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Molecular modeling (MM) is one of the fastest growing fields
in science. It may vary from building and visualizing simple
molecules in three dimensions (3D) to performing complex
computer simulations on large proteins and nanostructures.
MM is a collection of computer-based techniques for driving,
representing and manipulating the structures and reactions
of molecules, and those properties that are dependent on
these 3D structures. The techniques in MM cover several
issues among them computational chemistry, drug design,
computational biology, nanostructures, and material science.

This issue compiles eight papers that deal with five
issues: new techniques in MM, computational chemistry,
computational biology, nanostructures, and material science.

Two new techniques are described in this issue. The first
technique is presented by D. J. Medeiros et al. who developed
a utility program to compute ab initio charges of each atom for
relatively large molecules. The second technique is presented
by K. Dedachi et al. that developed a new all-atom force-field
in applications for 3D structural prediction for short peptides.

Two papers that are related to computational chemistry
in this issue are by S. Arshadi et al. One paper illustrates the
applications of density functional theory (DFT) to investigate
the properties of the electronic structure of Zigzag boron
nitride nanotubes and two models of diborinin-doped boron
nitride nanotube.The second paper presents the applications
of DFT to investigate the electronic structure of pyrazine-
doped nitride nanotubes and to compute the nuclear mag-
netic resonance (NMR) parameters of these structures.

One of the new fields in MM is the study of the self-
assembly of molecules that forms nanostructures. The paper

by R. Behjatmanesh-Ardakani andM. Farsad illustrate a MM
of critical micelle concentration for a single chain and a
double chain of a surfactant with amphiphilic properties.
The self-assembly processes of the single chain and the
double chain surfactants are compared using Monte-Carlo
simulations.

Two papers deals with computational biology in aim to
understand biological mechanisms. One paper by X. Liu
et al. demonstrates the interaction mechanism of trans-
resveratrol with bovine serum albumin using a combination
of MM techniques and spectroscopic methods. The second
paper by I. O. Akdag and E. Ozkirimli demonstrates the
applications of steered molecular dynamics simulations to
examine the membrane translocation mechanism of the p-
VEC peptide. This short peptide is derived from murine
vascular endothelial-cadherin protein that functions in the
physical contact between adjacent cells.

Finally, one of themain advancements in the last five years
is the study of material science using MM. The paper by T.
Guerra and I. Borges Jr. illustrates this advancement using a
combination of DFT with periodic boundary conditions and
generalized gradient approximation methods. The authors
succeeded to describe the electronic charges density of the
adsorbed 2,4,6-trinitrotoluene on a MgO (001) surface in
aim to understand the interactions between the molecules
and the surface. This issue does not include peer-reviewed
articles on drug design. Yet, we found that the issue drug
design is an interactive topic in MM and contribute to drug
discovery both in academia and in industry. Computer-aided
and structure-based drug design relies on knowledge of the
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3D structure of the biological target. Drug design is an
iterative process that begins when a compound is identified
to display an interesting biological profile and ends when
its activity profile and the chemical synthesis are optimized.
Today, MM permeates all aspects of drug design. Scientists
have used computer models of new chemical entities to help
define activity profiles, geometries, and relativities. Three
stages of drug discovery can be achieved by MM: virtual
screening, hit-to-lead optimization of affinity and selectivity,
and lead optimization of other pharmaceutical properties
while maintaining affinity.

We thoroughly reviewed these papers and we believe that
they contribute to the advancements and the applications
of new MM techniques for both chemical and biological
molecules.Moreover, we believe that the papers in this special
issue will be milestones of the advancement for the next
generation of MM researchers.

Yifat Miller
Cristiano R. W. Guimarães

André S. Pimentel
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The interaction of transresveratrol (TRES) with bovine serum albumin (BSA) has been investigated by ultraviolet-visible,
fluorescence, Fourier transform infrared spectroscopic methods and molecular modeling techniques. The fluorescence results
show that the intrinsic fluorescence of BSA is quenched by TRES through a static quenching procedure. The binding constants
of TRES with BSA at 292, 297 and 302K are calculated as 10.22 × 104, 8.71 × 104, and 7.59 × 104 Lmol−1, respectively, and
corresponding numbers of binding sites are approximately equal to unity.The thermodynamic parametersΔH andΔS are estimated
to be−21.82 kJmol−1 and +21.15 Jmol−1 K−1, which indicates that the interaction of TRESwith BSA is drivenmainly by hydrophobic
forces and there are also hydrogen bonds and electrostatic interactions. The competitive experiments suggest that the binding site
of TRES to BSA is probably located on site II. The results of infrared spectra show that the binding of TRES with BSA leads to
conformational changes of BSA, and the binding stabilizes the 𝛼-helix and 𝛽-sheet at the cost of a corresponding loss in the 𝛽-turn
structure of BSA. The results of molecular modeling calculation clarify the binding mode and the binding sites which are in good
accordance with the experiment results.

1. Introduction

Serum albumins, the major soluble protein constituents in
the blood stream, bind and transport several exogenous and
endogenous molecules like fatty acids, nutrients, steroids,
and a large list of drugs. The formed complexes are involved
in transport and regulatory processes. Since most of the
administered drugs bind extensively and reversibly to serum
albumins and drugs are transported mainly as complexes
with proteins, the biological activities of the drug such as
the overall distribution, metabolism, and efficacy in the body
are correlated with their affinities towards serum albumins.
Therefore, protein-drug interaction has an enormous biolog-
ical interest and has been found to play a significant role
in pharmacology [1]. Among the serum albumins, bovine
serum albumin (BSA) is an appropriate protein model for
studying the interaction between serum albumins and drugs
because of its medically important, unusual ligand-binding

properties, low cost, availability, and structural homology
with human serum albumin (HSA) [2, 3].

Transresveratrol (trans-3,5,4-trihydroxystilbene, TRES)
is a polyphenolic natural product existing in a variety of plant
species including Polygonum cuspidatum, grapes, peanuts,
and various berries. TRES has been shown to prevent or slow
the progression of awide variety of diseases, including cancer,
cardiovascular disease, ischemic injuries, and Alzheimer’s
disease [4–8]. These properties accompanied with the lack
of harmful effects make TRES attractive as a phytoalexin.
The molecular structure of TRES is provided in Figure 1.
So far, most researches are focusing on its pharmacological
activities; only a little has been done on the interaction of
TRES with serum albumin. Li et al. [9], Wei et al. [10],
and Cao et al. [11] had reported the interaction between
resveratrol and BSA, but the binding site of TRES on BSA
had not been identified, the changes of secondary structure
of BSA had not been quantitatively analyzed, and the binding
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Figure 1: Molecular structure of TRES.

had not been calculated by molecular modeling techniques.
In this paper, the interaction of TRESwith BSA is investigated
in detail with the purpose to provide basic information for
pharmaceutical applications of TRES.

In this work, the interaction of TRES with BSA has
been investigated under imitated physiological conditions via
spectroscopic methods and molecular modeling techniques.
Fluorescence and UV-vis spectroscopy were employed to
understand the quenching mechanism of BSA-TRES bind-
ing. The binding constants, number of binding sites, and
thermodynamic parameters have been calculated, and the
binding site of TRES on BSA was identified by fluorescence
displacement experiments. Furthermore, Fourier transform
infrared (FTIR) spectroscopy was used to demonstrate the
conformational changes of BSA, and the changes of sec-
ondary structure were quantitatively analyzed by the curve
fittingmethod. In addition, themolecularmodeling was used
to improve the understanding of the interaction of TRESwith
BSA.

2. Experimental

2.1. Materials. BSA was purchased from Huamei Bioengi-
neering Company (Shanghai, China). TRES was obtained
from Xi’an Sino-Herb Biotechnology Company (Xi’an,
China). All other reagents were analytical-reagent grade, and
double-distilled water was employed for solutions.

2.2. Fluorescence and UV-Vis Experiments. The fluorescence
experiments were performed with an F-4500 fluorescence
spectrophotometer (Hitachi). For different samples, the con-
centrations of BSA were constant at 3 × 10−7mol L−1 and the
concentrations of TRES were alterable and ranged from 0
to 2.4 × 10−6mol L−1. Fluorescence quenching spectra were
measured at 292, 297 and 302K with exciting wavelength of
280 nm.TheUV-vis absorption experiments were performed
on a UV-2450 spectrophotometer (Shimadzu, Japan).

2.3. Displacement Experiments. The displacement experi-
ments were performed using three different site probes,
namely, phenylbutazone, flufenamic acid, and digitoxin, for
site I, II, and III, respectively. BSA and the site probe were
added to colorimeter tube first, and the concentrations were
constant at 3× 10−7mol L−1 and 2× 10−7mol L−1, respectively.
Then appropriate amount TRES was added to the BSA-
phenylbutazone/flufenamic acid/digitoxin systems.

2.4. FTIR Experiments. FTIR spectra were measured on a
Vertex 70 FTIR spectrometer (Bruker Optics, Germany). All
FTIR spectra were taken via the attenuated total reflection
method. The spectra processing procedure involved collect-
ing spectra of Tris-HCl buffer solution, BSA solution, TRES
solution, and BSA-TRES solution under the same conditions.
Next, the absorbance of the buffer solution was subtracted
from the spectrumof the BSA solution to obtain the spectrum
of free BSA, and the absorbance of the TRES solution was
subtracted from the spectrum of the BSA-TRES solution to
obtain the spectrum of the BSA after interaction. At last, the
two difference spectra were compared and analyzed.

2.5. Molecular Modeling. The crystal structure of
BSA was obtained from protein databank (PDB)
(http://www.rcsb.org/pdb, PDB ID: 3V03), the PDB file
was imported into AutoDock Tools, all water molecules were
removed, and Kollman charges and solvation parameters
were added. The initial 3D structures of TRES were
generated by ChemSkcteh software, and the geometries
of TRES were subsequently optimized using GAMESS
software on DFT/B3LYP/6-31G level. AutoDock4.2
(http://autodock.scripps.edu) program was applied to
calculate the interaction modes between TRES and BSA.
First the grid box was set as 126 × 100 × 126 points with
a grid spacing of 0.560 Å, whole protein was covered, and
the initial search was carried out. The region of the most
populated of the first five clusters was selected as the probable
binding region.Then the accurate search was executed in the
probable binding regionwith a smaller gridmap. Lamarckian
genetic algorithm was applied in the docking. 100 genetic
algorithm (GA) runs were performed with the following
parameters: population size of 150, maximum number of
2.5 × 10

6 energy evaluations, and maximum number of
27,000 generations, and other parameters were default. The
resulting conformations were clustered using a root-mean-
square deviation (RMSD) of 2.0 Å and the clusters were
ranked in order of increasing binding energy of the lowest
binding energy conformation in each cluster. Finally the
lowest energy conformation in the most populated of the
first five clusters was used for docking analysis. The output
from AutoDock was rendered with PyMOL.

3. Results and Discussion

3.1. Fluorescence Quenching Mechanism. The fluorescence
spectra of BSA in the presence of different concentrations
of TRES are shown in Figure 2. It is obvious that BSA has
a strong fluorescence emission peak at about 347 nm, and
the fluorescence intensity decreases gradually with increasing
concentration of TRES, which indicates that TRES can
interact with BSA and quench its intrinsic fluorescence.
Furthermore, there is a slight red shift of maximum emission
wavelength occurring with the addition of TRES, implying
that the microenvironment around the chromophore of BSA
is changed.

Fluorescence quenching can occur by different mecha-
nisms, usually classified as dynamic quenching and static
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Table 1: Stern-Volmer quenching constants for the interaction of
TRES with BSA at different temperatures.

𝑇/𝐾 𝐾sv (L mol−1) 𝐾
𝑞
(L mol−1 s−1) Correlation coefficient

292 7.36 × 104 7.36 × 1012 0.9978
297 5.27 × 104 5.27 × 1012 0.9921
302 4.64 × 104 4.64 × 1012 0.9960

quenching. In order to clarify the quenching mechanism
of TRES on BSA, the Stern-Volmer equation (1) is used
to analyze the fluorescence quenching data [12], where 𝐹

0

and 𝐹 are the fluorescence intensities in the absence and
presence of quencher, 𝐾

𝑞
is the quenching rate constant of

the biomolecule, 𝜏
0
is the average lifetime of the biomolecule

in the absence of quencher which equals 10−8 s [13], 𝐾SV
is the Stern-Volmer quenching constant, and [𝑄] is the
concentration of quencher. One has

𝐹
0

𝐹
= 1 + 𝐾

𝑞
𝜏
0
[𝑄] = 1 + 𝐾sv [𝑄] . (1)

Within certain concentration, the curve of 𝐹
0
/𝐹 versus

[𝑄] would be linear if the quenching type is single static
or dynamic process. The Stern-Volmer curves of TRES with
BSA at three different temperatures exhibit good linear
relationship within the investigated concentrations, so the
values of 𝐾

𝑞
and 𝐾SV can be determined from the slope of

regression curve of 𝐹
0
/𝐹 versus [𝑄], and the results are listed

in Table 1. For dynamic quenching, the maximum scatter
collision quenching constant of various quenchers with the
biopolymers is 2.0 × 1010 Lmol−1 s−1. In addition, dynamic
and static quenching can be distinguished by temperature
dependence of the quenching, the values of 𝐾SV decrease
with an increasing temperature for static quenching and
the reverse result for dynamic quenching. From Table 1, the
results show that the values of 𝐾SV and 𝐾

𝑞
decrease with

the increasing of temperature and the values of 𝐾
𝑞
is much

greater than 2.0 × 1010 Lmol−1 s−1, which indicates that the
probable quenching mechanism of BSA-TRES interaction is
initiated by static quenching rather than by dynamic collision
[14, 15].The results are also confirmed byUV-vis experiments
as shown in Figure 3. Figure 3 illustrates that the UV-vis
absorption spectrum of BSA and the difference absorption
spectrum between BSA-TRES and TRES at the same concen-
tration could not be superposed. After interactionwith TRES,
the absorbance band intensity of BSA at 280 nm decreases
and the peak position shows a slight blue shift, suggesting the
formation of BSA-TRES complex.

3.2.TheBindingConstant andNumber of Binding Sites. When
small molecules bind independently to a set of equivalent
sites on a macromolecule, the binding constant (𝐾

𝑏
) and

the number of binding sites (𝑛) can be obtained from
fluorescence intensity data by [16]

log[
(𝐹
0
− 𝐹)

𝐹
] = log𝐾

𝑏
+ 𝑛 log [𝑄] . (2)
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Figure 2: Fluorescence quenching spectra of BSA in presence of
different concentrations of TRES. 𝐶BSA = 3.0 × 10−7mol L−1; 𝐶TRES
(×10−7mol L−1) (1–6): 0, 3, 6, 12, 18, and 24, respectively; 𝜆ex =
280 nm; 𝑇 = 302K.
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Figure 3: UV-vis absorption spectra of BSA (1), TRES (2), and
the difference spectrum between TRES-BSA and TRES (3). 𝐶BSA =
𝐶TRES = 3.0 × 10

−5mol L−1; pH = 7.4.

Based on (2), the values of 𝑛 and 𝐾
𝑏
can be deter-

mined from the slope and intercept of the double logarithm
regression curve (log [(𝐹

0
− 𝐹)/𝐹] versus log [𝑄]), and the

corresponding calculated results are listed in Table 2. It is
found that the values of 𝐾

𝑏
decrease with the increasing

of temperature, indicating that the stability of BSA-TRES
complex reduces with the temperature rising. The values
of 𝑛 approximately equal unity, indicating that there is one
independent class of binding sites in BSA for TRES.

