylene/ferrocene was
introduced at a flow rate of 3 mL/hr via a syringe pump. The
growth time was 20 minutes followed by a cooldown with
600 sccm of Ar gas. Details of silica treatment as well as the
CNT growth parameters can be found in earlier publications
[24].

2.5. Characterization. The resulting samples were character-
ized using a FEI Sirion high-resolution SEM for analysis of
carpet surface and nanotube morphology. Cross-sectional
views of the interfaces are needed to understand how catalyst
particles play a role during CNT growth. A thin TEM foil
of the cross section of interest was made using a DB235 FEI
focused ion beam. To protect CNTs from the gallium ion
etching, a layer of platinum cap was sputtered on top of the
CNT before the trenching process began for a lift out sample.
The resulting foil was attached to a molybdenum TEM
grid for final thinning until a transparent foil was formed.
The TEM foil was first analyzed using a Philips CM200
TEM for general appearances and identified the different
layers that it contains. The foils containing CNTs with both
catalyst and substrate intact were then analyzed for elemental
compositions by energy dispersive X-ray spectroscopy (EDS)
using the FEI Titan 80–300 TEM. In addition to the imaging
analysis, Raman spectroscopy analysis was used to provide a
qualitative value for the growth structures of CNTs. It uses the
intensity ratio of the disorder peak (𝐷-peak) over the graphite
peak (𝐺-peak) to determine this qualitative value [25]. In
order to monitor the durability and strength of bonding
between CNTs and the diamond substrate, a sonication test
was performed on samples made from each growth method.

This test uses Bransonic 3210, an ultrasonic cleaner with
40 kHz frequency. The samples were sonicated for 15 minutes
while submerged in deionized water. The results from the
previous analyses are discussed in the next section.

3. Results and Discussions

3.1. Initial Catalyst Distribution in Preseeded Samples. It is
well established that the underlying catalysts play a big role
in the structure and properties of the resulting CNTs. The
three different techniques compared here have two different
approaches of introducing the catalyst: T-CVD and MPE-
CVD involve predeposition of nickel and iron catalysts,
respectively, while FCT-CVD technique introduces catalyst
with the feeder gas during CNT growth. In the first two cases,
the morphology of the starting catalyst film could be analyzed
prior to CNT growth. For the last case, there is no precursor
catalyst film, and catalyst morphology can only be seen after
the CNT layer is formed, as discussed later.

Figure 1(a) shows that thermal treatment of the 10 nm
nickel film covering the polished diamond surface resulted
in nanoislands with average diameters of 53 nm distributed
uniformly across the substrate surface. According to Homma
et al. [26], the resulting particle size can be modified and is
dependent on the film thickness. A thinner film thickness
using the procedure mentioned above provided a low CNTs
growth yield. Because of this, the study uses 10 nm film
thicknesses as the testing film thickness.

Figure 1(b) shows the SEM surface analysis of a sample
treated at 400∘C with hydrogen plasma inside the MPE-
CVD system for 5 minutes. The image shows that the iron
catalyst agglomerated into a continuous uneven film rather
than solidified as isolated nanoparticles.

3.2. NanotubeMorphology. Figure 2 shows SEM images of the
CNT layer formed on diamond film using the three different
techniques. Figure 2(a) is the image of T-CVD grown CNTs
which have an average tube diameter of 61 nm ± 12 nm, with
smooth and uniform tubular structure. This correlates well
with the uniform size distribution of nickel islands of similar
sizes seen in Figure 1(a).

Figure 2(b) is an SEM image of MPE-CVD-grown CNTs
that indicates that the CNTs are not uniform and contain
various defects as well as variation in diameters. This may
be the result of the seed catalyst layer consisting of irregular-
shaped particles. The nonuniformity of individual tubes may
also be influenced by defects developed during formation.
The MPE-CVD method uses a hydrogen plasma that forms
a reducing environment within the chamber. The SEM
image taken can be compared to the study done by Behr
which indicates that hydrogen can etch CNTs during the
growth process. This can create surface defects throughout
the growth process [27]. Some studies suggest that exposing
growing CNTs to hydrogen-rich environments convert them
into diamonds [28, 29]. Figure 2(b) shows the MPE-CVD
CNTs tubes with defects similar to the ones reported by Behr
after exposure to the hydrogen-rich environment.
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(a) (b)

Figure 1: (a) Ni catalyst after thermal treatment in T-CVD. (b) Fe catalyst after thermal treatment in MPE-CVD with hydrogen plasma.

(a) (b) (c)

Figure 2: (a) T-CVD-grown CNTs. (b) MPE-CVD-grown CNTs. (c) FCT-CVD-grown CNTs.

Figure 2(c) shows an image of FCT-CVD-grown CNTs.
This figure indicates that the CNTs are uniform in diameter
and grow as densely entangled forests. These CNTs have
average diameters of 12 nm ± 1.8 nm, making them the
smallest of the three growth methods. The image also suggests
that there are particles residing on the outer surface of the
CNTs. This is expected because the xylene/ferrocene mixture
provides continuous source of iron particles throughout the
entire process, some of which are expected to attach to the
growing CNT surface. The diameter of the outer particles can
provide an estimate of iron catalyst size, and they have an
averaging diameter size of 12 nm ± 2.2 nm.

3.3. Catalyst Distribution in the Final CNT-Covered Diamond
Structure. Figures 3–5 show high-resolution TEM images
with EDS elemental mapping. Figure 3 indicates that in T-
CVD, nickel particles are encapsulated with a layer of carbon,
and CNT growth originates from the outer carbon layer. This
explains why the average CNT diameter is slightly higher
than the average nickel catalyst diameter as shown later.
The encapsulated catalyst particle remains anchored at the
diamond-CNT interface implying the predominant growth

mechanism is root growth. There are a few instances where
the catalyst particle moved several nanometers into the CNT
length, away from the interface. Growth patterns similar to
this indicate a small probability of catalyst lift-off.

Figure 4 shows an energy-filtered transmission electron
microscope (EF-TEM) image of an MPE-CVD film. It can be
seen that iron particles in this case do not reside along the
interface, but rather move easily into the CNT, away from the
interface. The mobility of nonanchored catalytic particles at
the interface may also contribute to disordered CNT growth.

As seen in Figure 5, EF-TEM analysis of the FCT-CVD
sample indicates a high distribution of iron particles residing
at the diamond CNT interface which has the silica functional
layer. There are additional iron particles found further away
in the CNT forest. This is expected due to the continuous iron
particle introduction throughout the CNT growth phase. The
large number of iron catalysts at the interface suggests that
the silica nanolayer keeps them anchored and prevents them
from migrating during CNT growth.

Figure 6 shows the average particle size distribution taken
with Image J software. This software provides qualitative
values for the catalyst particle size and tube diameter compar-
ison taken from the resulting TEM images. For T-CVD, the
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Figure 3: Cross-sectional TEM image of T-CVD-grown CNTs, the scale bar is 100 nm.

Scan areaScan carbon Scan iron catalyst

Figure 4: Cross-sectional TEM image of MPE-CVD-grown CNTs, the scale bar is 50 nm.

average catalyst particle diameter was measured to be 53 nm±16 nm, and the average tube diameter was 61 nm ± 12 nm.
Thus, the catalyst diameters measured using TEM images
are within the margin of error with the top view images
seen by SEM. For MPE-CVD, the average catalyst particle
diameter was 21 nm ± 7 nm, and the average tube diameter
was 40 nm ± 18 nm. For the FCT-CVD method, the average
catalyst particle size was 12 nm ± 2 nm, and the average tube
diameter was 12 nm ± 2 nm. Cross-sectional TEM images
provided additional information about particle location and
concentration relative to the interface. For T-CVD, the image
indicated that catalyst particles are the largest of all growth
methods and reside close to the interface. For MPE-CVD, the
catalyst particles are distributed away from the interface. This
migration may be due to either the fact that they are smaller
in size compared to T-CVD samples, the excess energy
provided by the hydrogen plasma, or both. For FCT-CVD, the
image indicates that the majority of the iron particles used
as catalysts are anchored along the SiO2 layer and the iron
particles that arrived later reside outside the growing CNTs.
The anchoring of smaller nanoparticles may be caused by the
silica functional layer and may assist in uniform CNT growth.
It can be seen that the nanocatalyst particle size in each case
correlates with the CNT diameters observed by SEM and
TEM and further validates the hypothesis that the CNT size
is largely governed by catalyst particles.