3.3. Thermodynamic Analysis and Binding Mode. Thermo-
dynamic parameters relying on temperatures are analyzed
to characterize the acting forces between TRES and BSA.
Generally speaking, the binding forces between drugs and
biomolecules mainly include electrostatic interaction, hydro-
gen bond, van der Waals interaction, and hydrophobic
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Figure 4: FTIR difference spectra of BSA in Tris-HCl buffer
solution. (1) free BSA (𝐶BSA = 1.0 × 10−4mol L−1); (2) bonded BSA
(𝐶BSA = 1.0 × 10−4mol L−1, 𝐶TRES = 2.0 × 10−4mol L−1). pH = 7.4.

interaction [17]. Thermodynamic parameters, free energy
change (Δ𝐺), enthalpy change (Δ𝐻), and entropy change
(Δ𝑆) of interaction, are essential to interpret the binding
mode of BSA-drugs complexes. When enthalpy change (Δ𝐻)
does not vary significantly in the temperature range studied,
both enthalpy change (Δ𝐻) and entropy change (Δ𝑆) can
be determined from van’t Hoff equation (3). In (3), 𝐾
corresponds to the binding constant at specific temperature
and 𝑅 is the gas constant. Δ𝐻 and Δ𝑆 can be calculated from
the slope and intercept of the regression curve of ln𝐾 versus
1/𝑇. Δ𝐺 is consequently obtained according to (4). One has

ln𝐾 = −Δ𝐻
𝑅𝑇
+
Δ𝑆

𝑅
, (3)

Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆. (4)

The Values of Δ𝐻, Δ𝑆, and Δ𝐺 for the interaction of
TRES with BSA are presented in Table 2. The negative value
of Δ𝐺 indicates the binding process is spontaneous. Positive
value of Δ𝑆 is evidence of hydrophobic interactions [18].
In addition, specific electrostatic interaction between ionic
species in aqueous solution is also characterized by a positive
Δ𝑆 and a negative Δ𝐻. Generally, Δ𝐺 mainly comes from
the large contribution of Δ𝑆 with little contribution from Δ𝐻
for electrostatic interaction [19]. However, in this work, Δ𝐺
mainly comes from the contribution of Δ𝐻. Therefore, we
infer that hydrophobic interaction might play a major role
in the interaction of TRES with BSA, and electrostatic force
may also be involved in the binding process. Meanwhile,
hydrogen bond can not be excluded as TRES is a polyphenolic
compound.

3.4. Identification of Binding Site. Similar to HSA, the glob-
ular protein BSA consists of three distinct drug-binding sites
[20]. Sudlow et al. have suggested that site I of serum albumin
shows affinity for warfarin, phenylbutazone, and so forth
and site II for ibuprofen, flufenamic acid, and so forth [21].
Later studies indicated that digitoxin binding is independent

Table 2: Binding constants and thermodynamic parameters of BSA-
TRES interaction at different temperatures.

𝑇/𝐾
𝐾
𝑏

(L mol−1) 𝑛
Δ𝐻

(kJmol−1)
Δ𝑆

(Jmol−1 K−1)
Δ𝐺

(kJmol−1)
292 10.22 × 104 1.03 −28.00
297 8.71 × 104 1.03 −21.82 21.15 −28.10
302 7.59 × 104 1.04 −28.21

Table 3: Binding constants of competitive experiments (𝑇 = 302K,
𝜆ex = 280 nm).

Site marker 𝐾
𝑏
(Lmol−1) 𝑅 𝑛

Blank 7.59 × 104 0.9973 1.03
phenylbutazone 6.17 × 104 0.9860 1.01
flufenamic acid 1.17 × 104 0.9794 0.85
digitoxin 6.11 × 104 0.9899 0.98

of sites I and II and binds to site III [22]. To identify
the binding site of TRES on BSA, competition experiments
were carried out with phenylbutazone, flufenamic acid, and
digitoxin as site probes for site I, II, and III, respectively [23,
24]. According to (2), the experiment data are analyzed and
the binding constants of BSA-TRES system in the presence
of different site markers are calculated in Table 3. Obviously,
flufenamic acid could significantly influence the binding of
TRES with BSA, whereas phenylbutazone or digitoxin has a
lesser effect on the binding of TRES to BSA. Hence, it can be
concluded that TRES is mainly bound to site II (subdomain
IIIA) of BSA.

3.5. Conformation Investigation. To verify whether the con-
formation of BSA had changed or not in the absence and
presence of TRES, FTIR measurements were performed.
FTIR spectra of proteins exhibit a number of amide bands
due to different vibrations of the peptide moiety. The amide
I peak position occurs in the region 1600–1700 cm−1 (mainly
C=Ostretch) and amide II band in the region 1500–1600 cm−1
(C–N stretch coupled with N–H bending mode). They both
have a relationship with the secondary structure of proteins,
and amide I band is more sensitive to the change of proteins
secondary structure than amide II [25]. The FTIR difference
spectra of free BSA and bonded BSA (after binding with
TRES) are shown in Figure 4. It is noticed that the peak
position of amide I moves from 1651 to 1655 cm−1, and that of
amide II shifts from 1541 to 1545 cm−1 in the FTIR spectrum
of BSA after addition of TRES. From the shift in peaks
position we can confirm that the conformation of BSA has
been affected by the addition of TRES.

According to the literature [26, 27], The spectral ranges
1610–1640 cm−1, 1640–1650 cm−1, 1650–1659 cm−1, and 1660–
1700 cm−1 in the amide I are assigned generally to 𝛽-sheet,
random coil, 𝛼-helical, and 𝛽-turn structure, respectively. To
analyze quantitatively the protein secondary structure, the
infrared self-deconvolution and second derivative resolution
enhancement were applied to estimate the number, position,
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Figure 6: The clustering histogram at site II (RMSD: 2.0 Å).

and width of component bands in the region of 1700–
1600 cm; then curve fitting procedures were used to get the
best Gaussian-shaped curves that fit the original protein
spectrum. The percentage of each secondary structure of
BSA can be calculated based on the integrated areas of the
component bands in amide I, and the results are shown in
Figure 5.The results show that before and after the interaction
with TRES, the protein major secondary structures had
changed, 𝛼-helical structure increased from 53% to 57%, 𝛽-
sheet increased from 22% to 32%, and 𝛽-turn structures
decreased from 25% to 11%, respectively.

3.6.MolecularModeling Study. Thefluorescence,UV-vis, and
FTIR spectroscopic results were complementedwithmolecu-
lar modeling in which TRES was docked to BSA to determine
the preferred binding site and the binding mode [28, 29]. In
the initial exploration, the results predict that compared with
site I and III, the TRESwasmostly concentrated in site II with
lower binding energy, so site II was selected as the probable

Figure 7: Best conformation for TRES docked to BSA. BSA is
represented using cartoon ribbons and TRES is represented using
ball.

binding region. Then the further exploration was carried out
with a smaller grid map of 86 × 82 × 72 points centered at
39.148, 20.061, and 53.329 with a spacing of 0.375 Å at site II.
The clustering histogram of further exploration at site II is
shown in Figure 6. From Figure 6 we can see that the most
populated cluster with 51 conformations has the second lower
binding energy, so the lowest binding energy conformation
of this cluster is selected and analyzed as the best binding
mode. The best energy ranked results of the binding mode
between TRES and BAS are shown in Figures 7 and 8. From
Figure 7, it can be seen that TRES is located within the
binding pocket of subdomain IIIA (site II, the flufenamic
acid binding pocket) of the protein and the two rings are
not coplanar. In Figure 8, TRES molecule is surrounded by
27 amino acid residues within 6 Å: 14 hydrophobic residues
(Leu-387, Leu-407, Leu-453, Leu-430, Leu-457, Ile-388, Phe-
403, Phe-488, Gly-431, Gly-434, Val-433, Pro-486, Ala-449,
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Figure 8: The amino acid residues around TRES within 6 Å. The
residues of BAS are represented using line, TRES structure is
represented using stick, and the hydrogen bonds are represented
using green dashed line.

Ala-490), 7 hydrophilic residues (Asn-391, Cys-392, Cys-437,
Cys-438, Tyr-411, Ser-435, Ser-489), and 6 ionic residues
(Arg-410, Arg-445, Arg-485, Lys-414, Lys-432, Lys-436). It is
important to note that the ring of TRES is adjacent to more
hydrophobic residues, so hydrophobic forces may play major
rule in the binding. Furthermore there are three hydrogen
bonds between the hydroxyl groups of TRES and the amino
acid residues of BSA; they are 3-OH and Ser-489 with a bond
length of 2.0 Å, 5-OH and Arg-410 with a bond length of
2.2 Å, and 4-OHandVal-433with a bond length of 2.0 Å.The
formation of hydrogen bonds decreases the hydrophilicity
and increases the hydrophobicity to stabilize the BSA-TRES
system. In addition, electrostatic interactions may play a
subordinate role in stabilizing the drug molecule due to the
presence of the ionic and polar residues proximity to TRES.
Therefore, it can be concluded that the interaction between
TRES and BSA is dominated by hydrophobic forces, and
there are also hydrogen bonds and electrostatic interactions,
which is in good agreement with the results of binding mode
study. The calculated binding Gibbs free energy change is
−29.95 kJmol−1 (298K), which is close to the experimental
value (−28.10 kJmol−1, 297K) to a certain degree.

4. Conclusions

Interaction mechanism of TRES with BSA has been inves-
tigated by fluorescence spectroscopic, UV-vis spectroscopic,
FTIR spectroscopic methods and molecular modeling tech-
niques. The results show that TRES interacts with BSA

through a combination of static quenching. The interaction
is a spontaneous process and is driven by enthalpy and
entropy together. The main interaction forces are hydropho-
bic forces accompanied by hydrogen bonds and electrostatic
interactions.The secondary structure of BSA is changed after
bonding with TRES. TRES can bind to BSA at site II in
subdomain IIIA according to displacement experiments and
molecular modeling.
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Peptide based drug design efforts have gained renewed interest with the discovery of cargo-carrying or cell-penetrating peptides.
Understanding the translocation mechanism of these peptides and identifying the residues or elements that contribute to uptake
can provide valuable clues toward the design of novel peptides. To this end, we have performed steered molecular dynamics (SMD)
simulations on the pVEC peptide frommurine vascular endothelial-cadherin protein and its two variants. Translocation was found
to occur in three stages, adsorption via the cationic residues, inclusion of the whole peptide inside the membrane accompanied by
formation of a water defect, and exit of both peptide and water molecules from the bilayer. Our simulation results suggest that the
precise order in which the hydrophobic, cationic, and the polar regions are located in the amphipathic pVEC peptide contributes to
its uptake mechanism.These results present new opportunities for the design of novel cell-penetrating and antimicrobial peptides.

1. Introduction

An ideal drug is only effective insofar as its ability to reach
its target. Peptide drugs, with their high specificity and
affinity to their targets, have emerged as promising drug
leads [1, 2]. However, most peptides, as well as proteins
and oligonucleotides, are mainly hydrophilic, hindering their
cellular uptake and, hence, limiting their widespread use
as therapeutics [3, 4]. Delivery of these compounds into
the cell is an intense area of research, and microinjection
[5], electroporation [6], liposomes [7], endocytosis [8], and
viral vectors have been previously proposed as potential
delivery methods [9]. However, these delivery methods are
not efficient, and accordingly most of the peptides in the
market target extracellular enzymes or receptors. The dis-
covery of cargo-carrying or cell-penetrating peptides (CPPs)
[10, 11] has spurred renewed interest in the use of peptide
drugs against intracellular targets. These peptides are able
to penetrate the cell membrane and carry cargo of different
size and hydrophobicity into the cell. CPPs are cationic and
amphipathic peptides of usually fewer than 30 amino acids
[12, 13]. They do not share an obvious common sequence or
structural motif [12]. Although the translocation mechanism
is not the same for different CPP families, there are twomajor
cellular uptake mechanisms, which are direct penetration

(energy-independent) and endocytotic pathways [14]. In an
energy- and receptor-independent mechanism, they pene-
trate cell membranes either via electrostatic interactions or
hydrogen bonding [9, 15–17]. The spontaneous penetration
of CPPs may be by the carpet model, through transient
pores, through the formation of inverted micelles, local
electroporation, and direct insertion of the unfolded peptide
into the membrane [10, 12, 13]. The uptake mechanism at an
atomic level of detail is not known, and some questions of
significance for peptide design remain. Which residues or
structural elements contribute to uptake?Which interactions
allow and/or facilitate transport of the peptide? Here, we
examine themembrane translocationmechanismof one such
peptide, pVEC, using steered molecular dynamics (SMD)
simulations.

pVEC, an 18-amino-acid-long CPP, is derived from
murine vascular endothelial-cadherin protein that func-
tions in the physical contact between adjacent cells. With
the sequence, LLIILRRRIRKQAHAHSK, the N-terminus is
hydrophobic, the middle part is charged, and the C-terminus
is hydrophilic, making it an amphipathic molecule. Previous
cargo-carrying experiments showed that pVEC was able to
carry some proteins and oligomers [18]. pVEC was found
to have a random coil structure in pure water and neutral
phospholipids, but it forms a beta-sheet in the negatively
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charged DOPG membrane [16]. Structure-activity relation-
ship (SAR) experiments, in which each pVEC residue was
mutated to L-alanine and the change in the cellular uptake
of pVEC into human Bowes melanoma cells was examined,
were performed in order to identify the contribution of
each residue to uptake [18]. Substitution of the five N-
terminal residues to L-alanine was shown to drop cellular
uptake by 50% to 75% suggesting that the hydrophobic N-
terminus of the peptide is important for cellular uptake.
Furthermore, deletion of the three N-terminal hydrophobic
residues completely abolished uptake, and when all five
hydrophobic residues (LLIIL) were replaced by L-alanines in
the N-terminus, the uptake of peptide was not detected at all.

The behavior of peptides in or near lipid bilayer envi-
ronments has been previously investigated using molecular
dynamics (MD) simulations. However, MD simulations are
not sufficiently long to sample events, such as transport
across the membrane, that take place on the microsecond
or longer timescale, and nonequilibrium MD simulations
provide an attractive alternative to obtain atomic level detail
about such transitions.One of these nonequilibriummethods
is steered molecular dynamics (SMD) [19–21], in which force
is applied to one (or more) SMD atom to move the system
from one state to another. This nonequilibrium method has
been used with success in a variety of dynamic systems
to study drug binding [22], transport across membrane
proteins [23], and unfolding [24]. SMD simulations have
also been used to examine peptide uptake through the lipid
bilayer, as MD simulations on the cardiotoxin A3 peptide
and POPC lipid bilayer system showed that the peptide
would not spontaneously bind to the membrane [25]. SMD
simulations showed that Tryptophan residue of the WL5,
with the sequence WLLLLL, was found to contribute to
peptide-membrane interactions, and penetration depth of the
peptide into the membrane was found to be related to its
hydrophobicity [26]. Similarly, the presence of hydrophobic
tryptophan residues was found to result in deeper insertion of
Indolicidin, an antimicrobial peptide, while positive charges
were critical to the peptide’s adsorption [27].

Here, SMD simulations on wild type pVEC and its two
variants were performed to move the peptide from one side
of the bilayer to the other. The translocation mechanism was
observed to occur in three distinct stages; the insertion of
the N-terminus into the bilayer, the inclusion of the whole
peptide inside the membrane, and the exit of the peptide
from the bilayer. The presence of barriers at these stages
was verified by the presence of plateaus followed by abrupt
changes in the interaction energy profiles as well as sudden
increases in force applied to the SMD atom. The structural
elements that contribute to peptide—membrane association
and subsequent uptake were identified.

2. Methods

2.1. Simulation Systems. The initial coordinates of the pVEC
peptide were assigned as a beta-hairpin starting from the
coordinates of a beta-hairpin loop of a beta-lactamase
inhibitor protein using the psfgenmodule of visualmolecular

Table 1: The pVEC sequences used in the simulations and the
mutated residue for each sequence.

Name Sequence
pVEC LLIILRRRIRKQAHAHSK
Retro-pVEC KSHAHAQKRIRRRLIILL
Scramble-pVEC IAARIKLRSRQHIKLRHL

dynamics (VMD) [28]. Using themodeled pVEC coordinates
as a template, the sequence was altered to obtain the retro-
pVEC and scramble-pVEC coordinates. The peptide pVEC
(wild-type), retro-pVEC, which has the same sequence in
reverse order, and scramble-pVEC, which has the same
amino acid content in random order [29], were studied
(Table 1).

2.2. Equilibration of Peptide in Water Environment. The
pVEC peptide (or its variants) was solvated with the solvate
module in VMD using 10 Å padding in each direction result-
ing in a water box size of 43 Å × 48 Å × 52 Å.Water molecules
closer than 2.8 Å to the peptide were removed. The water-
peptide systemwasminimized for 1000 steps and equilibrated
for 2 ns with harmonic constraints (k = 1 kcal/mol/Å2) on
peptide atoms. Then, all atoms of the system were allowed to
equilibrate for 2 ns without constraints.

2.3. Preparation of Lipid-Water-Peptide System. The mem-
brane was created in 50 Å in x- and 50 Å in y-directions.
The membrane lipid was chosen to be POPE in order to
mimic the membrane of E. coli [30]. The membrane was
solvated with TIP3P water molecules 80 Å in positive and
negative z-directions. After solvation, the water-membrane
system was equilibrated for 0.5 ns with harmonic constraints
(k = 1 kcal/mol/Å2) and for 0.5 ns without constrains. The
previously equilibrated peptide was placed into the water
layer above the membrane manually such that the minimum
distance between the peptide atoms and the membrane
phosphate atoms was more than 10 Å.Water molecules closer
than 2.8 Å to the peptide were removed. Counterions were
added to a concentration of 0.4M.

2.4. SteeredMolecular Dynamics Simulations. Steeredmolec-
ular dynamics simulations [22] were performed by apply-
ing force on the N-terminal C

𝛼
atom (SMD atom) of the

peptide in the z-direction to move the peptide across the
membrane. For these simulations, the phosphorous heads
of the lipid bilayer were harmonically constrained in the
z-direction with a force constant of 1 kcal/mol/Å2, while
they were free to move in x- and y-directions allowing the
formation of the pore through which the peptide and/or
water entered the bilayer. The spring constant in the SMD
simulations was 10 kcal/mol/Å2, and the velocity of pulling
was 0.0000050 Å/timestep which corresponds to 2.50 Å/ns
with timestep = 2.0 fs. The peptide traveled 120 Å to com-
pletely traverse the membrane within about 50 ns simulation
time.
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Figure 1: Snapshots for the SMD simulation on pVEC peptide as it moves across the bilayer.The peptide backbone is shown in red in cartoon
representation, the phosphate heads are shown as cyan spheres, the lipid tails are shown in gray, and the water molecules are shown as blue
spheres. Hydrogens in the lipids and water molecules are omitted for clarity.

Table 2: Summary of events in the SMD simulation on pVEC with SMD force applied on the N-terminal C
𝛼
atom.

𝑧 (Å) Peptide location Interaction energy
(kcal/mol) Force (pN) Number of waters

in membrane
(i) 30 Before entry 0 0 0
(ii) 20 First contact with membrane −300 −1000 0
(iii) 10 SMD atom through the P layer −100 −1000 10

(iv) 0 to −20 Peptide moves through membrane,
N-terminus reaches lower P layer −500 −1000 20 to 5

(v) −30 to −60 Peptide continues to move out −300 −500 60 to 10

All simulations were calculated with the NAMDprogram
[31] using the CHARMM27 potential energy function for the
all atom model for proteins [32] and lipids [33] and TIP3P
water parameters [34]. Periodic boundary conditions with
particle mesh Ewald [35] method were used. Nonbonded
interactions were truncated at a cutoff value of 12 Å and
a switching distance of 10 Å. Nonbonded interactions were
calculated at each step. SHAKE was applied on all hydrogen
distances and a timestep of 2 fs was used. Constant pressure
of 1 atm was imposed by the Langevin piston [36, 37] with a
piston period of 200 fs. Langevin dynamics were used to keep

the system at constant temperature 300K with a damping
coefficient of 5/ps. The coordinate sets were saved every 2 ps
for analysis. The SMD forces were output every 20 steps
(40 fs).

2.5. Trajectory Analysis. Interaction energy between the pep-
tide and the lipids was calculated using the NAMD Energy
plugin ofVMD. Forcewas calculated byNAMDat every SMD
step. Work was calculated as the integral of force multiplied
by pulling velocity over time.The number of water molecules
within the membrane boundaries was monitored. Secondary
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Figure 2: Interaction energy between the lipid and peptide atoms (left panel), force applied to the SMD atom (middle panel), and the number
of watermolecules in themembrane boundary (right panel) is shown as a function of the SMD atom z-coordinate for SMD simulations on the
pVEC (top), retro-pVEC (middle), and scramble-pVEC (bottom) transport across the lipid bilayer. The membrane boundaries are indicated
by the dashed lines at 𝑧 = 20 Å and −20 Å. The regions in which the interaction energy between wild type pVEC and the membrane stays
constant for more than 5 ns are indicated in panel (a).

structure of the peptide during the SMD simulations was
monitored using the Timeline tool of VMD. Structure figures
were prepared with VMD [28].

3. Results and Discussion

Steered molecular dynamics simulations on the wild-type
pVEC, retro-pVEC, which has the pVEC sequence in reverse
order, and scramble-pVEC, which has the same amino acid
composition but a scrambled sequence (Table 1), were per-
formed and analyzed to obtain atomic level information on

the translocation mechanism of pVEC. The retro-pVEC and
scramble-pVEC were shown to have dramatically reduced
uptake compared to pVEC as measured by the level of
fluorescence in the cells after incubation with fluoresceinated
peptide [29], and we aimed to elucidate the reasons for the
drop in uptake values observed for these peptides using SMD
simulations and comparing the results with those of pVEC
simulations.

As a first step, SMD trajectories were analyzed visually
to obtain information about the overall structural changes
in peptide, membrane, or water. Some snapshots from the
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Table 3:Themaximum interaction energy, maximum force applied,
and maximum work done values for the pVEC simulations.

Name
Maximum
interaction

energy (kcal/mol)

Maximum force
applied in
negative 𝑧

direction (pN)

Maximum
work done
(kcal/mol)

pVEC −565 1653 916
Retro-pVEC −685 1803 919
Scramble-
pVEC −380 1308 797

trajectory are shown in Figure 1. The first noteworthy change
was in the peptide conformation. pVEC initial structure
was assigned as a beta-hairpin. pVEC was reported to have
a random coil structure in pure water and neutral phos-
pholipids, and to form a beta-sheet in negatively charged
DOPG membrane [16]. In the simulations, the SMD force
was applied to the N-terminal C

𝛼
atom to facilitate transport

of the peptide in 50 ns, while the rest of the peptide was
allowed to move freely and therefore could maintain its beta-
sheet form. Examination of the change in secondary structure
during the simulations (Supplementary Figure 2) showed that
the peptide remained in the beta-sheet form until the SMD
atom entered the bilayer, after which it gradually unfolded
into a random coil and moved across the bilayer as a chain.
Upon exit, the peptide started to become more compact, as
shown by the decrease in the distance between the N- and C-
terminal C

𝛼
atoms (Supplementary Figure 2), even though

the only force continued to be on the SMD atom. Our results
suggest that the unfolding of the peptide, which is observed
during peptide transport across the bilayer, is due to the
interactions with membrane atoms, which were represented
with an explicit model in this work. The second structural
change was the formation of a water defect as the peptide
travelled across the bilayer. Formation of the water defect
may alter themembrane permeability, enhancing uptake.The
mechanism by which the changes in the peptide and the
membrane structure may contribute to uptake is examined
in detail in the following sections.

3.1. pVEC Travels across the Lipid Bilayer inThree Stages. The
uptake of the pVEC peptide across the POPE bilayer as the C

𝛼

atom of the peptide N-terminal residue was pulled across the
bilayer was monitored. The interaction energy between the
peptide, and the lipid bilayer, the force applied to the peptide
and the number of water molecules within the lipid bilayer
were calculated and plotted as a function of the z-coordinate
of the SMD atom (Figure 2).

The interaction energy profile for the wild-type pVEC
simulation contains regions in which the energy stays
constant for more than 5 ns (indicated as i through v in
Figure 2(a)) followed by sudden increases or decreases. The
“plateaus” in the interaction energy profile (Figure 2(a) and
ii, iv, and v)may indicate regions of sustained interaction that
must break for the transport to proceed, or, namely, energy
barriers in the process. Similarly, the abrupt increases in the
force profile observed at entrance and exit of SMD atom

into the bilayer (Figure 2(b); 𝑧 ≈ 20 and −25 Å) may point
out the possible energy barriers that must be overcome by
the application of increased force. These changes in energy
and force suggest that pVEC transport occurs in three main
stages, which are the adsorption of the peptide at the lipid-
water interface (𝑧 ≈ 20 Å, ii), the inclusion of the whole
peptide inside the membrane (𝑧 ≈ 0 to −20 Å, iv), and the
exit of the peptide N-terminus from the bilayer followed by
exit of the whole peptide (𝑧 ≈ −30 to −60 Å, v) with the main
barriers to transport at the membrane-water boundaries on
both sides.The steps are summarized inTable 2 and explained
in some detail later.

Before contact with the bilayer (𝑧 ≈ 30 Å; Figure 2(a),
i), the interaction energy, force, and number of waters in
the membrane are all zero. When the peptide makes its first
contact with the membrane, the interaction energy reaches
its first maximum value at about −300 kcal/mol as a result
of the interaction of the positively charged residues and
the positively charged amino terminus with the phosphate
groups and the first barrier is observed (Figure 2(a) and ii).
Even though the SMD force is applied to the N-terminal
C
𝛼

atom, the positively charged residues of the peptide
midsection also make contact with the negatively charged
phosphate layer. Once the N-terminus passes the P heads of
the membrane (𝑧 ≈ 10 Å; Figure 2(a) and iii), the interaction
energy decreases back to about −100 kcal/mol and peptide
insertion starts. Between 𝑧 = 0 and −20 Å, the peptide moves
through the bilayer (Figure 2(a) and iv). The second barrier
is seen at this stage and the interaction energy reaches its
overall maximum point at around −500 kcal/mol. At 𝑧 ≈
−20 Å, the N-terminus is in contact with the lower P heads
while the C-terminus is in contact with the upper P heads.
As the peptide moves out of the lipid bilayer (𝑧 ≈ −30 to
−60 Å; Figure 2(a) and v), interaction between the peptide
and the membrane decreases back to about −300 kcal/mol
and oscillates around this value as the peptide tries to find
its way out of the membrane. The interaction between the
peptide and the membrane is maintained until the peptide
completely leaves the membrane at 𝑧 ≈ −70 Å and starts to
become more compact (Supplementary Figure 2).

The electrostatic and van der Waals energies between
the peptide and the membrane were also calculated to
identify the contribution of each to the total interaction
energy (Supplementary Figure 1). The electrostatic energy
contribution to the interaction energy profile was found to
be higher and the electrostatic energy profile resembles that
of the total interaction energy, with maximum energy value
attained when the peptide is completely immersed inside
the membrane. At this point, the van der Waals energy also
contributes 100 kcal/mol to total energy.

The SMD force applied to the wild-type pVEC in the neg-
ative z-direction during the simulations was calculated and
plotted with respect to SMD atom z-coordinate (Figure 2(b)).
At the beginning of the simulation, as the peptide moves
through the water layer, the magnitude of the force applied is
0 pN. At 𝑧 ≈ 20 Å, a sudden increase in the force is observed
as the peptide contacts the membrane.Themembrane resists
penetration by the peptide, and to overcome this resistance,
about 1000 pN of force is applied to the peptide as it moves
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through the bilayer. The force value increases to −1500 pN
(𝑧 ≈ −25 Å) when the peptide is totally immersed in the
membrane and the N-terminus starts to exit the membrane.
After this checkpoint, the peptide starts to leave the mem-
brane and a lower force of about −500 pN is applied until
the peptide is out of the membrane and moving through the
water layer, at which point the magnitude of the force applied
reduces back to 0 pN.

The number of water molecules that penetrate into the
cellmembranewasmonitored (Figure 2(c)). At the beginning
of the simulation, the peptide is embedded in the water
layer above the membrane and the initial number of water
molecules in the membrane is equal to zero until the peptide
starts to penetrate into the membrane (𝑧 ≈ 20 Å). As peptide
insertion starts, the cavity formed by the peptide is filled by
about 20 water molecules causing the small peak observed
at 𝑧 ≈ 0 Å. As peptide insertion continues and the SMD
atom approaches the lower layer of the membrane, some
of the water molecules grouped around the first residues of
the peptide leave the membrane and the number of water
molecules drop (𝑧 ≈ −13 Å). When the SMD atom starts
to leave the membrane, the C-terminal of the peptide is in
contact with the upper layer of themembrane and the peptide
is completely extended. As the peptide beta-hairpin structure
unfolds and the peptide is immersed in the membrane, the
number of water molecules in the membrane increases and
reaches its maximum at around 70 at 𝑧 ≈ −40 Å. The
formation of the larger water defect is due to solvation of the
cationic stretch (RRRIRK) in the midsection of pVEC. After
this peak, a small shoulder is observed between 𝑧 = −50 and
−70 Å, and about 20 waters are retained in the membrane as
the peptide continues its exit.The number of water molecules
continues to decrease and finally becomes 0 when the last
residue Lys18 leaves the membrane.

There is some debate in the literature about whether
arginine residues can be present in their ionized states in
hydrophobic environments such as membrane proteins [38],
peptides [39], or even protein interiors [40]. It has recently
been shown by Tieleman and coworkers, who usedmolecular
dynamics simulations to decipher the partitioning of amino
acids between the water and lipid phase, that Arg can remain
ionized even in themiddle of themembrane due to formation
of a water defect around the residue [41]. Furthermore, it has
been suggested that additional arginines may take advantage
of the existing water defect in a “piggyback” mechanism
[42, 43]. In the pVEC peptide, the cationic stretch of residues
comprises a series of arginine residues. Mutation of these
arginines to alanine (one at a time) has been shown to
cause no drop in pVEC uptake potential [29]. However, the
presence of the other arginines might be sufficient to form
the initial contact, hence, promoting adsorption at the water-
lipid interface, and then formation of the water defect, which
may facilitate pore formation and transport.

3.2. The Peptide Sequence Governs the Uptake Mechanism.
In an effort to understand how the pVEC peptide sequence,
specifically the N-terminal hydrophobic stretch and the
positively charged region in the middle, contributes to the

uptakemechanism, the SMDsimulationswere repeated using
retro-pVEC and scramble-pVEC. These two pVEC variants
were shown to have lower uptake values as measured by
accumulation of fluorescence [29]. The interaction energy,
force, and number of water molecules in the membrane
are shown in Figure 2 middle panel for retro-pVEC, and in
Figure 2 bottom panel for scramble-pVEC and themaximum
interaction energy values, the maximum force applied to the
peptides, and the work values attained in the simulations are
listed in Table 3 for each simulation.