3.4. Raman Spectrograph Results. Raman spectroscopy was
performed on samples produced by the different growth
methods. The results are presented in Figure 7. According
to the Handbook of Raman Spectroscopy and Dresselhaus

et al., Raman spectroscopy can be used as a guide to describe
different carbon structures, such as diamond-like carbon
which has C–C sp3 bonding, graphitic carbon which has

sp2 bonding, and glassy/amorphous carbon which has C–H
and disordered mixed bonds [25, 30, 31]. The peaks found
around 1350–1365 cm−1 are called 𝐷-peaks, resulting from

the disorderly network of sp2 and sp3 carbon clusters, whereas

the peaks found around 1580–1620 cm−1 are called 𝐺-peaks as
a result of graphite, and finally the peak found at 1332 cm−1

is the diamond peak [30–32]. The most interesting finding
from our experiment concerned the calculated intensity of
the 𝐷-peak to 𝐺-peak ratios (𝐼𝐷/𝐼𝐺). This ratio matched the
CNT morphology in terms of defect appearance in the SEM.
The 𝐼𝐷/𝐼𝐺 ratios are given as follows: T-CVD = 0.30; MPE-
CVD = 1.94; FCT-CVD = 0.84. Note that the T-CVD has
the lowest 𝐼𝐷/𝐼𝐺 ratio; its SEM images indicated that this
tube structure looks the smoothest. In contrast, the 𝐼𝐷/𝐼𝐺
for MPE-CVD is the highest and its SEM images indicated
that the tube structure appears damaged and full of defects.
Earlier, we stated that hydrogen may etch the CNT and
introduce defect sites that can raise the intensity of the 𝐷-
peak. Another possibility that causes high 𝐷-peak is when
CNT is introduced to a hydrogen rich environment; the
hydrogen alters CNT’s C-H bonding and transforms them
into diamond or disordered carbon [27, 33]. If this is the case,
it explains why the disordered bonding peak, the 𝐷-peak, is
much higher in the MPE-CVD sample.

Since the CNTs were grown on diamond substrates, one
might suggest that the high intensity of 𝐷-peak resulted
from signals coming from the diamond substrate under-
neath. However, the recorded 𝐷-peak intensity lies around
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Figure 5: Cross-sectional TEM image of FCT-CVD-grown CNTs, the scale bar is 50 nm.
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(1354 cm−1), whereas known diamond 𝐷-peaks are detected
at (1332 cm−1), indicating that the peak signal did not result
from the diamond substrate. For confirmation, a razor blade
was used to scrape away the CNTs from a sample and expose

the diamond substrate underneath. The Raman spectra taken
from the exposed diamond surface has a peak intensity at

(1338 cm−1), which closely matches the published Raman

peak for diamond (1332 cm−1). This additional test further
indicates that the (1354 cm−1) peak is indeed the 𝐷-peak from
the disordered CNT and not from the diamond substrate.

3.5. Sonication Results. If the sample was used in a com-
mercial device, it would be important to know if the CNTs
had the strength to stay intact within the substrate. The
sonication test was used as a qualitative comparison of the
forces needed to detach CNT from the substrate [34–36].
SEM images were taken before and after the sonication
tests as shown in Figure 8. The images in the top row of
Figure 8 were taken prior to sonication, and the bottom
row images were taken after the test. Figures 8(a) were
form the T-CVD, Figures 8(b) were from the MPE-CVD,
Figures 8(c) were from FCT-CVD, and Figures 8(d) were
optical images taken from MPE-CVD sample. The before
sonication image seen in Figure 8(d) can also be used to
represent T-CVD and FCT-CVD, because there were no
visual differences observed after the sonication test. It can be
seen that the nanotubes were intact even after sonication and
that there were no noticeable differences seen in the before
and after images from SEM. The low-magnification optical
images show a difference for the MPE-CVD sample. Before
sonication, all samples look identical at this magnification as
seen in Figure 8(d) top image. The optical images after the
sonication test were unchanged for T-CVD and FCT-CVD
which are also represented by Figure 8(d) top image. The
MPE-CVD after sonication sample was different as shown in
Figure 8(d) bottom image. While postsonication SEM images
of MPE-CVD sample show that CNTs were present on the
scanned regions, the low-magnification optical images show
exposed diamond substrate on the corners of the sample. This
indicates detachment of CNTs at the corners of this sample,
implying that the bonding between CNTs and substrate may
be the weakest in this fabrication method. It must be noted
that because of the extremely high length/diameter ratio
of the nanotubes, agitation in an ultrasonic bath produces
concentrated stresses at the root of the CNT. Survival under
these conditions indicates that these materials will be robust
in many service conditions. Among the three samples, MPE-
CVD specimen may be the weakest, and detachment begins
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Figure 8: (a), (b), and (c) are SEM images, and (d) is the optical image. The images in the top row were taken prior to sonication, and those in
the bottom row were taken after the test. (a) is the T-CVD sample. (b) is the MPE-CVD sample. (c) is the FCT-CVD sample, and (d) is taken
from MPE-CVD Sample. There were no visual changes seen after the sonication test for the T-CVD and the FCT-CVD sample. Therefore,
the before image from (d), can also be used to represent before and after sonication test for T-CVD and FCT-CVD sample.

to occur at the corners, which are the most vulnerable regions
of the sample.

3.6. Overall Comparison. It is seen that very different types
of CNT layers can be grown on diamond film by different
techniques. It must be noted that T-CVD and MPE-CVD are
multistep processes that separate the catalyst deposition step
from the CNT growth step. The catalytic particles in the T-
CVD growth are found to be the largest of the three types of
growth for the conditions used. These particles were found
to reside at the interface with minimal migration into the
CNT layer. The resulting CNT structures were found to be the
smoothest with the largest tube diameters of all three growth
types. This smooth structure may be useful for electronic and
thermal applications that require minimal defects.

The SEM images show the CNTs that resulted from
the MPE-CVD method contains kinks and defects on the
individual tubes. The defects may be the result of hydrogen
plasma and excess hydrogen in the chamber. The excess
hydrogen can etch the surface of CNTs as it grows, which
results in a defected surface. The hydrogen plasma may also
provide excess energy that inadvertently promotes catalyst
migration. If this migration occurs during CNT growth, it
may be another underlying reason as to why those CNT
structures are kinked. It can be proposed that as the CNTs
are growing with the migrating catalytic particles, a straight
path for growth was not provided, which resulted in a kinked-
type growth. Therefore, this approach which is suitable for
large area growth will be useful only in situations where
defective and kinked CNTs are acceptable. It would be
interesting to determine if the defective CNTs grown under
energetic conditions are more reactive than their smoother
counterparts. Another noticeable difference provided by the
MPE-CVD method is that it has the weakest bonding with the

substrate compared to the other two methods. Images from
the three growth methods were compared after the sonication
test. The images from the sonication test show the corners
of the diamond substrate were exposed after the test, which
is not seen in the other samples. The benefit of using FCT-
CVD is that it is a one step process where catalyst and carbon
source are introduced together. The resulting CNTs grown by
this process had the smallest diameter, averaging 12 nm, with
uniform and dense growth patterns. While this may be a very
suitable approach in many applications, the disadvantage is
the possibility of excess iron particles arising from continuous
catalyst deposition. This may be mitigated by modifying the
process to cut off ferrocene during the latter part of CNT
growth.

Since each method has its unique advantages and dis-
advantages, these studies indicate that the selection of the
CNT growth method is heavily influenced by the intended
application.

4. Conclusions

In this paper, we have compared the growth of CNTs forests
on synthetic diamond substrates using three different CVD
growth methods. The CNTs were characterized using electron
microscope imaging (SEM and TEM), elemental analysis
(EDS), Raman spectroscopy, and the sonication test. The
SEM and TEM images indicated each method produces
CNTs with a distinctly different diameter and morphology.
Raman spectroscopic analysis suggested that T-CVD had
the lowest disordered carbon to graphite intensity ratio of
0.3 followed by FCT-CVD of 0.83 and the highest by MPE-
CVD of 1.94. T-CVD also produces large diameter CNTs
that are otherwise clean, with minimal tubular defects or
additional catalytic contaminants. MPE-CVD is sometimes
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the preferred method for larger scaled applications; however,
the excess hydrogen plasma energy during growth may cause
migrations of catalytic particles, surface etching, and defec-
tive CNTs that may be detrimental to precision applications.
MPE-CVD has the highest probability for catalytic mobility,
the most defective CNTs structure morphology, and the
weakest interfacial bonding strength. It may be possible to
improve this situation through extensive processing param-
eter changes, but not certain. FCT-CVD has the advantage of
being a one-step CNT growth method that does not need a
separate catalyst deposition step, yet produces dense uniform
CNTs. This technique provided the finest CNT diameter, and
intermediate diamond/graphite ratio in the Raman signal.
This method does produce some excess metal particles due
to continuous catalyst nucleation. However, this issue can
be easily addressed in the future if needed, by stopping the
catalytic source after a certain growth time. Finally, this study
indicates that there is a clear correlation between the size of
catalyst particle and the CNT diameters.
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Aligned hexagonal ZnO nanorods on pure Zn foils were hydrothermally synthesized in 30 mL solutions containing 0.05–0.50 g
KOH. The products were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and photoluminescence (PL) spectroscopy. In this research, wurtzite hexagonal ZnO nanorods grown along
the [002] direction with green light emission at 541 nm caused by singly ionized oxygen vacancies inside were detected.