The simulations on retro-pVEC were performed in order
to compare how reversing the order in which residues enter
the membrane would affect uptake. In the SMD simulation
on pVEC, the SMD force is applied to the N-terminal C

𝛼

atom, and therefore the hydrophobic stretch enters first, then
the cationic stretch, and lastly the polar stretch of residues
travel through the membrane. In retro-pVEC, this order is
opposite because even though the SMD force is applied on the
N-terminal C

𝛼
atom again, the peptide sequence is in reverse

order. It is not known which end moves across the bilayer
first and comparison of the pVEC and retro-pVEC simulation
results provide information about the consistently observed
energy barriers for the two reaction coordinates. To further
analyze entry at the polarC-terminus, the simulations onwild
type pVECwere repeated by applying force on the C-terminal
C
𝛼
atom.The interaction energy, force, and number of waters

were plotted as a function of the z-coordinate of the SMD
atom in Supplementary Figure 3. Visual comparison of the
trajectory as well as a comparison of the profiles for energy,
force, and water defect size with the pVEC and retro-pVEC
simulations showed that the three stages of the transition
are also present in this simulation. A detailed comparison
between the pVEC and retro-pVEC simulations, in both of
which the SMD atom was the N-terminal C

𝛼
atom, is given

later.
In the retro-pVEC simulations, the interaction energy has

one pronounced peak at 𝑧 ≈ −10 Å and −650 kcal/mol and
two small plateaus at 𝑧 ≈ 10 Å and −50 Å and (Figure 2(d)).
The initial drop in energy as well as two peaks (ii and v)
observed in the pVEC simulations are missing in the retro-
pVEC interaction energy profiles. The force profile also has
a peak at 𝑧 ≈ −10 Å and 1750 pN and two small plateaus
at 𝑧 = 20 to −20 Å and −40 to −60 Å, consistent with
the interaction energy profile (Figure 2(e)). The maximum
interaction energy and themaximum force applied are higher
in retro-pVEC than in pVEC simulations (Table 3).

When the number of water molecules in the mem-
brane is monitored during peptide transport in the pVEC
simulation, three maxima (𝑧 ≈ 0, −40, and −60 Å) are
observed (Figure 2(c)). On the other hand, in the retro-pVEC
simulation, the first maximum (𝑧 ≈ 0 Å) is much higher
at 50 water molecules (Figure 2(f)). The number of water
molecules decreases at 𝑧 ≈ −20 Å and then increases again
to 60 at 𝑧 ≈ −40 Å. The initial abrupt increase observed in
retro-pVEC is due to the uptake of water with the polar patch
of residues that enters the membrane first, while in pVEC
only theN-terminus is positively charged, resulting in the low
maximum followed by the high peak due to entrance of the
posively charged midsection.
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It should be noted that three plateaus (albeit with different
heights) are observed in the interaction energy profiles of
pVEC and retro-pVEC simulations. Furthermore, the work
values at the end of the simulations are similar at around
920 kcal/mol. The similarity in overall properties may be
due to the presence of the same the structural elements
in both peptides, albeit in reverse order. The details of the
interaction energy and force profiles as well as the formation
of the water defect are different between pVEC and retro-
pVEC simulations. In the pVEC simulation, the hydrophobic
stretch is pulled through the membrane first, while in retro-
pVEC simulations the polar patch is pulled through first. It
has previously been suggested that hydrophobic groups con-
tribute to deeper insertion of the peptide into the membrane
[44]. Ile and Leu were shown by MacCallum et al. to be the
most hydrophobic residues, preferring to be in themembrane
bilayer rather than the interface [42]. Mutation of the LLIIL
residues in pVECone by one to alanine results in a decrease in
uptake potential, while deletion of the initial three residues or
replacing the first five residues by L-alanine abolishes uptake
[29].These results suggest that the presence of the hydropho-
bic stretch composed of three Leu and two Ile residues,
which are known to be highly hydrophobic, can contribute
to penetration of pVEC into the bilayer. In our simulation
results, when the hydrophobic stretch enters first in pVEC
simulations, the interaction energy between the peptide and
the membrane (Figure 2(a)) is lower than when the polar
region enters first (Figure 2(d) and Supplementary Figure 3,
left panel). The higher interaction energy between the polar
stretch of residues and the membrane lower boundary may
constitute a barrier to transition. Previous reports suggest that
the hydrophobic stretch contributes to deeper penetration
into the bilayer and facilitates transport. Furthermore, a large
water defect that surrounds the C-terminal polar patch needs
to form in the retro-pVEC simulations (and in C-terminus
first pVEC simulations, Supplementary Figure 3), while the
water defect is smaller and grows in size as the peptide enters
and the arginine rich cationic midsection moves through
the bilayer. Therefore, peptide entry at its hydrophobic N-
terminus, which “guides” the peptide into the hydrophobic
membrane, may be a more facile process.

pVEC has three distinct regions that can be classified as
hydrophobic, cationic, and polar, while scramble-pVEC has a
completely random order, possibly altering the amphipathic
character of the peptide. As a result, the energy, force,
and water defect size profiles lack distinguishable regions
observed in the previous simulations. The interaction energy
profile has several distributed maxima (Figure 2(g)), mir-
rored by the force profile (Figure 2(h)). The two maxima
observed at 𝑧 ≈ 10 Å and −20 Å in the force profile are
due to interaction of the positively charged residues with
the phosphate groups in the two leaflets. The maximum
interaction energy value reached is lower than the two other
simulations at −380 kcal/mol. The maximum force applied
is also lower at 1300 pN. The flatter force profile as well as
the low values of the maxima result in a low work value at
800 kcal/mol.

In scramble-pVEC simulations, about 40 watermolecules
enter the bilayer with the peptide, the number of water

molecules fluctuates between 20 and 40 with no pronounced
peaks or troughs, and as the peptide leaves, the number drops
gradually to 0 (Figure 2(i)). The absence of a well-defined
structure in the number of water molecules that enter the
membrane with the peptide is consistent with the relative
absence of peaks in the interaction energy and force profiles.

4. Conclusions

In this study, steered molecular dynamics simulations on
the pVEC peptide, retro-pVEC, and scramble-pVEC (Table 1)
were performed in an effort to describe the mechanism
whereby pVEC peptide is translocated across the cell mem-
brane and to verify the significance of certain residues and
structural elements in the translocation mechanism

Visual analysis of the trajectories showed that the peptide
made its initial contact with the bilayer via its positively
charged residues, and it unfolded from a beta-hairpin form to
a random coil as itmoved through the bilayer and that a water
defect that surrounded the cationic or polar residues formed
during peptide transport. The translocation mechanism was
observed to occur in three main stages: (1) the insertion of
the N-terminus into the bilayer, which is facilitated by the
interaction of positively charged residues with the phosphate
layer, (2) the inclusion of the peptide inside the membrane
and formation of the water defect around the cationic stretch
of residues, and (3) the exit of the peptide andwatermolecules
from the bilayer.

The retro-pVEC uptake also has three stages represented
as three maxima in the interaction energy profile, and similar
amounts of work are applied in the pVEC and retro-pVEC
simulations. The overall similarity in the two simulations
correlate well with the presence of three distinct regions
(hydrophobic-cationic-polar) in the two peptides. It is not
known in which direction (N-terminus first or C-terminus
first) the peptide enters the lipid bilayer. However, the
stronger interactions as well as the formation of a larger
water defect observed in retro-pVEC simulations (and in
SMD simulations with force applied on the C-terminus of
pVEC) may suggest that polar C-terminal entry, rather than
the hydrophobic N-terminal entry, is a difficult mechanism.
The hydrophobic residues, which would prefer to be in
the membrane as suggested by MacCallum and coworkers
[42], may “pull” the rest of the peptide along the bilayer. It
is important to note that nonequilibrium MD simulations
sample a reaction coordinate above the free energy landscape,
and therefore a comparison of the energy, force, or work
numerical values, especially for single trajectories, may not
provide accurate information about the free energy landscape
of the transition [21, 45]. Multiple simulations are required
to obtain more accurate estimates of free energy [46–48].
However, the consistently observed features in the transition
pathways may be helpful in identifying energy barriers. Our
major contribution is the observation that the presence of
three distinct regions in pVEC or retro-pVEC is related to
the three distinct stages of the transition and that the water-
membrane boundaries are the main barriers to transition.
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On the other hand, the energy and force profiles of
simulations on scramble-pVEC, which has no discernible
sequence regions, do not have distinct peaks and are rel-
atively more flat. The work that required to move the
peptide across the membrane is also lower. This result would
suggest relatively lower resistance to penetration; however,
experiments have shown that this peptide has low uptake
potential compared to pVEC [29]. It should be noted that,
in pVEC and retro-pVEC simulations, an abrupt increase in
force coincides with an increase in the interaction energy.
Stronger interactions may create energy barriers that must be
overcome, but the high interaction energy, especially between
the cationic stretch and the top layer and later with the
bottom layer, may also drive the peptide forward in the
SMD direction. However, a continuously low force is applied
in scramble-pVEC calculations, and no strong interactions
form between the peptide and the membrane. Additionally,
the water defect that forms is smaller in scramble-pVEC
possibly due to the absence of an arginine rich cationic stretch
of residues. There is no hydrophobic stretch of residues to
move the peptide toward the membrane interior either. The
absence of these two regions may cause the lower uptake
observed for scramble-pVEC. We propose that it is either the
residue composition nor the overall charge nor the overall
hydrophobicity of the peptide but the presence of three
distinct regions that contribute to the uptake of pVEC.

Our results provide evidence for unfolding of the peptide
during direct penetration through bacterial membranes rep-
resented here by the explicit atoms of the POPE bilayer. The
initial beta-hairpin form of the peptide is maintained in the
water layer, but the peptide moves as a single chain during
passage through themembrane.Themembrane atoms act as a
barrier inwhich the peptide and the surroundingwater defect
form a pore. Active participation of the membrane during
uptake has been recognized [13], and our simulations also
lend support to the use of explicit membrane models in the
study of peptide transport.

Abbreviations

MD: Molecular dynamics
SMD: Steered molecular dynamics
POPE, CPP: Cell-penetrating peptide.
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Based on the observation that Ramachandran-type potential energy surfaces of single amino acid units in water are in good
agreement with statistical structures of the corresponding amino acid residues in proteins, we recently developed a new all-atom
force field called SAAP, in which the total energy function for a polypeptide is expressed basically as a sum of single amino acid
potentials (𝐸SAAP) and electrostatic (𝐸ES) and Lennard-Jones (𝐸LJ) potentials between the amino acid units. In this study, the SAAP
force field (SAAPFF) parameters were improved, and classical canonical Monte Carlo (MC) simulation was carried out for short
peptide models, that is, Met-enkephalin and chignolin, at 300K in an implicit water model. Diverse structures were reasonably
obtained for Met-enkephalin, while three folded structures, one of which corresponds to a native-like structure with three native
hydrogen bonds, were obtained for chignolin. The results suggested that the SAAP-MC method is useful for conformational
sampling for the short peptides. A protocol of SAAP-MC simulation followed by structural clustering and examination of the
obtained structures by ab initio calculation or simply by the number of the hydrogen bonds (or the hardness) was demonstrated to
be an effective strategy toward structure prediction for short peptide molecules.

1. Introduction

In conformational analysis of short peptides, Monte Carlo
(MC) and molecular dynamics (MD) simulation techniques
have been widely applied [1, 2], in which a set of potential
energy functions (a so-called force field), such as ECEPP
[3, 4], AMBER [5–8], CHARMM [9], OPLS [10, 11], and
GROMOS [12], is employed to define the relation between
the structure and the potential energy. However, it is still
not practical to search for the possible conformers compre-
hensively within a limited computing time without using
advanced sampling methods, such as multicanonical [13,
14] and replica-exchange [15–17] methods, which have been
developed to overcome the sampling problem. In recent
years, various types of coarse-grained force fields, such as
AMBER-UA [18], UNRES [19–23], and MARTINI [24, 25],
have also been developed in order to reduce time to compute
the potential energy. For instance, the UNRES force field

successfully simulated the aggregation process and stable
structure of 𝛽-amyloid protein oligomers that are regarded
as pathologic factors of Alzheimer’s disease [26].

On the other hand, we recently discovered the interest-
ing feature of protein structures that Ramachandran-type
potential energy surfaces of single amino acid units in water
obtained by ab initiomolecular orbital calculation are almost
identical with statistical distributions of the Ramachandran
plots obtained from protein databank (PDB) [27, 28]. In
other words, the amino acid residues in proteins seem to
statistically follow Boltzmann distributions on the single
amino acid potential (SAAP) surfaces in water. Although
physicochemical implications of this unexpected similarity
are not yet clear, the finding strongly suggests prominent
importance of SAAP as a determinant of protein structures.
This point would also be supported by the previous experi-
mental result by Dobson and coworkers [29, 30] that 𝜑 and 𝜓
dihedral angle distributions of individual amino acid residues
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of a polypeptide in a random-coil state can be expressed by
use of the Ramachandran plots, as well as by the theoretical
approaches by Sakae and Okamoto [31] and Kamiya et al.
[32] to the optimization of conventional all-atom force field
parameters by using the Ramachandran plots.

A discovery of the similarity between the SAAP in water
and the statistical structure of the amino acid residues in
folded proteins has prompted us to develop a new force field
called SAAP for polypeptide molecules [33, 34]. The SAAP
force field (SAAPFF) is entirely different from conventional
force fields in that a polypeptide is divided to the amino acid
units, not to the atomic units, solvent effects are implicitly
included in the parameters, and the atomic charges are not
constant but variable depending on the conformation of the
amino acid units. In the SAAPFF, the total potential energy
(𝐸TOTAL) for a polypeptide is expressed by (1) as the following:

𝐸
TOTAL
= 𝐸

SAAP
+ 𝐸

ES
+ 𝐸

LJ
+ 𝐸

OTHERS
, (1)

where 𝐸SAAP is a sum of potential energies (SAAP) for
the individual amino acid units, 𝐸ES and 𝐸LJ are elec-
trostatic and Lennard-Jones potentials between the amino
acid units, and 𝐸OTHERS is the other correlation term,
which is ignored in a current version of SAAPFF. Detailed
description of these terms and the simulation program was
given previously (see also Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2013/407862) [33, 34].
Canonical MC simulation using the SAAPFF reasonably
reproduced randomly fluctuating conformation of Met-
enkephalin. However, for chignolin the SAAP-MC simula-
tion did not afford the native 𝛽-hairpin structure when the
simulation was started from the extended structure [34].
Thus, the previous SAAPFF parameters were a little too rough
to be applied for structure prediction of the short peptide.
In this study, the SAAPFF parameters have been improved
in several points, and accuracy of the improved SAAP
simulation suite to search for possible conformers of short
peptides has been evaluated by performing the molecular
simulation for Met-enkephalin and chignolin. The results
were then compared with those obtained by the conventional
AMBER-MD simulation method using the amber99sb force
field [1] combined with the generalized Born solvent model
[35–37]. A protocol of SAAP-MC simulation followed by
structural clustering is suggested to be an effective strategy
toward structure prediction for short peptide molecules.