1. Introduction

One-dimensional (1D) semiconducting materials are able to
be used for a number of potential applications in short wave-
length optical, nanoelectronic, and optoelectronic devices
due to their tunable electronic and optoelectronic properties
controlled by morphologies and dimensions [1–3]. Compared
to two-dimensional (2D), three-dimensional (3D), and zero-
dimensional (0D) nanostructures, the 1D nanostructure has
unique characteristic: large aspect ratio, single crystalline
structure, and oriented growth [3]. Zinc oxide is an impor-
tant low-cost II–VI basic semiconductor with 3.37 eV wide
band gap and strong exciton binding energy of 60 meV
at room temperature [4–7]. It possesses unique catalytic,
electrical, optoelectronic, and photochemical properties—
very interesting for a number of potential applications as
room-temperature UV lasers, sensors, light-emitting diodes,
optical switches, solar cells, and photocatalysis due to its low
dielectric constant, high chemical stability, good photoelec-
tric, and piezoelectric behaviors [4, 6, 8].

In the paper, hexagonal ZnO nanorods on Zn foils
were hydrothermally synthesized in solutions containing
0.05–0.50 g KOH at 120∘C. Their phase, morphology, and
photoluminescence were investigated and discussed in more
details.

2. Experimental Procedure

Reagents of the research were of analytical grade and used
without further purification. The hexagonal prism ZnO
nanorods were grown on Zn foils by the following. Several
10 × 10 mm square Zn foils with 0.25 mm thick were cleaned
with deionized water and absolute alcohol in an ultrasound
bath and put in 30 mL of 0.05, 0.10, 0.20, 0.30, 0.40, and 0.50 g
KOH aqueous solutions, containing 1, 2, 4, 6, 8, and 10 times
of KOH in sequence. All of the solutions and zinc foils were
transferred into 50 mL Teflon-lined stainless steel autoclaves,
which were tightly closed, heated at 120∘C in a laboratory
electric oven for 24 h, and naturally cooled to room temper-
ature. In the end, the zinc foils were thoroughly rinsed by
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Figure 1: (a) XRD patterns and (b) Raman spectra of the as-
synthesized ZnO in 30 mL solutions containing 1 (0.05 g), 6 (0.30 g)
and 10 times (0.50 g) of KOH.

deionized water several times and alcohol, and dried at 70∘C
in an electric oven for 12 h for further characterization.

X-ray diffraction (XRD) operated on Philips X’Pert MPD
X-ray diffractometer with Cu K𝛼 radiation in the 2𝜃 of
20–70 deg with a scanning rate of 0.02 deg per step and
Raman spectroscopy on T64000 HORIBA Jobin Yvon at
50 mW Ar Laser with 514.5 nm wavelength were used to
determine phase, crystalline degree, purity, and vibration
modes. Their morphologies were characterized by scanning
electron microscopy (SEM, JEOL JSM-6335F) with an accel-
erating voltage of 15 kV across the LaB6 cathode. Their nanos-
tructures and growth direction were further investigated by
transmission electronic microscopy (TEM) and selected area
electronic diffraction (SAED) on a JEOL JEM-2010 TEM at
200 kV with LaB6 gun. At the end, optical properties of the
products were analyzed by a LS50B Perkin Elmer fluorescence
spectrometer in the wavelength range of 450–700 nm.

3. Results and Discussion

Figure 1(a) exhibits typical XRD patterns of the as-grown
ZnO on Zn foils, revealing that all diffraction peaks were
explicable in term of wurtzite ZnO structure with 𝑎 = 𝑏 =3.251 Å and 𝑐 = 5.208 Å (JCPDS No. 36-1451) [9]. Sharp
diffraction peaks indicate good crystalline degree of the as-
synthesized crystals without other impurities detection.

Degree of c orientation of the as-synthesized ZnO sam-
ples was explained by the relative texture coefficient (TC)
[10, 11] of the (002) peak calculated using the formula

TC002 = (𝐼002/𝐼0002)[𝐼002/𝐼0002 + 𝐼100/𝐼0100] (1)

TC002 is the relative texture coefficient of the (002) over (100)
diffraction peaks. 𝐼002 and 𝐼100 are the measured diffraction
intensities of the (002) and (100) peaks, including the cor-

responding 𝐼0002 and 𝐼0100 values of the randomly oriented
standard powder, respectively. For randomly crystallographic
orientation, the texture coefficient of ZnO is 0.5. In the solu-
tion containing 0.50 g KOH, calculated TC002 was 0.86, which
supported the preferential orientation of the as-synthesized
ZnO nanorods grown along the [002] direction on the Zn foil.

Wurtzite ZnO structure belongs to C4
6V (P63mc) space

group with two formula units per primitive cell, and all

atoms occupy the C3V sites. Group theory of wurtzite ZnO
structure predicts eight sets of phonon modes: A1 + E1 +
2E2 (Raman active), 2B2 (Raman silent), and A1 + E1 (IR
active). Moreover, the A1 and E1 symmetry are split into
longitudinal (L) and transverse (T) optical (O) components
due to the macroscopic electric fields associated with the
LO phonons. Figure 1(b) shows Raman spectra of the as-
synthesized ZnO nanorods. They show a dominant peak
of typical characteristic of the wurtzite ZnO structure at

439 cm−1, assigned to be the optical phonon E2H mode.

The weak peak at 332 cm−1 was assigned to be the second-
order Raman scattering arising from the zone/zero boundary
phonons E2H–E2L of multiphonon process, while the Raman
peak at 379 cm−1 is attributed to A1 symmetry with the
TO mode. Furthermore, Raman spectra of ZnO samples at
567 cm−1 are a contribution of the E1 (LO) mode which is
directly associated with oxygen vacancies. The stronger E1
(LO) mode indicates the presence of higher oxygen vacancies
inside [5, 12–14].

SEM images as shown in Figure 2 were investigated on
surfaces of Zn foils after hydrothermal treatment in 30 mL
solutions containing 1 (0.05 g), 2 (0.10 g), 4 (0.20 g), 6 (0.30 g),
8 (0.40 g), and 10 times (0.50 g) of KOH. An interesting
feature of the nanostructures grown on the bottom surfaces
exhibited the presence of aligned nanorods of ZnO with
the diameter ranging from 400 nm to 700 nm without the
detection of other nanostructures. The lengths of the ZnO
nanorods are in the range of several micrometers to even
longer than 5–7 𝜇m. These nanorods were enlarged and
lengthened in sequence with an increase in the degree of
basicity. The inset of Figure 2(f) demonstrates the hexagonal
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Figure 2: SEM images of the as-synthesized ZnO samples in 30 mL solutions containing (a) 1 (0.05 g), (b) 2 (0.10 g), (c) 4 (0.20 g), (d) 6
(0.30 g), (e) 8 (0.40 g), and (f) 10 times (0.50 g) of KOH.

Figure 3: TEM image and SAED pattern of hexagonal ZnO nanorod
in 30 mL solution containing 10 times (0.50 g) of KOH.

ZnO nanorod which was fully grown on Zn foil in the
solution containing 0.50 g KOH.

The hexagonal ZnO nanorods were also characterized
through TEM and SAED (Figure 3). TEM image reveals a
single hexagonal ZnO nanorod with smooth surface and the
preferred growth in the [002] direction. It shows the SAED
pattern of bright spots corresponding to hexagonal wurtzite
ZnO [9].

Based on the previous discussion, mechanism of the
growth and morphology of ZnO nanostructure can be pro-
posed as follows:

Zn + 2H2O + 2OH− → Zn(OH)42− + H2 (2)

Zn(OH)42− → ZnO + H2O + 2OH− (3)

The formation of Zn(OH)42− ions from Zn2+ and OH−

ions by a hydrothermal reaction is a key role in the formation
of hexagonal wurtzite ZnO nanorods. The primary ZnO

nanoparticles began to nucleate on Zn foil by the dissolution
of Zn atoms into the solution and the cause of concentration
gradient of Zn2+. The intrinsic electric fields of the polar
ZnO lattice could be responsible for further growth of

ZnO crystals, described as alternating planes of Zn2+ and

O2−, stacked along the c-axis. The oppositely charged ions
produced positively charged and negatively charged surfaces,
resulting in polarization along the c-axis. The preferred c-axis
orientation of ZnO nanostructure is driven by electrostatic
interaction between the polar charges to minimize surface
energy. Finally, ZnO nanorods grew on Zn foil as substrate
[15].

The main emission of ZnO nanorods can be assigned
as the recombination of free excitons. Other peaks probably
originated from position of band-edge emission of ZnO
of relatively large dimensions with different concentration
of native defects [16]. It is well known that visible pho-
toluminescence mainly originates from defect states of Zn
interstitials, zinc vacancies, and oxygen vacancies [17]. Photo-
luminescence (PL) of ZnO nanorods grown on Zn foils was
investigated using excitation wavelength of 214 nm at room
temperature as shown in Figure 4. PL spectrum of hexagonal
ZnO nanorods using 0.50 g KOH shows the highest strong
green light emission at 541 nm, due to the singly ionized
oxygen vacancies of ZnO, in accordance with other reports
[16–18].

4. Conclusions

In summary, densely aligned hexagonal ZnO nanorods on
Zn foils were synthesized by a 120∘C and 24 h hydrothermal
reaction. The XRD, SEM, and TEM analyses showed that the
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Figure 4: PL spectra of the as-synthesized ZnO in 30 mL solutions
containing 1 (0.05 g), 6 (0.30 g), and 10 times (0.50 g) of KOH.

as-synthesized products were pure wurtzite ZnO nanorods
with uniform hexagonal structure of 400–700 nm diameter
and 5–7 𝜇m long. Room temperature PL spectrum of the ZnO
nanorods exhibited one strong green light emission at 541 nm
due to the singly ionized oxygen vacancies inside.
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We report here the growth and characterization of functional oxide nanowire of hole doped manganite of La0.5Sr0.5MnO3 (LSMO).
We also report four-probe electrical resistance measurement of a single nanowire of LSMO (diameter ∼45 nm) using focused ion
beam (FIB) fabricated electrodes. The wires are fabricated by hydrothermal method using autoclave at a temperature of 270 ∘C.
The elemental analysis and physical property like electrical resistivity are studied at an individual nanowire level. The quantitative
determination of Mn valency and elemental mapping of constituent elements are done by using Electron Energy Loss Spectroscopy
(EELS) in the Transmission Electron Microscopy (TEM) mode. We address the important issue of whether as a result of size
reduction the nanowires can retain the desired composition, structure, and physical properties. The nanowires used are found to
have a ferromagnetic transition (𝑇𝐶) at around 325 K which is very close to the bulk value of around 330 K found in single crystal of
the same composition. It is confirmed that the functional behavior is likely to be retained even after size reduction of the nanowires
to a diameter of 45 nm. The electrical resistivity shows insulating behavior within the measured temperature range which is similar
to the bulk system.

1. Introduction

Nanowires of functional oxide materials because of their
unique one-dimensional-like structural characteristics and
size effects exhibit many novel physical properties that are
different from their bulk counterparts. It had been shown
before that down to size range of 40 nm the ferromagnetic𝑇𝐶 is enhanced in nanowires of La0.67Ca0.33MnO3 [1]. In
past studies nanowires of La0.67Ca0.33MnO3 were grown
within templates [1, 2]. The enhancement in 𝑇𝐶 of nanowires
corroborates the enhancement in 𝑇𝐶 of nanoparticles of
same materials [3]. Our motivation is to investigate to what
extent nanowires of complex oxides such as manganites retain
their functionality and physical properties on size reduction
when the wires are grown by hydrothermal method. The
1D nanostructures with well-controlled size, phase purity,
crystallinity, and chemical composition are synthesized by

hydrothermal method in this paper. As a result, the retention
of the composition and structural and physical properties on
size reduction are important issues that need to be estab-
lished. Often such structural characterizations are done at
average level on an ensemble of nanowires. However, cha-
racterizations at the level of a single nanowire using spatially
resolved tools are needed. In the present work we have
used spatially resolved technique like TEM-based EELS to
investigate the chemical composition along with other struc-
tural and microscopic tools. Importantly we are able to carry
out four-probe electrical measurement using FIB grown con-
tacts on a single nanowire of diameter ∼ 45 nm.

The nanowires of functional oxides can be fabricated
by different methods like template-assisted growth along
with chemical solution processing [4], laser-assisted vapor-
liquid-solid phase growth [5], lithography, solvothermal
method [6], hydrothermal process [7], and so forth. All the
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Figure 1: SEM image of collection of nanowires.

above-mentioned methods have their own advantages and
disadvantages. We have already reported template-assisted
growth of functional oxide nanowires by sol-gel synthesis
method and magnetic properties of such nanowires [3, 8].
We report here template free fabrication of single-crystalline
nanowires (∼50 nm, length ∼1–10 𝜇m) of hole doped mangan-
ite of La0.5Sr0.5MnO3 (LSMO) using hydrothermal method.
Though this method is suffering from size (diameter) disper-
sion, it has the advantage of high throughput.

2. Experimental Details

Functional oxide nanowires of hole doped manganite
La0.5Sr0.5MnO3 (LSMO) were fabricated by hydrothermal
synthesis using autoclave. MnCl2, 4H2O, La(NO3)3, 6H2O,
and Sr(NO3)2 were used as precursor materials; KOH served
as mineralizer, while KMnO4was used as oxidizer. The
precursor materials were dissolved in deionized water, and
KOH was added while stirring to adjust the alkalinity of
the solution [7]. The initial mole ratios of the input species
were 0.6KMnO4 : 1.4MnCl2⋅4H2O : 1.0La(NO3)3⋅ 6H2O : 1.0
Sr(NO3)2 : 400H2O : 70KOH. The reaction mixture was vig-
orously stirred and poured into an autoclave. The main reac-
tion was done in a Teflon vessel which has to be placed in a
stainless steel autoclave for higher temperature hydrothermal
treatment. The Teflon vessel was filled till 80% of its volume,
and then this vessel was placed in the stainless steel container.
The crystallization reaction was performed at 270∘C for 30
hours. After the reaction, the autoclave was cooled and dep-
ressurized; the products were washed with deionized water
and dried in an oven at 120∘C for overnight. A black powder
that contains the nanowires was finally obtained.

Nanowires were characterized by using different char-
acterization tools like X-ray diffraction, Scanning Electron
Microscope (SEM), Energy Dispersive Analysis of X-ray
(EDAX), and High Resolution Transmission Electron Micro-
scopy (HRTEM). The phase formation and phase purity
were confirmed by powder diffraction X-ray. The data
was taken by PANalytical X’Pert PRO Laboratory powder
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Figure 2: XRD pattern of La0.5Sr0.5MnO3 nanowires confirms the
phase formation and phase purity.

X-ray diffractometer with Cu K𝛼 radiation. The diameter
and length of the wires are around 20–50 nm and 1–10
micron, respectively, confirmed by Quanta FEI 200 Scanning
Electron Microscope (SEM) and 200 KV Tecnai G2 TF-20
Transmission Electron Microscope. The stoichiometry of the
compound LSMO was determined using TEM-EDAX.

To establish the retention of composition on size reduc-
tion, we have used TEM-based Electron Energy Loss Spec-
troscopy (EELS) to investigate the chemical composition at a
single nanowire level [9]. 200 kV Tecnai G2-TF-20 TEM with
a Gatan parallel detection EELS spectrometer was used for
this study. The unknown Mn valency of LSMO nanowire is
estimated from EELS. Energy Filtered Transmission Electron
Microscopy (EFTEM) mode was done to image the distribu-
tion of constituent elements within the nanowire. In addition
to the basic characterizations the magnetic nature of the
nanowires was determined by a commercial Physical Prop-
erty Measurement System (PPMS).

To make the four-wire electrical contacts on a single
nanowire, we have dispersed the nanowires on SiO2 sub-
strate. A single nanowire of LSMO of diameter ∼45 nm was
connected to Cr/Au contact pads by interconnectors made
of Pt deposited by FIB (FEI-HELIOS 600) using Ga ions at
a voltage of 30 keV and beam current of 80 pA. The tem-
perature variation of resistivity of a single nanowire down to
liquid helium temperature (5 K) was done by using cryogenic
cryocooler model SRDK 305.

3. Results and Discussions

3.1. Structural and Elemental Characterization. A typical
collection of nanowires obtained from autoclave is given in
Figure 1. Phase formation and phase purity were checked
with X-ray diffraction measurement shown in Figure 2. It
is the tetragonal structure of the space group I4/mcm, it
compares well with bulk values [10], and it matches well with
the data reported in ICSD pattern (ref. code: 01-089-0786).
The lattice parameters are 𝑎 = 0.545 nm, 𝑏 = 0.545 nm, and𝑐 = 0.770 nm. From the structural characterization (shown
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Figure 3: (a) Single nanowire of diameter around 45 nm, (b) the selected area diffraction pattern taken with a Transmission Electron
Microscope, and (c) HRTEM image shows the single crystalline nature of LSMO nanowires.

in Figure 2) of hydrothermally grown nanowires, it has been
observed that we could form single tetragonal phase of LSMO(𝑥 = 0.5) nanowires which has no impurity.

3.2. Transmission ElectronMicroscopy. The wires were grown
of different diameters and lengths ranging 20–50 nm and 1–
10 micron, respectively. The TEM image of a single nanowire
is shown in Figure 3(a). The single crystalline nature of the
nanowires was confirmed from the diffraction pattern and
HRTEM images shown in Figures 3(b) and 3(c). The lattice
spacing is around 3.11 Å, and (hkl) values are estimated from
diffraction pattern data. Nanowires fabricated are of pure
phase and single crystalline in nature. It has been observed
from the TEM-EDAX data that the atomic percentage ratio
(La : Sr) : Mn : O is approximately 1 : 1 : 3 which is the desired
composition. We have done the TEM analysis on many single
nanowires across the length of the nanowires, and it shows
single crystallinity throughout the length.