2. Method of Calculations

2.1. Model Peptides. Met-enkephalin and chignolin without
N- and C-terminal protecting groups were employed as
model short peptides. Met-enkephalin is a short peptide,
which consists of five residues (Tyr–Gly–Gly–Phe–Met) as
shown in Figure 1. According to previous experimental [38]
and theoretical [39–50] studies, the structure of this short
peptide randomly fluctuates in water, while the presence
of some characteristic conformations with intramolecu-
lar hydrogen bonds was indicated in vacuo [51–53]. Met-
enkephalin is a peptide widely used for testing performance
of developed molecular simulation methodologies.

OH

H
N

N
H

H
N

N
H

O

O

O

O

O

S

O−
+H3N

Figure 1: Structure of Met-enkephalin.

Chignolin has a unique folded 𝛽-hairpin structure in
water, although it is a short peptide consisting of ten
amino acid residues (Gly–Tyr–Asp–Pro–Glu–Thr–Gly–Thr–
Trp–Gly) [54]. Molecular simulation for this minipro-
tein has been performed actively by using AMBER and
OPLS force fields [55–64]. As shown in Figure 2, chignolin
folds around Pro4–Glu5–Thr6 to form a 𝛽-hairpin struc-
ture, which is stabilized by three intramolecular hydrogen
bonds, Gly7(N)⋅ ⋅ ⋅Asp3(O) (H-bond I), Thr8(N)⋅ ⋅ ⋅Asp3(O)
(H-bond II), and Asp3(N)⋅ ⋅ ⋅Thr8(O) (H-bond III), and a
hydrophobic interaction between the aromatic rings of Tyr2
and Trp9.

2.2. Improvement of the SAAPFF Parameters. The SAAPFF
parameters are comprised of a potential energy, atomic
coordinates, atomic charges, and Lennard-Jones potential
parameters for all possible conformations of the single amino
acid unit (HCO-Xaa-NH

2
). The conformations are defined

by dihedral angles, 𝜙, 𝜓, 𝜒
1
, 𝜒
2
, and so forth, each with an

interval of 15 degrees. In this study, the SAAPFF parameters
previously developed [33, 34] were improved in the following
points.

First, the parameters for main-chain, Pro, and Val in
water, which were obtained in the previous version [34] by
single-point calculation with the IEFPCM [65–67] solvent
model using the structures optimized in vacuo, were replaced
with those obtained by geometry optimization in water
at the HF/6-31+G(d) level using the IEFPCM model in a
Gaussian03 program (rev. E.01) [68]. The similar calculation
level has been widely applied for small biomolecules [69, 70].
Relaxation of the potential surfaces in the implicit water
model should improve accuracy of the SAAPFF.

Second, atomic charges of the SAAPFFparameters, which
are variables as a function of the structure of an amino
acid unit, were switched for all amino acids from Mulliken
charges to electrostatic potential (ESP) charges [71] that were
obtained at the recommended higher MP2/6-31G(d,p) level
[72] using the IEFPCM solvent model. The ESP charges
are defined to reproduce the electrostatic potential surface
and are used in conventional force fields as reliable atomic
charges. Therefore, the use of ESP charges would reproduce
electrostatic interactions, that is, the 𝐸ES term, more appro-
priately than the Mulliken charges.

Third, the parameters of potential energies for the main-
chain unit were further improved as follows. The SAAPFF
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Figure 2: Structure of chignolin.Three native hydrogen bonds (H-bonds I, II, and III) and a hydrophobic interaction between Tyr2 and Trp9
are indicated by arrows [58].

parameters for most amino acids, except for Gly, Ala, Pro,
and Val, are divided into the main-chain and side-chain
units according to the side-chain separation approximation
method [34]. In this approximation, the main-chain unit was
capped with a tert-butyl group, which was fixed eclipsed to
the main-chain part during geometry optimization to obtain
the SAAPFFparameters.However, thismethod brought a sta-
tistical error that the SAAP energies thus obtained are slightly
larger than those obtained without the approximation, due
probably to distortion of the bond angles derived from the
fixed geometry. Indeed, such a statistical error was evident
for the case of Val [34]. Therefore, the energies were replaced
with those calculated for the relaxed structures, which were
obtained by geometry optimization with the tert-butyl group
relaxed in water, while for structural parameters (i.e., atomic
coordinates and atomic charges) the geometry with the tert-
butyl group fixed eclipsedwas still employed in order to avoid
abnormally short atomic contacts between the main-chain
and side-chain units after the connection.

2.3. Simulation Conditions. Conformational properties of
Met-enkephalin and chignolin in water were studied by
SAAP-MC and AMBER-MD [73] simulations. The SAAP-
MC simulation was carried out at 300K in water by using
the improved SAAPFF parameters, in which solvation effects
were implemented implicitly. The conventional Metropolis
method [74, 75] and the Mersenne Twister random number
generator [76] were employed for the MC simulation. At
each MC step, one dihedral angle, randomly chosen from
all dihedral angles including main-chain and side-chain
dihedral angles, was changed randomly with a maximum
displacement angle of ±32 degree. The new structure was
constructed by the interpolation of the SAAPFF parameters
and subsequent connection of the single amino acid units,
and the potential energy was calculated by (1). The potential
energy thus obtained was then compared with the previous

one. Ten trajectories with total MC steps of 100 million
were obtained for Met-enkephalin, while twenty trajectories
with total MC steps of 2 billion were obtained for chignolin.
As an initial structure of Met-enkephalin for the SAAP-
MC simulation, the extended structure from PDB (PDB ID:
1PLW) [77] was employed. On the other hand, extended
(defined by all main-chain 𝜑 and 𝜓 dihedral angles of −180
degree) and native folded (PDB ID: 1UAO) [54] structures
were selected for chignolin as the initial structures. An Intel
Xeon W3550 3.06GHz processor with 12GB memory was
employed as a platform for calculation. The computing time
of SAAP-MC simulation for Met-enkephalin was about 6
hours and for chignolin was about 11 days.

For comparison, ten trajectories of AMBER-MD [73]
simulation were also calculated for Met-enkephalin and
chignolin, respectively, in water at 300K.The simulation time
was 1𝜇s with a time step of 2 fs, and a cut-off distance
of nonbonded interactions was 12 Å. Solvation effects were
implicitly considered by using the generalized Born model
(igb = 1) [35–37] with a dielectric constant of 78.5,
following the recent study by Götz et al. [78]. The AMBER10
program [73] with the amber99sb force field [1] was used.
The computing time of the AMBER-MD simulation to obtain
one trajectory was about 165 hours for Met-enkephalin, and
that for chignolin was about 18 days, on the same calculation
platform used for the SAAP-MC simulation.

2.4. Data Analysis. The 10,000 structures of Met-enkephalin
that were extracted in every 10,000 step from the SAAP-
MC simulation trajectory were classified to twenty structural
clusters by using a clustering algorithm called the 𝑘-means
method [79] based on theRMSD for themain-chainC,O, and
N atoms or all heavy atoms except for the hydrogen atoms.
Similarly, ten structural clusters were obtained for chignolin
from the 20,000 structures extracted in every 100,000 step
from the SAAP-MC simulation trajectories. On the other
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Figure 3: Histograms of the distance between C𝛼 atoms of Tyr1 andMet5 for 10,000 structures of Met-enkephalin obtained by the SAAP-MC
(a) and AMBER-MD (b) simulations at 300K in water. The results from ten trajectories were averaged. See the text for details of simulation
conditions.

hand, 10,000 structures were extracted in every 100 ps from
the AMBER-MD trajectories for both Met-enkephalin and
chignolin. The obtained structures were classified to ten or
twenty clusters by application of the 𝑘-means method under
the same conditions to those applied for the SAAP-MC
simulation results.

For chignolin, the RMSD values with respect to the native
structure were also calculated for the structures extracted
from the SAAP-MC and AMBER-MD trajectories by using
the amber-ptraj program [7, 8] based on the main-chain
atoms or all heavy atoms. The free-energy surfaces of chig-
nolin were further analyzed by using all trajectories obtained
from the SAAP-MC simulation according to (2):

Δ𝐹 = −𝑅𝑇 ln( 𝑃
𝑃min
) , (2)

where 𝑃 is a probability of the structures with the corre-
sponding structural parameters, 𝑃min is the probability of the
structure that had the lowest energy, Δ𝐹 is a difference in
the free energy, 𝑅 is a gas constant, and 𝑇 is an absolute
temperature. Ramachandran-type 𝜑-𝜓 free-energy surfaces
were obtained for each amino acid residue by dividing the
surface into 10 × 10 degree units, while main-chain RMSD
versus hydrogen bond or hydrogen bond versus hydrogen
bond free-energy surfaces were obtained by dividing the
surface into 0.1 × 0.1 Å units.

2.5. Ab Initio Calculation. Relative energies of the repre-
sentative structures obtained for chignolin by the SAAP-
MC simulation were calculated in water by the ab initio
molecular orbital method. The calculation was performed
at the HF/IEFPCM/6-31+G(d,p) level by using a Gaussian03
program [68]. The polarizable continuum model using the
integral equation formalism variant (IEFPCM), which is
equipped as the default self-consistent reaction field method,
was employed for the calculation in water.

3. Results

3.1. Met-Enkephalin by SAAP-MC and AMBER-MD. Ener-
getic trajectories of SAAP-MC and AMBER-MD simulations
forMet-enkephalin were obtained in an implicit water model
at 300K (see Figure S1). In SAAPFF, the total energy 𝐸TOTAL

is basically expressed as a sum of 𝐸SAAP, 𝐸ES, and 𝐸LJ. The
values of these energetic terms weremaintained stable during
the SAAP-MC simulation with large fluctuation for 𝐸SAAP

and 𝐸LJ, while the value of 𝐸ES was almost zero, as observed
previously [34]: the large dielectric constant of water would
make the electrostatic interaction between the amino acid
residues ignorable. Similarly, the total energy wasmaintained
stable for the AMBER-MD simulation. However, the dis-
tribution of the distance between the terminal C𝛼 atoms
(𝑟Y1⋅⋅⋅M5) was significantly different for the two simulation
methods. The value of 𝑟Y1⋅⋅⋅M5 dispersed in a range from 5
to 12 Å in the SAAP-MC simulation, while those converged
at around 6 Å in the AMBER-MD simulation (Figure 3).
The results suggested that the structures obtained from the
SAAP-MC simulation contain diverse conformations and are
more extended than those obtained from the AMBER-MD
simulation on the average. Indeed, when the structures were
classified into twenty clusters based on the RMSD values
for the main-chain atoms, various types of structures were
obtained from the SAAP-MC trajectory. The representative
examples are shown in Figure 4. The structures are different
from each other with a diverse 𝑟Y1⋅⋅⋅M5 value, and there is
no hydrogen bond in the three representative structures. In
contrast, the structures of Met-enkephalin obtained from the
AMBER-MD trajectory seemed to be trapped in local energy
minimums during the simulation (see Figure S2).

3.2. Chignolin by SAAP-MC and AMBER-MD. Twenty tra-
jectories were obtained for chignolin by SAAP-MC simu-
lation. The structures in each trajectory were classified to
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: 5.4 Å𝑟Y1 · · · M5

(a)

Existence ratio: 14% 

Met5

Tyr1
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Figure 4: Representative structures of Met-enkephalin obtained by the SAAP-MC simulation at 300K in water (trajectory 1). The obtained
10,000 structures were analyzed by a structural clustering algorithm using the 𝑘-means method based on the main-chain RMSD. A distance
of the hydrogen bond is given in a unit of Å.

ten clusters based on the main-chain RMSD by using the
𝑘-means method. According to the main-chain folds, that is,
combination of the 𝜑-𝜓 dihedral angles for the amino acid
residues, the obtained clusters were further classified to three
representative structures, which are called here A, B, and C
(Figure 5). Populations of the three structures are summa-
rized in Table 1. Structure A has a native-like main-chain fold
stabilized by three hydrogen bonds, which are the same as
those observed in the native structure (i.e., H-bonds I–III).
However, the hydrophobic interaction between the aromatic
side chains of Tyr2 and Trp9 is not present. Structures B and
C have nonnative conformation with a common type II 𝛽-
turn around Thr6 and Gly7. A weak hydrogen bond exists
between Glu5(O) and Thr8(N) with a distance about 4.0 Å.
However, the conformations of the C-terminals are different
from each other. Other minor structures have various local
and global conformations, such as a type I 𝛽-turn, a helical
conformation, and other conformations.

In the trajectories from 1 to 12, the existence ratio of struc-
ture A was high (31.2 to 58.5%), whereas the ratio was much
lower than that of the misfolded structure B in the remaining
trajectories. The mean ratio for structure A averaged for
all trajectories was 29.2%. On the other hand, when the
clustering analysis was performed based on all-atom RMSD,
the native-like structure (A) was obtained from 0 to 19.5%
(Table 1). The existence ratio of structure A averaged over
all trajectories was 6.7%. Structure A maintains three native
H-bonds as well as a hydrophobic interaction between Tyr2
and Trp9 (Figure 5). The all-atom and main-chain RMSD
values of structure A from the native structure were 2.6
and 2.0 Å, respectively, suggesting that structure A keeps the
native fold. The trace of the main-chain RMSD with respect
to the native structure is shown in Figure 6(a) for the case of
trajectory 10, where structures A and B are involved in almost
equal amounts. The RMSD values fluctuated between 1 and
6 Å, and repeats of the structural transitions were observed.
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Figure 5: Representative structures of chignolin obtained by the SAAP-MC simulation at 300K in water.The obtained 20,000 structures were
analyzed by a structural clustering algorithm using the 𝑘-means method. Structures (A), (B), and (C) were obtained based on the main-chain
RMSD. Structure (A) was obtained based on the all-atomRMSD. Distances of the hydrogen bonds and the hydrophobic interaction are given
in a unit of Å.
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Figure 6: Traces of the main-chain RMSD obtained for chignolin by the SAAP-MC (trajectory 10) (a) and AMBER-MD (trajectory 1) (b)
simulations at 300K in water. The RMSD values were calculated with respect to the native structure.

Similarly, in the AMBER-MD simulation, the main-chain
RMSD value fluctuated between 1 and 6 Å (Figure 6(b)). The
structural clustering analysis showed that the native structure
with three native hydrogen bonds was involved about 30%
(Figure S5).

The convergence of the SAAP-MC simulation is not
clear from Table 1. However, the similar relative populations
were obtained for structures A (∼30% including 6% of A)
and B (∼60%) when the simulation was started from the
native structure. Moreover, in our preliminary results of
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Table 1: Existence ratios (%) of representative structures of chigno-
lin obtained by the SAAP-MC simulation at 300K in water.

Trajectory number A (A) B C Other
1 58.5 (11.2) 25.9 2.3 13.3
2 54.7 (11.3) 26.6 6.6 12.1
3 50.4 (8.4) 42.4 3.8 3.4
4 49.3 (11.4) 30.7 2.9 17.1
5 45.4 (10.6) 37.8 6.1 10.7
6 44.3 (8.9) 47.9 0.0 7.8
7 37.9 (19.5) 40.2 2.4 19.5
8 37.6 (8.5) 27.9 0.0 34.5
9 36.5 (11.2) 30.7 6.2 26.6
10 34.7 (6.6) 27.3 4.2 33.8
11 32.1 (8.0) 32.9 5.5 29.5
12 31.2 (9.7) 23.5 0.0 45.3
13 19.8 (3.5) 43.7 5.3 31.2
14 14.2 (2.5) 31.8 0.0 54.0
15 13.6 (0.0) 56.8 6.3 23.3
16 12.8 (2.6) 60.0 7.9 19.3
17 10.5 (0.0) 59.3 0.0 30.2
18 1.1 (0.0) 65.1 0.0 33.8
19 0.0 (0.0) 70.4 5.5 24.1
20 0.0 (0.0) 83.2 10.2 6.6
Average 29.2 (6.7) 43.2 3.8 23.8

Table 2: Relative energies of structures A–C determined by ab initio
calculation at the HF/IEFPCM/6-31+G(d,p) level in water.