3.3. Elemental Analysis Using EELS. The elemental analysis
of these nanowires was done by EELS on different single
nanowires repeatedly and estimated the valency of Mn from
the calibration curve shown in Figure 4(a). We have deter-
mined Mn valency using the white lines (L2, L3 ionization
edges of Mn) and the intensity ratio of L3 and L2 lines
[11]. The intensities of L3 and L2 lines are related to the
unoccupied states in the 3d bands. Transition from Mn 2p
shell is actually split into two components separated by spin
orbit splitting of the ionized 2p core level. Transitions from

2p3/2 to 3d3/2 3d5/2 and from 2p1/2 to 3d1/2 are L3 and
L2 lines, respectively. Comparing the intensity L3/L2 ratio
of Mn of LSMO nanowire and that of Mn with known
valency of some compounds, quantitative determination of
Mn valency of our sample was evaluated [9]. The intensity
ratios of L3 and L2 lines of different Mn oxide compounds as
a function of their known valency are plotted in Figure 4(a).
This curve serves as the calibration curve from which the
valence state of unknown materials can be obtained by using
the observed intensity ratios. From the calibration curve, we
have estimated the valency of Mn of LSMO nanowire. The Mn

Table 1: Comparison of 𝑇𝐶 and valency of LSMO nanowires with
the bulk.

Sample 𝑇𝐶 (K) Mn valency

LSMO bulk 330 3.5

LSMO nanowire 325 3.5

valency is of the order of ∼3.5, and it is very close to its bulk
value as shown in Table 1. Energy Filtered TEM image was
taken to check the homogeneity of the elemental distribution
in each nanowire. Figure 4(b) shows the EFTEM image of
LSMO nanowire, where red, green, blue, and yellow colors
are used for elements O, Mn, La, and Sr, respectively. The
EFTEM analysis shows that all the constituent elements La,
Sr, Mn, and O are homogeneously distributed within the
nanowire.

3.4. Magnetic Measurements. The results of magnetic mea-
surements are shown in Figure 5. It has been observed from
the temperature variation of magnetization data that the
LSMO nanowires undergo a transition from ferromagnetic
(FM) to paramagnetic (PM) phase around 325 K shown in
Figure 5(a). The observed 𝑇𝐶 was compared with the phase
diagram of bulk LSMO [12], shown in Table 1. Field variations
of magnetization (𝑀 versus 𝐻) were done at 300 K and 5 K
in Figure 5(b). The nanowires show ferromagnetic behavior
with large coercivity ∼645 Oe at 5 K shown in the inset of
Figure 5(b).

Based on the magnetic data and the work on magne-
tocaloric study on these LSMO (𝑥 = 0.5) nanowires [13], we
have observed the signatures of three distinct magnetic tra-
nsitions from the change in magnetic entropy −Δ𝑆𝑀(𝑇): two
maxima at 290 K and 45 K and a minimum at 175 K. The max-
imum at 290 K arises due to PM-FM transition, and around
175 K the transition is due to antiferromagnetic (AFM)
transition. The above two transitions are also observed in
bulk LSMO (𝑥 = 0.5) sample [14–16]. Around 45 K there
is one maximum in the magnetization curve; this behavior
is not seen in bulk. We have explained this transition as
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Figure 5: (a) Temperature variation of magnetization data of LSMO at 100 Oe and (b) plot of field variation magnetization of LSMO at 5 K
and 300 K.

FM transition as observed in the magnetic entropy change
plot [13]. From the magnetic measurements and from our
previous magnetocaloric study [13], we can infer that the
hydrothermally grown nanowires show the basic ferromag-
netic property as seen in bulk.

3.5. Electrical Resistivity Measurement

3.5.1. Fabrication of Contact Pads Using FIB. For resistivity
measurement Cr/Au contact pads are deposited on SiO2

substrate by thermal evaporation using hard mask as shown
in Figure 6(a). Using Helios Dual Beam System consisting
of an FEG source and an ion beam source, we have located
one single nanowire of diameter ∼45 nm as shown in Figure
6(b). The electrical contact pads were deposited by using a Pt
source by Focused Electron Beam (FEB), and then these four
pads were finally connected to the prefabricated gold contact
pads by FIB, shown in Figure 6(c). The separation between
two consecutive probes is around ∼300 nm. Each contact pad
has width of ∼300 nm.
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(a)

(c)

(b)

Figure 6: (a) Cr/Au contact pads deposited on SiO2 substrate by thermal evaporation using hard mask, (b) SEM image of single nanowire of
diameter ∼45 nm, and (c) SEM image of four-wire electrical contact made of Pt by using FIB. The white lined arrows in (a) indicate the area
where the nanowires are dispersed and made contact with FIB. The yellow lined arrow indicates that nanowire is connected to four contact
pads by Focused Electron Beam (FEB), and after that these are connected to gold contact pads by FIB.

3.5.2. Transport Measurement on Single Nanowire. The resis-
tivity data are plotted in Figure 7(a) as a function of temper-
ature which were taken at a current of 1 𝜇A.

We are able to make proper electrical contact and have
measured the resistivity of single nanowire of LSMO (𝑥 =0.5). Variation of resistivity as a function of temperature
plotted in Figure 7(a) shows insulating behaviour within the
measured temperature range. The behaviour is similar to that
seen in the bulk LSMO (𝑥 = 0.5) system [14]. The com-
parison of the resistivity of nanowire compared to the bulk
ceramic sample is depicted quantitatively in Figure 7(b). The
bulk sample was prepared by ceramic method which shows
quite higher resistivity than the nanowire. The 𝜌 at 5 K is

around 2.7 × 10−3 Ω-m measured at 1 𝜇A current, and the
resistivity at the highest temperature (310 K) is 4 × 10−5 Ω-m.
We have fitted our conductivity data with variable range hop-

ping model (𝜎 = 𝜎0 exp (−(𝑇0/𝑇))1/4) appropriate for whole
temperature ranges (∼10 K–310 K) as shown in inset of Figure
7(a) [17]. We have found the characteristic temperature (𝑇0)
and density of states (DOS) at Fermi level (𝑁(𝐸𝐹)) from
the fitted equation. From the slope of the fitted curve the
estimated 𝑇0 is ∼2.4 × 104 K. 𝑁(𝐸𝐹) is related to 𝑇0 by the

relation 𝑁(𝐸𝐹) = (24/𝜋𝑎3𝐾𝐵𝑇0), where 𝑎 is localization
length (∼0.39 nm) which is around one unit cell. From

measured 𝑇0, we obtain 𝑁(𝐸𝐹) ∼ 6.22 × 1022 eV−1 cm−3

or 1.55 × 1043 J−1 mole−1. From heat capacity data for a
similar compound (LSMO 𝑥 = 0.3) we obtain 𝑁(𝐸𝐹) ∼0.96 × 1043 J−1 mole−1 [18]. The two DOS values are quite
comparable, and this validates the use of VRH model for the
electrical conduction in the nanowire.

4. Conclusions

We have demonstrated the fabrication of functional oxide
nanowires of Sr doped lanthanum manganite system using
autoclave and have used EELS as a tool to study the elemental
composition of LSMO nanowires of diameter ∼45 nm. From
the EELS and magnetic measurements it has been observed
that the nanowires retain the desired composition as well as
basic ferromagnetic property, though 𝐻𝐶 increases even after
the size reduction down to ∼45 nm. Finally we are able to
make four-probe contacts to a single nanowire and perform
the electrical transport measurements on a single nanowire
down to 5 K. The resistivity from 310 K down to 10 K shows
variable range hopping.
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Spin transport properties of magnetic nanowire systems—atomic-sized AlN nanowires with additional Mn impurities—are
investigated employing ab initio constrained spin density functional theory calculations and nonequilibrium Green’s functions
formalism. The analyzed nanowire structures exhibit a stress-induced phase transition, between würtzite and graphite-like
configurations. In these quasi-one dimensional systems, the surface states ensure the basic prerequisite in establishing spin and
charge transfer, by reducing the relatively large bandgap of the group III nitride semiconductor. The results show in how far this
phase transition affects the surface states, focusing on the consequences which appear in the spin-filtering processes.

1. Introduction

Group-III nitride nanowires provide nowadays a vast number
of applications, ranging from chemical [1, 2] and temperature
sensors to nanomechanical resonators, thermoelectrical [3]
and field emitter [4] applications. In particular, since AlN
is a wide bandgap (∼6.2 eV) semiconductor, it has become
a strong candidate for optoelectronic devices in the UV
regime. AlN nanowires are currently produced by a number
of techniques, such as self-patterning [5], direct arc discharge
[6], or from Al powder [7]. Moreover, inserting transitional
metal (TM) impurities (e.g., Mn), attempts have been made
in order to produce ferromagnetic quasi-one dimensional
diluted magnetic semiconductors [8].

Although the native structure of bulk AlN is würtzite
(WZ, space group 𝑃63 mc), it was established that ultrathin
nanowires occur naturally in a graphite-like (GL, space group𝑃63/mmc) phase [9–11]. However, upon applying pulling
stress, the structures may retain the WZ configuration.
Switching between these two configurations can occur due to
thermal fluctuations or mechanically induced stress and this
has a large impact in both charge and thermal transport.

The surface states play a significant role in the conduction
properties of the nanowires, as they reduce the wide bandgap,
which is found in the bulk semiconductor. In contrast to

bulk AlN, which has rather good insulating properties, the
atomic sized nanowires can achieve reasonable conduction.
Therefore, the structures can be regarded as viable solutions
for the active region in field effect applications. It is also
important to emphasize that it is essential for the nanowire
systems to retain a small bang gap (up to ∼1-2 eV), that is,
semiconducting behavior, in order to have an efficient field
effect control exerted by an external gate.

The AlN nanowires may also provide the low dimensional
building blocks for the future spintronic devices, since fer-
romagnetic ordering has been observed in the bulk semi-
conductor, doped with Mn impurities [12]. Specific studies
on nanowire systems report experimental observation of
ferromagnetic ordering [8], as well as the influence of the wire
passivation on the stability of the ferromagnetic ground state
using ab initio investigations [13]. Nonmagnetic dopants, for
example, Mg, can produce unconventional magnetism in
AlN nanowire systems, due to the interplay between the low
dimensional effects generated by confinement and surface
states [14].

In this paper the spin filtering effects are investigated in
AlN atomic-sized nanowires with additional Mn impurities,
with the main focus on the differences which arise by
switching between the two structural configurations, WZ and
GL. The GL phase corresponds to the freestanding nanowire,
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Figure 1: Pristine WZ nanowire and structures with one or two Mn
impurities.

Figure 2: Pristine GL nanowire and structures with one or two Mn
impurities.

while the WZ phase is obtained by tuning the applied
axial stress. The contribution of the surface states to the
spin transport is comparatively analyzed. The results convey
the possibility of using AlN nanowires as nanomechanical
spintronic devices, where the spin detection can indicate the
magnetic and structural state of the system.

2. Structures and Methods

The structures considered are AlN nanowires with one or two
additional impurities, depicted in Figures 1 and 2. The GL
configurations correspond to free-standing wires, while the
WZ structures are obtained by applying an external pulling
stress. The nanowires are functionalized by introducing
additional Mn impurities on the surface. Depending on the
magnetic moments of the impurities the two components of
spin current are scattered differently. For the systems consid-
ered here it is expected that the transmission is less affected
compared to structures with substitutional TM impurities.
However, one needs to asses in how far the adatoms can
still produce a reasonable spin current polarization and,
furthermore, evaluate the potential differences introduced by
switching between the two structural configurations.

The ab initio calculations are performed in the frame-
work of density functional theory (DFT), using the SIESTA
package [15]. The magnetic structures are investigated using
constrained spin-DFT calculations, in the local spin density
approximation (LSDA), with the parametrization proposed
by Ceperley and Alder. In the supercell approach imple-
mented by SIESTA, the real space grid was set by a cutoff
energy of 300 Ry, and a Monkhorst-Pack scheme to 1 ×1 × 5 𝑘-points was considered. In order to obtain the
atomic coordinates, structural relaxations are performed. The
starting point is the pristine AlN nanowire in the WZ phase,
which is the native configuration of the bulk material. The
initial lattice parameters correspond to the bulk system, that

is, 𝑎WZ
0 = 3.112 Å, 𝑐WZ

0 = 4.982 Å. The system is relaxed using
a maximum displacement of 0.1 Å until the forces are less
than 0.04 eV/Å. The final configuration obtained for the free-
standing wire is the hexagonal GL phase. In the GL structure
the Al and N atoms are placed in alternating positions in

hexagonal layers, with the lattice constant 𝑎GL = 1.97 Å,
that is, the in-plane distance between two successive Al and
N atoms. The distance between the hexagonal layers, which

are equally spaced, is 𝑐GL = 1.87 Å. The lattice constant
along the wire direction is therefore reduced from 4.982 Å

to 2𝑐GL = 3.74 Å. However, by applying a pulling force
of 0.40 nN, the wire retains the original WZ configuration,

with slightly modified lattice parameters, 𝑎WZ = 2.79 Å,𝑐WZ = 4.86 Å. The lattice parameters generally depend on the
applied axial stress.

The spin dependent transmission functions are extracted
using the non-equilibrium Green’s functions (NEGF) formal-
ism, which is implemented in TRANSIESTA [16]. The scatter-
ing region consists of four unit cells, with a total of 48 atoms
and it is coupled to the left/right semi-infinite electrodes. The
effects introduced by the additional Mn impurities, which
are present on the nanowire surface, can be observed in the
calculated transmission functions corresponding to the two
spin channels, 𝑇↑ and 𝑇↓. The total transmission function can
be found for a total energy 𝐸 using the relation𝑇 (𝐸) = Tr [Γ𝐿𝐺𝑟Γ𝑅𝐺𝑎] , (1)

where 𝐺𝑟/𝑎 are the retarded/advanced Green’s functions andΓ𝐿/𝑅 are the self-energies corresponding to the couplings with
the two contacts. In linear regime, the efficiency of a spin-
filter device can be defined using the transmission of each
spin component [17]:

𝑝𝑠 = 𝑇↑ − 𝑇↓𝑇↑ + 𝑇↓ , (2)

where 𝑠 indicates the structural configuration, 𝑠 = WZ, GL.

3. Results and Discussion

As it was already pointed out in the introduction, the surface
states which appear in the considered quasi-one-dimensional
structures effectively reduce the bandgap of the aluminium
nitride. Figure 3 shows the total and partial densities of



Journal of Nanomaterials 3

−20 −15 −10 −5 0 5 10

−40

−20

0

20

40

P
D
O
S 
(a
.u
.)

WZ

𝐸 (eV)

(a)

−20 −15 −10 −5 0 5 10

−40

−20

0

20

40

P
D
O
S 
(a
.u
.)

GL

𝐸 (eV)

(b)

Figure 3: Total (black) and partial density of states for WZ and GL
structural configurations. The contribution of the 𝑝 orbitals of nitro-
gen (green) and 𝑠, 𝑝 orbitals of aluminium (red) are represented. The
arrows mark the minibandgaps between the valence band and the
first group of surface states.

Figure 4: Spin densities for nanowires in the WZ configuration,
with one and two Mn impurities. Both ferro- and antiferromagnetic
configurations are indicated.

states (DOS) of the ideal nanowires, for the two structural
configurations. One can see that the mini-bandgaps which

appear, 𝐸WZ
𝑔 ≈ 1.2 eV and 𝐸𝐺𝐿𝑔 ≈ 2.5 eV, are significantly

smaller than the bandgap of bulk AlN. In both WZ and GL
phases, the valence band is formed by 𝑝 orbitals of nitrogen.
For the WZ nanowire the first group of surface states is
formed by both 𝑠 and 𝑝 orbitals of aluminium, while for
the GL configuration there is also a noticeable contribution
from the 𝑝 orbitals of nitrogen. It is important to note that
in the case of WZ nanowire there is an effective bandgap
comparable with the one of bulk silicon, which suggests the
atomic sized structure is suitable for spin and charge transfer
applications.

Next, by introducing the Mn adatoms, the spin densities
are comparatively analyzed for WZ and GL structures and a
clear qualitative difference can be observed in Figures 4 and

Figure 5: Spin densities for nanowires in the GL configuration,
with one and two Mn impurities. Both ferro- and antiferro-magnetic
configurations are indicated.

5. For the two impurity cases, both ferro- (FM) and antiferro-
magnetic (AFM) configurations of the magnetic moments are
investigated. As expected, the spin polarization is maximum
at the location of the magnetic impurities. In the case of WZ
nanowire, there is also a large polarization of neighboring Al
and N atoms, which are otherwise nonmagnetic. Opposite
spin polarizations can be observed at the first and second
order neighbors. This is in contrast with the case of the GL
structure, which has better insulating properties and the net
spin density remains confined at the magnetic adatoms. In
the case of two impurities, placed symmetrically to one of
the planes which bisect the structures in two identical halves,
a mirrored symmetry in the spin density can be noticed.
This has consequences in the spin transport, where both
components of spin current are equally transmitted, that is,
the net spin current is zero. Thermal excitations as well as
small magnetic fields can switch the magnetic state of the
impurities from FM to AFM, turning on and off the spin
current. This suggests the possibility of using the considered
magnetic nanowires as building blocks for high sensitivity
temperature and magnetic field sensors.

The spin resolved transmission is depicted in Figures 6
and 7, for systems with one and two magnetic impurities,
respectively. The pristine non-magnetic nanowires are first
analyzed in both WZ and GL configurations. In this case
each propagating mode adds one unit plateau to the total
transmission. The ideal transmission follows closely the
density of states plotted in Figure 3. The adatoms placed
on the nanowire surface introduce a selective scattering
on the two spin components, depending on the preset
magnetic configuration. Contrary to the situation where the
magnetic impurities are placed substitutional, in this case
the transmission is rather close to ideal. More significant
scattering is visible in the energy range corresponding to the
first group of surface states. The mini-gaps are consistent
with the previously obtained values from the DOS analysis.
For the systems with the pair of magnetic impurities in the
AFM configuration, there is a rather similar transmission
function with the one indicated in Figures 6 and 7, with major
qualitative difference that in this case one has 𝑇↑ = 𝑇↓.