Structures SCF energy
(a.u.)

Relative energy
(kcal/mol)

A −3800.42798 5.52
A −3800.43678 0.00
B −3800.39878 23.85
C −3800.43002 4.42

the SAAP-MC simulation using ten trajectories, almost the
same mean populations were obtained for the representative
structures (data not shown). Based on these observations, we
employed the twenty trajectories shown in Table 2 for further
analysis.

The structure with the smallest all-atom RMSD (1.3 Å)
obtained from the twenty trajectories is superimposed on the
native structure in Figure 7. The main-chain and C𝛼 atom
RMSD values of this structure with respect to the native
structure were 0.9 and 0.5 Å, respectively, confirming that the
structure is almost identical to the native structure.

The Ramachandran-type free-energy surfaces obtained
for Tyr2–Trp9 residues from all trajectories of the SAAP-MC
simulation are shown in Figure 8.The profiles for Tyr2, Pro4,
Glu5, and Thr6 fit well to the native structures, while the
free-energy minimums for Asp3, Gly7, and Thr8 are slightly
moved from the positions of the native structures. For Trp9,
the stable areas corresponding to 𝛼 and 𝛽 regions tend to

Pro4

Tyr2

Trp9

Figure 7: The structure of chignolin with the smallest all-atom
RMSD (1.3 Å) obtained by the SAAP-MC simulation at 300K in
water (white) superimposed on the reference native structure (gray).

merge. This is roughly consistent with diversity in the C-
terminal conformation of the native structure. The dihedral
angles for structures A and A are located around the energy
minimum points on the free-energy surfaces. In contrast,
structure B has different geometry from structures A and A
for Glu5 and Thr6: the 𝜓 angles are ca. +110 ∼ 130 degree.
Structure C has the geometry with 𝜓 angles of Glu5, Thr6,
Thr8, and Trp9 different from those of structures A and A.
During the SAAP-MC simulation, mismatch of the main-
chain dihedral angles for Glu5, Thr6, and Gly7 to the native
structure occurred at high ratios.

The free-energy surface of chignolin projected on H-
bonds I versus III plane and that projected on themain-chain
RMSD versus H-bond II plane obtained from all trajectories
are shown in Figure 9. In Figure 9(a), themost stable area was
found at 𝑟

(H-bond I) ∼ 6.5 Å and 𝑟
(H-bond III) ∼ 4.5 Å. This

energy minimum corresponds to the misfolded structure B.
Another potential energyminimumwas found at 𝑟

(H-bond I) ∼

3.5 Å and 𝑟(H-bond III) ∼ 3.5 Å, corresponding to structures
A and A. Similarly, two stable minimums were located
in Figure 9(b); 𝑟

(H-bond II) ∼ 6.0 Å and RMSD ∼ 2.3 Å,
corresponding to structure B, and 𝑟

(H-bond II) ∼ 3.7 Å and
RMSD ∼ 3 Å, corresponding to structure A. The free-energy
surfaces showed that structure A maintains three native
hydrogen bonds, but it has largermain-chain RMSD from the
native structure than misfolded and the most stable structure
B. This conflict is ascribed to the N- and C-terminals of
structure A, which are significantly apart due to the absence
of a hydrophobic interaction between Tyr2 and Trp9 side
chains. It should be noted that structure A is separated from
structure A in Figure 9(b).

3.3. Evaluation of the Relative Energies of Structures A–C by Ab
Initio Calculation. To evaluate relative stabilities of structures
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Figure 8: Ramachandran-type free-energy surfaces for Tyr2–Trp9 residues of chignolin obtained from all trajectories of the SAAP-MC
simulation at 300K in water along with the plots of the native structures determined by NMR [58]. Contour lines are drawn in an interval of
1 kcal/mol.

A, A, B, and C more accurately, single-point ab initio
calculation was carried out. Table 2 lists the SCF and relative
energies calculated in the IEFPCM solvent model. Although
structure B was most populated in the SAAP-MC simulation,
it is significantly unstable compared to the other structures,
suggesting that structure B would not be populated in prac-
tical solutions. On the other hand, structure A with a native
foldwas found to be themost stable. According to the ab initio
calculation results, it is likely that the structures having more
hydrogen bonds and/or a hydrophobic interaction between
the aromatic rings are more stable.

4. Discussion

4.1. Improvement of SAAPFF Parameters. In this study, we
have modified the SAAPFF parameters in the following
points. (1)Themain-chain, Pro, and Val parameters in water
were replaced with those obtained by geometry optimization
in water. (2)The atomic charges were replaced fromMulliken
to ESP charges. (3)The energies of the main-chain unit were
replaced with those obtained for the geometry with the tert-
butyl cap being relaxed during the optimization. The effects
of these modifications were found to be significant as the
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Figure 9: Free-energy surfaces of chignolin projected on the hydrogen bonds I versus III plane (a) and on the hydrogen bond II versus main-
chain RMSD plane (b) obtained from all trajectories of the SAAP-MC simulation at 300K in water. Contour lines are drawn in an interval of
1 kcal/mol.

SAAP-MC simulation using the new parameters reproduced
the native structure of chignolin (structure A), while it was
not obtained when the simulation was performed by using
the previous parameters [34].

The clustering of the structures obtained for chignolin
by SAAP-MC simulation using the improved parameters
showed that structures A and B are dominant in the implicit
water model as shown in Table 1. Structure A (29.2%)
maintains three native hydrogen bonds, indicating the native
main-chain fold, while nonnative structure B (43.2%) is
stabilized by a type II 𝛽-turn. In addition, the structural
clustering based on all-atomRMSD demonstrated that native
structure A, which maintains not only the three native
hydrogen bonds but also a hydrophobic interaction between
the aromatic side chains of Tyr2 and Trp9, is involved in
6.7% of the total structures. The free-energy analysis clearly
indicated that the main-chain dihedral angles of the each
amino acid residue and the distances of H-bonds I–III for
structures A and A are consistent with the native structure
(see Figures 8 and 9), although their populations were less
than that of the misfolded structure B (vide infra).

In the meantime, randomly fluctuating structure was
obtained for Met-enkephalin by using both the previous [34]
and improved SAAPFF parameters (see Figures 3 and 4).
This would be due to the two Gly residues, whose SAAP
parameters have been modified only for the atomic charges
in this study, being involved in the mid of the amino acid
sequence.

There are a number of reports in the literature on
the molecular simulation for chignolin by using conven-
tional force fields to obtain the native structure from the

unfolded state [55–64]. In these studies, various state-of-the-
art techniques of molecular simulation have been employed,
including a multicanonical MD method [55, 56], a replica
exchange MD method [57–60], a long-term conventional
MD method by using a high-speed computer system [62],
and originally developed MHOP and MSES methods [63,
64]. The values of all-atom RMSD for the obtained native
structure were in a range from 1.3 to 1.8 Å with respect to the
experimentally determined structure, which is smaller than
that of structure A obtained as a major native-like structure
by the SAAP-MC simulation in this study. Moreover, the
AMBER-MD simulation carried out in this study showed that
the native structure of chignolin is a little more frequently
obtained by using the amber99sb force field than SAAPFF.
Thus, it is obvious that further improvement of the SAAPFF
parameters is required in future works.

4.2. Efficiency of SAAP-MC Simulation for Conforma-
tional Sampling. Previous studies applying an explicit water
molecule model [43] or a generalized-ensemble method with
RISM theory [39–42] have shown that Met-enkephalin has
extended conformations in water.This feature was reasonably
reproduced in this study by application of SAAPFF as shown
in Figures 3 and 4. Clustering of the structures obtained from
the SAAP-MC simulation indicated diverse conformations of
Met-enkephalin in water. On the other hand, the AMBER-
MD simulation for Met-enkephalin carried out in this
study produced rather uniform folded conformations with
intramolecular hydrogen bonds (see Figure S2), probably due
to insufficient computing time. Thus, the SAAP-MC method
would be useful for sampling possible conformations for
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short peptide molecules in an implicit water model, although
the accuracy is not satisfactory in terms of the reproducibility
of the relative energies.

The efficiency for conformational sampling arises proba-
bly from a less number of variables used in the SAAPFF than
that in the conventional force fields. In SAAPFF, the structure
of peptides is defined only by the dihedral angles of the each
amino acid unit, not by the cartesian coordinates of each
atom. Acceleration of conformational sampling by reducing
the number of structural parameters is a common strategy of
coarse-grained force fields, such as united-atom force fields
[18–26, 80, 81]. Efficiency of the SAAP-MC simulation for
conformational sampling can also be explained by the fact
that the solvent effects are implicitly included in the parame-
ters of SAAPFF. This enables the SAAP-MC simulation in an
implicit water model to be performed in the same computing
time as that in vacuo.

4.3. Prediction of Native Structures. Although the accuracy of
SAAPFF is not yet satisfied, the efficiency for conformational
sampling would be advantageous for prediction of the stable
structures of peptides in water. Therefore, we subsequently
explored the application of the SAAP-MC method to predict
the native structure of chignolin.

Indeed, it was found by single-point ab initio calculation
in water at the HF/IEFPCM/6-31+G(d,p) level that structure
A is themost stable one inwater among the structures shown
in Figure 5 (see Table 2).The procedure should involve a large
error in the energy because the structure is not optimized.
However, the tendency of the relative energies would be
reliable to some extent as previously demonstrated for HCO-
Ala
2
-NH
2
in vacuo [33]. Thus, a protocol of SAAP-MC

simulation followed by structure clustering and examination
of the obtained structures by ab initio calculation would be a
useful strategy toward the prediction of the native structure
for short peptides. The relative energies obtained by ab initio
calculation also suggested the possibility that structure B
can be produced as an artifact of the force field because the
relative energy was quite large (>20 kcal/mol).

As for prediction of the native structure, another simpler
method would be possible based on the hardness (i.e., the
number of interamino acid interactions or the depth of the
potential hole on the free-energy surfaces) of the structures.
As seen in Figure 5, structure B of chignolin maintains only
one hydrogen bond, while structures A and A hold three
hydrogen bonds. In terms of the number of hydrogen bonds,
it can be assumed that structures A and A are more native-
like than structure B, although the population of structure B
was larger than those of structures A andA. Indeed, the areas
around the free-energy minimums corresponding to struc-
tures A and A in Figures 9(a) and 9(b) are slightly narrower
than those corresponding to structures B and C. Such robust
structures on the conformational surface would be predicted
to be more native-like than the structures with more confor-
mational flexibility.Thus, we suggest that a protocol of SAAP-
MC simulation followed by structural clustering and exami-
nation of the obtained structures by the number of hydrogen
bonds (or the hardness) may be another simple strategy
toward structure prediction for short peptide molecules.

5. Conclusions

The parameters of SAAPFF, which was previously developed
to analyze the structures and folding of polypeptides, have
been improved in several points in this study. (1)The main-
chain, Pro, and Val parameters in water were replaced with
those obtained by geometry optimization in the IEFPCM
solvent model. (2) The atomic charges were replaced from
Mulliken to ESP charges. (3) The energies of the main-chain
unit were replaced with those obtained for the geometry with
the tert-butyl cap being relaxed during the optimization. To
investigate the accuracy of the improved SAAPFF param-
eters, the SAAP-MC simulation was carried out for Met-
enkephalin and chignolin as model peptides. Analysis of the
obtained structures revealed that the SAAP-MC simulation
reasonably reproduced randomly fluctuating conformation
for Met-enkephalin, while three folded structures, one of
which corresponds to a native-like structure with three native
hydrogen bonds, were obtained for chignolin.The latter result
supported that the accuracy of the SAAPFF parameters has
been remarkably improved from the previous ones, although
the native structure of chignolin could not be assigned to the
most stable structure in the conformational space defined by
SAAPFF.

In the meantime, efficiency of SAAP-MC simulation
for conformational sampling was demonstrated for Met-
enkephalin as the SAAP-MC simulation afforded diverse
structures. The feature, combined with the structural clus-
tering analysis, was subsequently applied to the structure
prediction of chignolin. Among the representative structures
obtained by the clustering, structure A with a native fold
was assigned to the most stable structure according to ab
initio calculation. Thus, a protocol of SAAP-MC simulation
followed by structural clustering and examination of the
obtained structures by ab initio calculation would be a useful
strategy toward prediction of the native structure for short
peptides. Alternatively, the structure with a maximum num-
ber of hydrogen bonds or with the hardest conformation on
the potential surfacemay be considered to be themost native-
like among the clustered structures. Applications of this
method to structure prediction of other peptide molecules as
well as further improvement of the SAAPFF parameters are
being conducted by our group.
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Density functional theory (DFT) calculations have been performed to investigate the properties of the electronic structures of
pyrazine-doped boron nitride nanotubes (PD-BNNTs). e structural forms were �rstly optimized and then nuclear magnetic
resonance (NMR) parameters have been calculated on the optimized structures. e chemical shielding isotropic (CSI) and
chemical shielding anisotropic (CSA) parameters were calculated at the sites of 11B and 15N nuclei in structural forms of BNNT
including the perfect (a) model and PD-BNNTs (b), (c), and (d) models. e results indicated that the changes are most signi�cant
for those nuclei placed in the nearest neighborhood of the pyrazine-doped ring. e changes of the electronic sites of the N atoms
are also more signi�cant than those of the B atoms. e di�erence of LUMO-HOMO gap for the perfect model was larger than
the PD-BNNTs models. Also the atomic charge distribution of N and B atoms has been determined in nanotubes by natural bond
orbital (NBO) analysis. All calculations were performed by the B3LYP method and 6-311G∗∗ basis set using Gaussian 98 package
of program.

1. Introduction

e existence of tubular forms of matter with nanoscale
diameters has opened an exciting �eld of research in science.
Since the discovery of carbon fullereneC60 by Smalley et al. in
1985 and carbon nanotubes by Iijima in 1991, electronic and
mechanical properties of carbon and noncarbon nanotubes
have been investigated by various groups [1–4].

Boron nitride (BN) is the �rst candidate to replace
carbon, because hexagonal-BN structure is quite similar to
that of graphite. Boron nitride nanotubes (BNNTs) have
attracted an enormous amount of attention [5–13] as a typical
representative of III–V compound tubes, partially because
they have the morphology of honeycomb analogous to car-
bonnanotubes (CNTs). It has been shown that BNNTs exhibit
many interesting properties such as signi�cant resistance to
oxidation at high temperatures when compared to the carbon
nanotubes [14–19].

Unlike CNTs, all BN nanotubes exhibit semiconducting
behavior with a wide band gap which is almost independent

of tubular diameter, chirality, and number of walls [6,
20]. Furthermore, in contrast to the nonpolar CNTs, slight
positive charge of boron atom (B) and slight negative charge
of nitrogen atom (N) increase the polarity and the ionicity
of the BNNTs. erefore, the BNNTs have been proposed as
more proper materials than the CNTs for applications in the
speci�c electronic and mechanical devices.

e structure of BNNTs was �rstly predicted by theoret-
ical calculations [7, 21]. In 1995, Chopra et al. [5] reported
the production of multiwalled BNNTs using arc-discharge
techniques. e other synthesis methods are laser-assisted
technique [22, 23] using pyrolytically grown CNTs as tem-
plates to prepare BNNTs, using chemical vapor deposition
(CVD) by Lourie et al. [24]. In 2001, Bengu and Marks
proposed a new method to synthesize the single-walled BN
nanotubes [25]. is new synthesis technique has made it
possible to bring BN nanotubes into the nanotechnology
applications.

Previous studies have indicated that the properties of
the electronic structure of the BNNTs are in�uenced by
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F 1: e front side view of perfect BNNTs model (a) and pyrazine-doped BNNTs models ((b)–(d)).

the doping atoms and impurities. us, uniformly doped
BNNTs obtained through chemical modi�cation could be
very effective for tailoring the electronic properties, and the
related mechanism and behavior are valuable to be explored
in theory [26, 27].

Within present research, we have investigated the elec-
tronic structures and NMR parameters at the sites of 11B
and 15N nuclei of perfect and pyrazine-doped models of
BNNTs by density functional theory (DFT) calculations.
Furthermore,we have investigated atomic charge distribution
in nanotubes by natural bond orbital (NBO) [28] analysis.

2. Models and Computational Methods

Conveniently, BN nanotube could be presented by a (𝑛𝑛, 𝑚𝑚)
pair of numbers, where the (𝑛𝑛, 0) and (𝑛𝑛, 𝑛𝑛) BN nanotubes

designate the zigzag and armchair types, respectively. For the
zigzag type BN nanotube, n denotes the number of triazines
in the circumference of the tube and the translation axis is the
tubular length.

We have considered four models: a perfect and three
pyrazine-doped models in Figures 1(a)–1(d) of the repre-
sentative (6,0) zigzag single-walled BNNTs in present study.
Figure 1(a) shows the perfect model, which consists of 24
boron (B) atoms and 24 nitrogen (N) atoms where the
two tips of the nanotube are saturated by 12 hydrogen (H)
atoms. In the perfect zigzag BNNTs, three B and three N
atoms in the center of nanotube have been replaced by four
carbon atoms (sp2-hybridized) and two N atoms to create
the pyrazine-dopedBNNTs (pyrazine-BNNTs). Figures 1(b)–
1(d) show three doped models which have different position
for pyrazine ring in corresponding models.
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T 1: Structural energies, 𝐸𝐸LUMO, 𝐸𝐸HOMO, LUMO-HOMO gap, dipole moments and electronegativity for the perfect model (a) and PD-
BNNT models ((b), (c), and (d)) at B3LYP/6-311G∗∗ level.

Models Energy (keV) 𝐸𝐸LUMO (eV) 𝐸𝐸HOMO (eV) Δ(LUMO-HOMO) (eV) Dipole moment (Debye) Electronegativity (𝜒𝜒)
Perfect (a) −52.22 −1.99 −6.85 4.86 7.47 4.42
(b) −52.85 −1.86 −4.89 3.03 8.27 3.37
(c) −52.85 −2.13 −4.70 2.57 6.93 3.41
(d) −52.85 −2.13 −4.70 2.57 6.93 3.41

In the �rst step, the structures have been allowed to relax
by all atomic geometrical optimization at the DFT level with
B3LYP exchange-functional method and 6-311G∗∗ basis set.
Furthermore NBO analysis was carried out on the B3LYP/6-
311G∗∗ wave functions using version 3.1 of NBO package
[29] included in Gaussian 98 program package [30].

Also we investigated electronegativity (𝜒𝜒) in the opti-
mized structures. As we already know, electronegativities
may be considered as the power of an atom in a given
molecule to attract electrons to itself [31]. For an N-electron
system with potential acting on an electron at 𝑟𝑟 due to
the nuclear attraction plus such other external forces as
may be present (external potential) 𝑣𝑣𝑣𝑟𝑟𝑣 and total energy 𝐸𝐸,
electronegativity (𝜒𝜒) [32] is de�ned as the following:

𝜒𝜒 𝜒 −
𝜕𝜕𝐸𝐸
𝜕𝜕𝜕𝜕


𝑣𝑣𝑣𝑟𝑟𝑣𝑣𝑣𝑣

. (1)

e electronegativity is de�ned as the half part of the
difference between the HOMO and the LUMO energies as
follows:

𝜒𝜒 𝜒
− 𝐸𝐸HOMO + 𝐸𝐸LUMO

2
. (2)

e CS tensors are calculated for optimized nanotubes at
the DFT level employing the B3LYP method and 6-311G∗∗

basis set based on the gauge independent atomic orbital
(GIAO) approach [33]. e calculated CS tensors at the sites
of 11B and 15N are yielded in the principal axes system (PAS)
𝜎𝜎33 > 𝜎𝜎22 > 𝜎𝜎11 [34]. ereaer, they are converted to
isotropic chemical shielding (CSI) and anisotropic chemical
shielding (CSA) parameters using (3) [35] and are showed in
Tables 5, 6, and 7:

CSI ppm 𝜒
𝜎𝜎11 + 𝜎𝜎22 + 𝜎𝜎33

3
𝑣

CSA ppm 𝜒
𝜎𝜎33 − 𝜎𝜎11 + 𝜎𝜎22

2
.

(3)

e DFT calculations have been performed by the Gaussian
98 package.

3. Results and Discussion

3.1. e Optimized Parameters. At the �rst step of this task,
structural optimization was successfully carried out for the
perfect ((a) model) and doped models ((b), (c), and (d)
models) of the single-wall (6, 0) BNNT at the level of B3LYP,
DFT method and 6-311G∗∗ basis set.

Subsequently, frequency calculations (keyword: FREQ 𝜒
NORAMAN) were carried out by standard techniques on the
optimized structures. For minimum state species, only real
frequency values (with a positive sign) are accepted.

Table 1 presents the results for structural energies,
the highest occupied molecular orbital (HOMO), the low-
est unoccupied molecular orbital (LUMO), LUMO-HOMO
gaps, dipole moments, and electronegativity 𝑣𝜒𝜒𝑣 obtained by
the DFT calculations.

Our results indicated that the values of LUMO-HOMO
gaps of the PD-BNNTs models are smaller than the perfect
model. Also among the values of the LUMO-HOMO gaps
of the pyrazine-doped models, the most signi�cant changes
were observed for the c and d models.

As we know, the band gap for the BN nanotube is higher
in energy than the CNTs [6]. On the other hand, pyrazine-
doped BN nanotube has similarities to CNTs in view of the
prescience of carbons in the nanotube wall. erefore the
band gap in pyrazine-doped BN nanotube is similar to CNTs
to some extent. is is proved by the calculated energies
which are shown in Table 1.

e LUMO-HOMO gap is 4.86 eV for perfect model,
3.03 eV for (b) model, and 2.57 eV for (c) and (d) models,
respectively (Table 1).

Also the densities of states (DOSs) of perfect and
pyrazine-doped BNNT are shown in Figure 2 for better
understanding the effect of pyrazine ring doping on the
electronic structure of BNNT. It is clear that, aer doping
of pyrazine ring, the HOMO-LUMO energy gap of tube has
signi�cant change. On the other hand, the doping of pyrazine
ring decreases the HOMO-LUMO energy gaps of the perfect
BNNT.

e HOMO and LUMO in the perfect and pyrazine-
doped models are plotted in Figure 3. For the perfect model,
the HOMO is located on the nitrogen atoms of the (6,
0) zigzag BNNT model and corresponds to the lone pair
of electron on nitrogen atoms. In contrast, the LUMO is
uniformly distributed throughout the B–N bonds. For the
pyrazine-doped models, the majority of the HOMO and
LUMO are located at the pyrazine-doped regions.

e circumferences of the armchair BNNTs include both
N and B atoms in both ends. In contrast to armchair models,
circumferences of the zigzag BNNTs consist of one-type
atoms, either N or B atoms; if one of the ends is formed by
N atoms, the other end is formed by B atoms. e B atoms
are slightly positive and the N atoms are slightly negative;
therefore, the zigzag BNNT is a polar material that could be
better seen by the value of dipole moment. Comparing the
values of the dipole moments for the four models indicates



4 Journal of Chemistry

8

7

6

5

4

3

2

1

0

−1
−15 −10 −5 0 5 10

(a)

Energy (eV)

−15 −10 −5 0 5 10

Energy (eV)

−15 −10 −5 0 5 10

Energy (eV)

D
O

S 
(s

ta
te

s/
eV

)
D

O
S 

(s
ta

te
s/

eV
)

DOS spectrum

Occupied orbitals

Virtual orbitals

6

5

4

3

2

1

0

6

7

5

4

3

2

1

0

−1

−1

D
O

S 
(s

ta
te

s/
eV

)

6

7

5

4

3

2

1

0

−1

D
O

S 
(s

ta
te

s/
eV

)

−15 −10 − 5 0 5 10

Energy (eV)

(b)

(c)

(d)

F 2: e density of states (DOS) of (a) the perfect model and (b), (c), and (d) pyrazine-doped models.
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F 3: HOMO and LUMO orbitals for different models of the BNNTs: (a) perfect model, (b), (c), and (d) pyrazine-doped models.

T 2: Optimized bond lengths (Å) and bond angles (∘) for the perfect (in bracket) and PD-BNNT models (b) at B3LYP/6-311G∗∗ level.

Bonds Length (Å) Bonds Length (Å) Bonds Length (Å) Bonds Angle (∘) Bonds Angle (∘)
B41–N44 1.45 [1.45] B42–n4 1.44 [1.45] B43–N41 1.45 [1.45] c2–n1–c6 113 [118] B23–c6–c5 119 [118]
B41–N33 1.45 [1.45] B42–N42 1.45 [1.45] c5–N31 1.42 [1.46] c3–c2–n1 117 [118] c5–N31–B43 119 [118]
B41–N43 1.45 [1.45] c3–n4 1.43 [1.46] B34–N31 1.46 [1.46] c2–c3–n4 120 [120] c3–n4–B42 119 [118]
B31–N33 1.46 [1.46] c5–n4 1.43 [1.46] c5–c6 1.35 [1.45] c3–n4–c5 109 [111] c5–n4–B42 119 [118]
c3–N33 1.42 [1.46] c2–c3 1.35 [1.45] c6–B23 1.54 [1.46] n4–c5–c6 120 [120] B41–N33–c3 119 [118]
B31–N24 1.44 [1.46] c2–n1 1.44 [1.46] B23–N11 1.43 [1.45] c5–c6–n1 117 [118] c3–N33–B31 115 [111]
B21–N24 1.45 [1.45] n1–N12 1.42 [1.45] B23–N21 1.45 [1.45] B23–c6–n1 116 [110] c5–N31–B34 115 [111]
B21–N13 1.43 [1.45] C6–n1 1.44 [1.46] B13–N11 1.46 [1.46] B21–c2–n1 116 [110] N24–B21–c2 117 [118]
c2–B21 1.54 [1.45] B12–N12 1.46 [1.46] B14–N11 1.46 [1.46] B21–c2–c3 119 [118] c6–B23–N21 117 [118]
B11–N13 1.46 [1.46] B13–N12 1.46 [1.46] B34–N21 1.44 [1.46] n4–c5–N31 116 [118] c6–B23–N11 119 [120]
B12–N13 1.46 [1.46] B43–N42 1.45 [1.45] B14–N16 1.46 [1.46] N33–c3–n4 116 [118] c2–B21–N13 119 [120]
B42–N43 1.45 [1.45] B43–N31 1.45 [1.45] B15–N16 1.46 [1.46] c6–c5–N31 121 [120] c2–c3–N33 121 [120]

that the value for the (b) model is signi�cantly increased
(𝐷𝐷 𝐷 𝐷𝐷𝐷𝐷 Debye) whereas those for the (c) and (d) models
are signi�cantly reduced (𝐷𝐷 𝐷 𝐷𝐷𝐷𝐷 Debye) compared with
the perfect (a)model (𝐷𝐷 𝐷 𝐷𝐷𝐷𝐷Debye), whichmeans that the
strengths of the charge points are balanced in the two latter
models (Table 1).

e calculated structural energies in Table 1 also indicate
no difference between the three models of the PD-BNNTs
(−5𝐷𝐷𝐷5 keV). On the other hand, the (c) and (d) models are
structural isomers of the (b) model.

Tables 2, 3, and 4 present the optimized parameters
including the bond lengths and bond angle for four models
of the investigated (6, 0) BNNT (Figures 1(a)–1(d)).

In the perfect BNNT (Figure 1(a)), the average B–N bond
length was 1.45-1.46Å, but this value also was changed by the
pyrazine-doping in the PD-BNNT due to existence of B–C,
C–N, N–N, and C=C bonds in addition to B–N one.

However, the effects of this deformation were signi�cant
just at the geometrical properties of the nearest atoms to the
pyrazine-doped ring whereas those of other atoms almost
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T 3: Optimized bond lengths (Å) and bond angles (∘) for the perfect (in bracket) and PD-BNNT models (c) at B3LYP/6-311G∗∗ level.

Bonds Length (Å) Bonds Length (Å) Bonds Length (Å) Bonds Angle (∘) Bonds Angle (∘)
B41–N44 1.46 [1.45] c2–B42 1.52 [1.45] B43–N41 1.46 [1.45] c6–c5–n4 121 [118] B23–n4–c3 119 [118]
B41–N33 1.44 [1.45] B42–N42 1.45 [1.45] c3–N31 1.42 [1.46] n1–c6–c5 121 [118] c3–N31–B43 118 [118]
B41–N43 1.46 [1.45] n1–c2 1.47 [1.46] B34–N31 1.48 [1.46] c6–n1–c2 115 [120] n1–c2–B42 117 [118]
B31–N33 1.46 [1.46] c2–c3 1.36 [1.46] c3–n4 1.40 [1.45] n1–c2–c3 120 [111] c3–c2–B42 121 [118]
n1–N33 1.49 [1.46] c6–n1 1.40 [1.45] n4–B23 1.46 [1.46] c2–c3–n4 122 [120] B41–N33–n1 115 [118]
B31–N24 1.44 [1.46] c5–c6 1.38 [1.46] B23–N11 1.43 [1.45] c3–n4–c5 115 [118] n1–N33–B31 117 [111]
B21–N24 1.46 [1.45] c5–N12 1.41 [1.45] B23–N21 1.44 [1.45] B23–n4–c5 114 [110] c3–N31–B34 110 [111]
B21–N13 1.45 [1.45] c5–n4 1.44 [1.46] B13–N11 1.45 [1.46] B21–c6–c5 107 [110] N24–B21–c6 115 [118]
c6–B21 1.53 [1.45] B12–N12 1.47 [1.46] B14–N11 1.46 [1.46] B21–c6–n1 123 [118] n4–B23–N21 108 [118]
B11–N13 1.46 [1.46] B13–N12 1.45 [1.46] B34–N21 1.44 [1.46] c2–c3–N31 120 [118] n4–B23–N11 119 [120]
B12–N13 1.44 [1.46] B43–N42 1.44 [1.45] B14–N16 1.45 [1.46] N33–n1–c2 106 [118] c6–B21–N13 120 [120]
B42–N43 1.45 [1.45] B43–N31 1.47 [1.45] B15–N16 1.46 [1.46] n4–c3–N31 118 [120] c6–n1–N33 114 [120]

T 4: Optimized bond lengths (Å) and bond angles (∘) for the perfect (in bracket) and PD-BNNT models (d) at B3LYP/6-311G∗∗ level.