The spin polarization depends on the intricate scattering
processes, which follow from the addition of magnetic impu-
rities and which are also dependent on the magnetic configu-
ration. Due to the sharp variations present in the transmission
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Figure 6: Transmission versus energy for nanowires in the WZ and
GL configurations: pristine nanowire (black) and nanowires with
one Mn impurity; 𝑇↑ (red) and 𝑇↓ (blue) are represented. The Fermi
level is located at 𝐸 = 0.

functions, polarizations close to unity are possible. However,
they occur on small energy ranges. Therefore the data
indicated in Figure 8 was averaged on energy intervals of ∼
25 meV, consistent with realistic thermal fluctuations. By this
procedure, spin polarizations above 20% can still be achieved
for the GL structures. Focusing on the first group of surface
states, one can notice that the differences between the one-
and two-impurity cases are smaller for the GL structure,
when compared to its WZ counterpart. This indicates the
potential robustness of the spin characteristics with respect
to adding one extra impurity.

To conclude, both WZ and GL structures with Mn
adatoms exhibit reasonable transmission and are able to
produce detectable spin polarization. The reduced bandgaps
offer the possibility of using the magnetic AlN nanowires in
spintronic field effect applications.

4. Conclusions

AlN nanowires with Mn adatoms are investigated using con-
strained spin-DFT calculations. The phase transition between
the würtzite and graphite-like configurations is discussed in
the context of exploring the spin transport properties. A gen-
eral feature of the analyzed quasi-one dimensional structures
is the reduction of the band gap, down to ∼1.2 eV for the
WZ nanowire. Consequently, although bulk AlN is a wide
bandgap semiconductor, it is suitable for atomic sized devices
which employ the field effect. With the additional impurities
placed on the surface of the nanowires, the scattering is
reduced and the transmission is at a significant ratio, when
compared with the ideal case. However, one or two Mn
impurities in the ferromagnetic configuration still provide a
reasonable spin separation and the net current may be further
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Figure 7: Similar data as in Figure 6 for nanowires with two Mn
impurities, in the ferromagnetic configuration.
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Figure 8: Spin polarization (absolute value) for WZ and GL
nanowires with one (black) or two (red) impurities. The arrows
indicate the mini-bandgaps.

manipulated in a spintronic device. Taking advantage of the
symmetries, it was shown that the considered structures in
the antiferro magnetic configurations provide zero net spin
current. By switching the magnetic states of the impurities, a
detection mechanism is provided. Applying axial stress, the
changes in the spin transfer characteristics can be pointed
out. The analyzed nanowire systems can therefore provide
the building blocks for integrating both nanomechanical and
spintronic devices.
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During the electrospinning process the web of nanofibres is manufactured by means of electrostatic forces between two electrodes.
The diameters of nanofibres usually differ and they depend on various parameters. The different fineness of fibres influences the
structure of the web and herewith the end-use properties of such kind of nanomaterial. Analysis of nanofibres diameters distribution
also shows big differences; even more, the distributions are not spread along the normal distribution. Understanding the influence
of electrospinning parameters and the reason why the shapes of distributions are so sophisticated is very important. The goal of this
paper is to analyse the distribution of diameter and to propose the new criterion for nanofibres diameter comparison and web of
nanofibres estimation. In this paper the influence of covering time of support material on structure of PA6.6 nanofibre web has been
investigated. It was estimated that this parameter does not have a significant influence on the average diameter of nanofibres, and
only the structure of web has been influenced by the changes in covering time. According to the results provided the phenomena
of nanofibres sticking on the support material at the time of electrospinning can be proved and explained.

1. Introduction

Electrospinning is one of the most common processes used
for nonwovens production. The diameters of electrospun
fibres diameter may range from 10 nm to 1500 nm [1]. It has
been discovered that the diameter of nanofibres and the final
properties of the produced nonwovens depend on type of
polymer, solution properties (viscosity, conductivity, surface
tension, etc.), applied voltage, distance between electrodes,
coating time of support material, air humidity, and temper-
ature [2–5]. The diameter of the fibre is arguably the most
important factor for determining the quality of nonwoven
structure. So, it is very important to understand how the
diameter of fibre and its distribution is affected by various
parameters [6].

There are a lot of studies analyzing the influence of various
parameters on nonwoven structure. The analysis of such
studies shows that in some cases the different researches,
analyzing the influence of the same factor on the structure of
nanofibres, obtain different results. The reasons of different
conclusions can be explained in several ways. According to

one of them, in some cases the authors do not analyze the
dispersions of nanofibres diameter. The other reason—quite
often the authors skip the description of the main parameters
which may have a significant influence on nonwoven struc-
ture. It is possible that the mismatches of the results occur
because of the lack of common methodology for nanofiber
diameter characterization.

While analyzing the literature sources we noticed that
the measurements of nanofibres diameter are distributed
in unclear distribution and the shapes of all distribu-
tions always differ. Ellison et al., Tsimpliaraki et al., and
Gu et al. [7–9] state that the measurements of nanofi-
bres diameter are distributed by log normal distribution.
Dosunmu et al. [10] states that distribution of electrospun
nanofibres could be well fitted as normal distribution in log
normal scale. But log normal distribution does not have the
theoretical background in electrospinning process, because
this process does not depend on the time and all nanofibers
in the web are being manufactured simultaneously. Usually
the values of fibres diameter of various textile materials are
distributed by normal distribution [11]. But sometimes the
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shapes of the distributions of nanofibres diameter are not
similar to this one.

It is impossible to compare the average values when
dispersions of diameter are different, so it is absolutely wrong
way to estimate the web of nanofibres, in order to compare
parameters having different kinds of distribution. According
to mathematical statistic point the average value of nanofibres
diameter (if they are distributed in not normal distribution)
cannot characterize the nanofibres precisely, because changes
in average values do not suppose changes in modal value and
other characteristics. It means that in order to compare the
diameter of nanofibres with an average value it is necessary
to use the other characteristics too.

In our previous study [12] the similarity of empirical
distribution of nanofibres diameters to the compound distri-
bution, consisting of several normal distributions, has been
noticed. The compound distribution is a characteristic of
blended spun yarns, received from several kinds of fibres. It
means that the web of nanofibres consists from nanofibres
of different diameter. There is no single opinion about the
reasons of this phenomenon. It is possible that the web
of nanofibres forms when nanofibres in the distance from
Taylor cone to the other electrode do not separate completely.
Although the possibility also exists that the web of several
kinds of fibres forms depending on the sticking of nanofibres
at the time when they are moved to other electrode. The
goal of this paper is to analyse the dispersion of nanofibres
diameter and to check the hypothesis about the possibility of
the sticking of several nanofibres.

2. Method of Distribution Calculation

In our previous study [12] the method of dividing the
compound distribution into several normal distributions had
been presented. The first normal distribution was calculated
using the following method: empirical values up to the modal
value of the total distribution were set as the points of the left
part of the first normal distribution. It has been considered
that the diameter of nanofibres had been distributed in
normal distribution, so the right part of the first normal
distribution was marked as symmetrical points of the left side.
The first normal distribution has been calculated according
to the probability density. The left part of the second normal
distribution has been calculated as a difference between
empirical measurements and measurements calculated by the
first normal distribution. The right part of empirical values
and the second normal distribution have been calculated
similarly as in the previous case. All normal distributions
have been calculated using this method. Finally the com-
pound distribution has been calculating by summarising
the values of all normal distributions. The coefficient of
determination confirmed the correlation of empirical curve
with the compound distribution. This method can be used
for dividing a compound distribution into several normal
distributions.

The main disadvantage of this method is sophistication
of compound distribution calculation. For this reason the
short-cut method of the quality of nonwoven structure

estimation has been presented [13]. The short-cut method
is more straightforward and is based on the modal value
of empirical values. The points of the modal value of the
empirical distribution are called the points of left part of
the first normal distribution. It has been considered that
diameter of nanofibres is distributed by normal distribution,
and in the other side of modal value the symmetrical points
were marked. The results calculated by both methods were
identical.

The obtaining of compound distribution confirms that
the web of nanofibres at the electrospinning process consists
of different kinds of nanofibres.

3. Material and Methods

An 8% solution of PA6.6 in 85% formic acid was gently
stirred at ambient temperature for 12 hours until the polymer
granules dissolved completely. The nonwoven web from
PA6.6 nanofibres had been formed using the electrospinning
equipment “Nanospider” (Figure 1). The principle of this
equipment includes the rotating roller which is submerged
in a bath filled with polymer solution. The Taylor cones
with increasing electrostatic forces are formed on the rotat-
ing roller. When electrostatic forces overcome the surface
tension, a jet of polymer solution is ejected from the Taylor
cone and it is directed up to the support material [14].
During this experiment the electrode with narrower tines has
been selected as it is easier to form PA6.6 nanofibres. The
sufficiently powerful electric field is not formed by means of
the cylindrical electrode; consequently the continuous flow of
Taylor cones cannot be formed. According to the electric field
theory, the major supply of electric charge has been collected
on the top of tines, where the surface curvature is greater and
the surface electric field density in these places is higher. As a
result, the continuous flow of Taylor cones can be formed on
the tines [15].

During all experiments, the ambient temperature was
T = 24 ± 2∘C, the humidity was 𝜙 = 50 ± 2%. The distance
between electrodes was 13 cm. The applied voltage was 70 kV.
Experiment has been carried out by changing the duration of
support material covering. The speed of support material was
v = 0.010 m/s, the time of covering t = 25 s (indicate I); v =
0.006 m/s, t = 41 s (II); v = 0.002 m/s, v = 125 s (III).

The structure of received nanofibres web has been ana-
lyzed by Scanning Electron Microscopy (SEM)—SEM-FEI
Quanta 200 (Netherlands). The value of diameter of PA6.6
nanofibres was measured from SEM images by LUCIA Image
5.0 programme, with an accuracy ± 0.01 nm. Nanofibres have
been measured using the 5 different SEM images.

4. Results

Nanofibres have been manufactured from PA6.6 solution
of 8% concentration. The first series of experiments were
carried out at the speed of support material 0.010 m/s, the
second 0.006 m/s, and the third 0.002 m/s. With decreasing
in speed the covering time of support material increased from
25 s to 125 s. The influence of the speed (and herewith the
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Figure 1: Principal scheme and photo of electrospinning technique “Nanospider”: 1: upper electrode, 2: bath with polymer solution, 3: rotating
roller with tines, 4: support material, L: the distance of support material, which is covered with a layer of nanofibres (250 mm).
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Figure 2: SEM images of electrospun PA6.6 mats when the speed of support material was (a) v = 0.010 m/s, t = 25 s (I); (b) v = 0.006 m/s, t
= 42 s (II); (c) v = 0.002 m/s, t = 125 s (III).

covering time) of support material on PA6.6 nanofibres web
morphology is presented in Figure 2.

As is seen from Figure 2, at the higher speed of support
material fewer nanofibres cover it. During the tests the 5 SEM
images for each variant of speed have been analysed. The 165
diameters of PA6.6 nanofibres for the I variant, 200 diameters
of nanofibres for II variant, and 288 nanofibres for III variant
were found and measured. The density of nanofibres was
calculated by number of nanofibres in SEM images. The
following density has been established—23 nanofibres for I
variant, 29 nanofibres for II variant, and 42 nanofibres for
III variant in 100 𝜇m2. The results showed that the speed
(also the covering time) of support material does not have
significant influence on the average value of PA6.6 nanofibres
diameter, as the difference is less than ± 3.5% (I 𝑑average =
357 nm; II 𝑑average = 373 nm; III 𝑑average = 382 nm), while
the density of fibres depends on the speed. That means that
the structure of web needs a deeper analysis. In the next
step of investigations the dispersions of PA6.6 nanofibres
have been studied. The frequency distributions of all series
of experiment are presented in Figure 3.

First of all Figure 3 demonstrates that the diameter of
nanofibres in all cases is distributed in different distributions.

In histogram which is presented in Figure 3(c) only one
peak of distribution when the diameter of nanofibres is
around 350 nm is observed. It is evident that this value is
the modal value of this distribution too. Therefore we can
make the assumption that this distribution is very close to
normal distribution, because the average value is 382 nm.
In the histogram presented in Figure 3(a) two peaks are
observed: the first peak is around 200 nm, while the second
peak is around 300 nm. A similar view, the distribution
with several peaks, may be observed in Figure 3(b): first
peak is around 200 nm, the second around 300 nm, and
the third 400 nm. In Figure 4 more comprehensive analysis
of measurements dispersion of I variant is presented—the
interval of nanofibre diameter is distributed not by 50 nm as
in Figure 3, but by 25 nm. As is seen from Figure 4 it is evident
that the histogram really has not one peak—the first peak
is around 212.5 nm, the second—around 312.5 nm. So, values
are distributed not by normal but by compound distribution
from several normal distributions.

According to the results it is possible to assume that at the
lowest speed of support material, the thicker nanofibres were
formed and at the higher speed the thinner nanofibres were
formed.
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Figure 3: Distributions of PA6.6 nanofibres during the experiment: (a) v = 0.010 m/s, t = 25 s (I); (b) v = 0.006 m/s, t = 42 s (II); (c) v =
0.002 m/s, t = 125 s (III).
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Figure 4: Detailed distributions of the results of the I variant.

In previous work [12] it was proved that in the case
when the diameter of nanofibres is distributed in compound
distribution from several normal distributions, the modal
value of the first distribution and the percentage quantity
of measurements of the first distribution can be used as a
criterion of nanofibres diameter and measurement dispersion
estimation. The more the percentage increases, the more
unique the structure of the web obtained as well. Using this
method we can determine the influence of covering speed
(the covering time too) on the structure of manufactured web.

The following results have been received using the his-
tograms presented in Figure 3. As is seen, in the variant I
mostly single and no sticked nanofibres had been formed.
The percentage quantity of nanofibres distributed in the first

distribution is 32.2%. As in the II variant the quantity of
nanofibres distributed in the first distribution has been just
24.04%. It means that in this case less single nanofibres were
formed. The modal value of the first distribution in both cases
is 200 nm. In this work the new criterion is proposed for
estimation of web structure. This criterion may conclude the
average of two values—modal values and value of the second
highest peak, and it can be calculated using the formula:𝑑 = (𝑑modal + 𝑑2modal)/2 (where 𝑑modal is the modal value
of all distribution; 𝑑2modal is the second value, close to modal
value of this distribution). During the analysis of the results,
we noticed that the diameter 𝑑 decreased along with a speed
of support material increase. Using the histograms in Figure 3
the following data has been calculated: (III) 𝑑 = 375 nm; (II)𝑑 = 350 nm; (I) 𝑑 = 250 nm. It means that thinner fibres are
formed at a higher speed (lower time).

The next stage of our investigation has been aimed to
check the hypothesis that the web from different diameter of
nanofibres forms from single nanofibres which stick together
on the support material. It is known that the surface area
of cross-section of single nanofibre may be calculated using

formula: 𝑆1 = (𝜋𝑑12) /4. A surface area of cross-section of
sticked nanofibres makes 𝑆𝑛 = 𝑛𝑆1. As a result, the diameter
of sticked nanofibres is calculated using 𝑑𝑛 = 𝑑1√𝑛. So,
if the modal value of the diameter of a single fibre is𝑑modal = 200 nm (see Figures 3(a) and 3(b)), the diameter
of a double fibre would be about 𝑑2 = 283 nm. As is seen
from Figure 3(a), the second peak is when diameter of
nanofibres is about 𝑑2emp = 300 nm. The relative error in both
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Figure 5: Fibre diameter distributions (a) from PVA [12]; (b) from PP [10].
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Figure 6: Dependence of the density of nanofibres (in 100 𝜇m2) on
the covering time.

cases is 𝛿 = 6%. The recurrent values of nanofibres diameter
confirm the hypothesis about the sticking of nanofibres
on the web. The similar conclusions about the sticking
were approved in our previous work, when the structure of
PVA web was analysed [12]. The histograms of this article
(especially of Figures 3(a) and 3(b)) can be compared with
histogram from literature sources as well [10] (Figure 5).

In this figure few peaks can be noticed as well. According
to this data one can guess that these peaks appeared for
the sticking of PP nanofibres on the web. It means that
this problem is typical for the whole electrospinning process
regardless of the type of polymer—the similar results can be
observed with PA6.6, PVA, and PP nanofibres.

At the last step of this study, the dependence of the density

of nanofibres (in 100 𝜇m2) on the covering time is presented
in Figure 6.

During the analysis of the data presented in Figure 6, it
has been stated that during 1 second of the electrospinning
process the support material is covered approximately by 1
nanofibre. According to this, we can state that as the covering
time increases, the density of nanofibres should increase
linearly. At the same time it is obvious that the curve in
Figure 6 is not linear. It is very well visible that at the highest
covering time there were not 120 nanofibres, just 42. That also
confirms the phenomenon of fibres sticking on the support
material. Such data make us sure that the covering time is a

very important parameter for the structure of nanofibre web,
and, using the higher covering time, more sticked fibres are
forming.

5. Conclusions

(i) The distributions of electrospun nanofibres diameter
are always different and the shapes of such distri-
butions usually do not differ from the compound
distribution, which consists of several normal distri-
butions.

(ii) The speed of support material from 0.002 m/s till
0.010 m/s does not have a significant influence on the
average value of PA6.6 nanofibres diameter. It only
influences the structure of nanofibre web; that is, as
the speed of the support material decreases, the more
sticked nanofibres are formed.

(iii) For the web structure estimation the modal value of
the first distribution, the percentage quantity of the
first distribution, and the average diameter of two
peaks of distribution—modal value and the value of
the second highest peak—may be used.

(iv) The results of the tests confirm that the web of
nanofibres consists of various nanofibres due to the
sticking of several nanofibres during the process of
their manufacturing.
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