Bonds Length (Å) Bonds Length (Å) Bonds Length (Å) Bonds Angle (∘) Bonds Angle (∘)
B41–N44 1.46 [1.45] c6–B42 1.52 [1.45] B43–N41 1.46 [1.45] n4–c3–c2 121 [118] B23–c2–n1 123 [118]
B41–N33 1.47 [1.45] B42–N42 1.45 [1.45] n1–N31 1.49 [1.46] c5–n4–c3 115 [118] n1–N31–B43 115 [118]
B41–N43 1.44 [1.45] c5–C6 1.36 [1.46] B34–N31 1.46 [1.46] n4–c5–c6 122 [120] c5–c6–B42 121 [118]
B31–N33 1.48 [1.46] c6–N1 1.47 [1.46] n1–c6 1.47 [1.45] c5–c6–n1 120 [111] n1–c6–B42 117 [118]
c5–N33 1.42 [1.46] c5–n4 1.40 [1.45] c2–B23 1.53 [1.46] c6–n1–c2 115 [120] B41–N33–c5 117 [118]
B31–N24 1.44 [1.46] c3–n4 1.44 [1.46] B23–N11 1.45 [1.45] n1–c2–c3 121 [118] c5–N33–B31 110 [111]
B21–N24 1.44 [1.45] c3–N12 1.41 [1.45] B23–N21 1.46 [1.45] B23–c2–c3 107 [110] n1–N31–B34 117 [111]
B21–N13 1.43 [1.45] c2–c3 1.38 [1.46] B13–N11 1.44 [1.46] B21–n4–c3 114 [110] N24–B21–n4 118 [118]
n4–B21 1.46 [1.45] B12–N12 1.45 [1.46] B14–N11 1.46 [1.46] B21–n4–c5 119 [118] c2–B23–N21 115 [118]
B11–N13 1.46 [1.46] B13–N12 1.47 [1.46] B34–N21 1.44 [1.46] c6–n1–N31 106 [118] c2–B23–N11 120 [120]
B12–N13 1.45 [1.46] B43–N42 1.46 [1.45] B14–N16 1.46 [1.46] N33–c5–c6 120 [118] n4–B21–N13 119 [120]
B42–N43 1.45 [1.45] B43–N31 1.44 [1.45] B15–N16 1.45 [1.46] c2–n1–N31 114 [120] n4–c5–N33 118 [120]

remained unchanged. Furthermore, the changes of the bond
angles were more than those of the bond lengths in the zigzag
PD-BNNT.

Among theoretical methods, natural bond orbital (NBO)
analysis is a unique approach to the evaluation of the atomic
charges. It is clear that the charges of N and B atoms in these
structures are negative and positive, respectively. e charges
of N and B atoms at the end of tubes are smaller than those of
other ones. Moreover, the results of NBO analysis indicated
that the atomic charge distribution in the pyrazine-doped
models is different from the perfect model.

3.2. NMR Parameters. In this computational work, the CS
tensors (CSI and CSA) for various 11B and 15N atoms are
calculated to study the in�uence of pyrazine ring doping on
the electronic structure properties of the (6, 0) BNNT.

In the following text, the calculated 11B and 15N NMR
parameters for the perfect and the pyrazine-doped models of
BNNT are discussed, respectively.

3.2.1. e Perfect Model. Tables 5, 6, and 7 present the
calculated NMR parameters for various 11B and 15N nuclei
in the perfect model of BNNT. is model includes 24 B and
24 N atoms, where the edges are saturated by 12 H atoms
(Figure 1(a)).

A quick look at the results reveals that various 11B and
15N nuclei are divided into four layers along the nanotube
length. e layers have equivalent calculated CSI and CSA

parameters, which means that the nuclei in each layer have
equivalent electrostatic properties around similar nuclei.

e nature of the valence shells of the N atoms, which
have lone pair of electrons, and the B atoms, which have a
lack of electrons, is different; therefore, different behavior of
the CS properties is expected and is also observed for these
atoms.

e values of NMR properties for the 11B and 15N nuclei
of the perfect model indicate that the B-mouth (B1) has the
smallest value of CSI (11B), 64 ppm, and the N-mouth (N4)
has the largest value of CSI (15N), 148 ppm, among the other
layers of nuclei.
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T 5: e B3LYP/6-311G∗∗ calculated NMR parameters of the perfect model and model (b) of PD-BNNT.

CSI (ppm) CSA (ppm) CSI (ppm) CSA (ppm)
Nuclei Nuclei

Perfect Doped Perfect Doped Perfect Doped Perfect Doped
Layer 1 Layer 1

B1 64 — 60 — N1 75 — 242 —
B11 — 65 — 59 N11 — 89 — 257
B12 — 74 — 54 N12 — 28 — 194
B13 — 74 — 54 N13 — 89 — 257
B14 — 65 — 59 N14 — 73 — 244
B15 — 64 — 60 N15 — 73 — 238
B16 — 64 — 60 N16 — 73 — 244

Layer 2 Layer 2
B2 69 — 43 — N2 111 — 195 —
B21 — 69 — 55 N21 — 105 — 209
B22 — — — — N22 — — — —
B23 — 69 — 55 N23 — — — —
B24 — 70 — 44 N24 — 105 — 209
B25 — 69 — 44 N25 — 110 — 195
B26 — 70 — 44 N26 — 110 — 195

Layer 3 Layer 3
B3 69 — 39 — N3 115 — 187 —
B31 — 68 — 40 N31 — 115 — 124
B32 — — — — N32 — 101 — 92
B33 — — — — N33 — 115 — 124
B34 — 68 — 40 N34 — 115 — 188
B35 — 70 — 38 N35 — 113 — 187
B36 — 70 — 38 N36 — 115 — 188

Layer 4 Layer 4
B4 70 — 46 — N4 148 — 94 —
B41 — 74 — 39 N41 — 153 — 86
B42 — 77 — 44 N42 — 163 — 74
B43 — 74 — 39 N43 — 163 — 74
B44 — 71 — 44 N44 — 153 — 86
B45 — 69 — 46 N45 — 147 — 98
B46 — 71 — 44 N46 — 147 — 98

In contrast, the opposite behavior is observed for the
values of CSA: the B-mouth has the largest value of CSA (11B),
60 ppm, whereas the N-mouth has the smallest value of CSA

(15N), 94 ppm, among the other layers of nuclei.

3.2.2. e PD-BNNT Models. In the doped models, three B
and three N atoms are doped by four carbon atoms (sp2-
hybridized) and two N atoms to construct PD- BNNTs ((b),
(c) and (d)) models of Figure 1.

Due to this doping, the CS tensors at the sites of 11B
and 15N nuclei which are directly bonded to the pyrazine
ring undergo signi�cant changes among the other nuclei
in comparison with the perfect model. Furthermore, the
magnitude of changes of the CS tensors is more signi�cant
at the sites of 15N nuclei than at those of 11B nuclei.

Although the other not directly bondedB andN layers are
in�uenced by the pyrazine-doped ring, due to the sensitivity
of the CS tensors, they also undergo some minor changes in
the doped model. Moreover, the CS tensors at the sites of
those nuclei shown in Figures 1(b)–1(d) (front side) change
while those at the other side (back side) do not undergo
any signi�cant changes and their NMR parameters remain
unchanged as those of the perfect model.

For example, in the (b)model (Figure 1(b)), NMRparam-
eters of B42 (directly bonded) and B41, B43 (indirectly) were
in�uenced by the pyrazine-dopingwhereas those of B44, B45,
and B46 undergo some minor changes.

e evaluated NMR parameters at the sites of 11B and
15N nuclei in the perfect and doped models are presented
in Tables 5, 6, and 7. In the (b) model of the zigzag PD-
BNNT (Figure 1(b)), B32, B33, N22, and N23 atoms are
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T 6: e B3LYP/6-311G∗∗ calculated NMR parameters of the perfect model and model (c) of PD-BNNT.

CSI (ppm) CSA (ppm) CSI (ppm) CSA (ppm)
Nuclei Nuclei

Perfect Doped Perfect Doped Perfect Doped Perfect Doped
Layer 1 Layer 1

B1 64 — 60 — N1 75 — 242 —
B11 — 66 — 57 N11 — 88 — 241
B12 — 73 — 54 N12 — 59 — 224
B13 — 70 — 54 N13 — 76 — 263
B14 — 65 — 58 N14 — 75 — 245
B15 — 64 — 59 N15 — 74 — 243
B16 — 64 — 58 N16 — 74 — 242

Layer 2 Layer 2
B2 69 — 43 — N2 111 — 195 —
B21 — 75 — 49 N21 — 115 — 195
B22 — — — — N22 — 112 — 137
B23 — 74 — 42 N23 — — — —
B24 — 68 — 45 N24 — 119 — 199
B25 — 69 — 43 N25 — 110 — 198
B26 — 70 — 44 N26 — 110 — 194

Layer 3 Layer 3
B3 69 — 39 — N3 115 — 187 —
B31 — 70 — 42 N31 — 114 — 136
B32 — — — — N32 — — — —
B33 — — — — N33 — 64 — 97
B34 — 68 — 42 N34 — 113 — 182
B35 — 68 — 41 N35 — 115 — 188
B36 — 69 — 41 N36 — 113 — 184

Layer 4 Layer 4
B4 70 — 46 — N4 148 — 94 —
B41 — 74 — 44 N41 — 151 — 92
B42 — 70 — 57 N42 — 141 — 119
B43 — 70 — 47 N43 — 152 — 94
B44 — 70 — 45 N44 — 155 — 77
B45 — 70 — 45 N45 — 149 — 94
B46 — 70 — 45 N46 — 148 — 95

doped by the C atoms and B22 and N32 atoms are doped by
the N atoms which yield B–C, C–N, N–N, and C=C bonds.
e results indicated that the changes are most signi�cant
for those nuclei placed in the nearest neighborhood of the
pyrazine-doped ring.

In the �rst layer, N12 has the smallest CSI and CSA values
(28 and 194 ppm, resp.) among the remaining N atoms in
this layer. Also the calculated results show that those N atoms
(N41, N42, N43, and N44) have the largest CSI values (153,
163, 163, and 153 ppm) but the smallest CSA values (86, 74,
74, and 86 ppm) among all N atoms.

e changes in the values of the CS parameters for B12,
B13, B41, B42, and B43 atoms are also notable (Table 5).

e doping of B22, B33, N23, and N32 atoms by the
C atoms and the doping of B32 and N22 atoms by the N

atoms take place in the (c) model of the zigzag PD-BNNT
(Figure 1(c)) which yield B–C, C–N, N–N, and C=C bonds.

Among the B atoms of the (c) model, B21, B23, and B42
are directly bonded to the pyrazine ring; hence, their NMR
parameters (CSI or CSA) detect some changes due to the
pyrazine-doping. Moreover, the NMR parameters of atoms
further away show minor changes.

e CSI and CSA values for the N nuclei in the (c) model
are different from those values in the (b) model. However
notable changes in the CS tensors are observed for all of the
N atoms due to the direct and indirect effect of the pyrazine-
doped ring (Table 6).

In the (d) model (Figure 1(d)), B22, B32, N22, and N32
atoms are doped by the C atoms and B33 and N23 atoms are
doped by the N atoms.
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T 7: e B3LYP/6-311G∗∗ calculated NMR parameters of the perfect model and model (d) of PD-BNNT.

CSI (PPm) CSA (PPm) CSI (PPm) CSA (PPm)
Nuclei Nuclei

Perfect Doped Perfect Doped Perfect Doped Perfect Doped
Layer 1 Layer 1

B1 64 — 60 — N1 75 — 242 —
B11 — 65 — 58 N11 — 76 — 263
B12 — 70 — 54 N12 — 59 — 224
B13 — 73 — 54 N13 — 88 — 241
B14 — 66 — 57 N14 — 74 — 242
B15 — 64 — 58 N15 — 74 — 243
B16 — 64 — 59 N16 — 75 — 245

Layer 2 Layer 2
B2 69 — 43 — N2 111 — 195 —
B21 — 74 — 42 N21 — 119 — 199
B22 — — — — N22 — — — —
B23 — 75 — 49 N23 — 112 — 137
B24 — 70 — 44 N24 — 115 — 195
B25 — 69 — 43 N25 — 110 — 194
B26 — 68 — 45 N26 — 110 — 198

Layer 3 Layer 3
B3 69 — 39 — N3 115 — 187 —
B31 — 68 — 42 N31 — 64 — 97
B32 — — — — N32 — — — —
B33 — — — — N33 — 114 — 136
B34 — 70 — 42 N34 — 113 — 184
B35 — 69 — 41 N35 — 115 — 188
B36 — 68 — 41 N36 — 113 — 182

Layer 4 Layer 4
B4 70 — 46 — N4 148 — 94 —
B41 — 70 — 47 N41 — 155 — 77
B42 — 70 — 57 N42 — 152 — 94
B43 — 74 — 44 N43 — 141 — 119
B44 — 70 — 45 N44 — 151 — 92
B45 — 70 — 45 N45 — 148 — 95
B46 — 70 — 45 N46 — 149 — 94

e NMR parameters at the sites of 11B, 15N nuclei in (d)
model are quite similar with the (c) model (Tables 6 and 7).

4. Conclusion

Wehave investigated the properties of the electronic structure
of the pyrazine-doping in the BNNTs by performing the
DFT calculations. e geometries were optimized at the
B3LYP/6-311G∗∗ level of theory. e structural energies,
LUMO-HOMO gaps, dipole moments, and electronegativity
(𝜒𝜒) for perfectmodel and dopedmodels have been calculated.
e results of the perfect and doped models reveal some
remarkable trends.

First, the optimization process reveals that BN nanotube
surface is not smooth like CNTs but the N nuclei were

relaxed outward and the B nuclei were relaxed inward of the
nanotubes surface. Second, the values of dipolemoments and
band gaps are changed in the pyrazine-doped models. ird,
the average B–N bond length in the (6,0) perfect BNNT was
1.45-1.46Å, but this value was changed in the PD-BNNTs.
Fourth, in the perfect model, the NMRparameters can divide
BNNT structure into equivalent layers in which the B-mouth
(B1) has the smallest CSI but the N-mouth (N4) has the
largest CSI among the B and N layers, respectively.

Fih, the results indicated the changes of NMR parame-
ters are signi�cant �ust for those atoms placed in the nearest
neighboring of the pyrazine-doped ring. Clearly, pyrazine
ring doping effect is totally different from Carbon impurity
effect on electrostatic properties of BNNTs [36].
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A computational study on the basis of density functional theory (DFT) calculations has been performed to investigate the properties
of the electronic structure of (6,0) zigzag boron nitride nanotubes and two models ((a) and (b)) of diborinin-doped boron nitride
nanotubes (DBD-BNNTs). e calculated structural energies yield similar values for two models of DBD-BNNTs. Isotropic (CS𝐼𝐼)
and anisotropic (CS𝐴𝐴) chemical shielding parameters of the optimized BNNT andDBD-BNNTs are calculated.e results illustrate
that the changes in chemical shielding tensors of 11Band 15Nnuclei aremore signi�cant in the nearest neighborhood of the diborinin
ring due to doping process.e changes of the electronic sites of theN atoms are alsomore signi�cant than those of the B atoms.e
dipolemoments of the diborinin-doped BNNT structures show changes with respect to the pristinemodel. It is clear that the doping
of diborinin ring decreases the energy gaps of the pure BNNT. For the pure model, the HOMO is located on the nitrogen atoms,
and the LUMO is uniformly distributed throughout the B–N bonds. In contrast, for the diborinin-doped models, the majority of
the HOMO and LUMO are located at the diborinin-doped regions.

1. Introduction

Nanostructures such as nanotube are currently the subject
of intense research because of the potential applications in
nanoscale electronic and optoelectronic �elds [1–4]. Aer
the exploration of carbon nanotubes (CNT) by Iijima in
1991 [1], nanotubes of other chemical compositions such
as boron nitride have also been investigated [5]. Boron
nitride nanotubes (BNNTs) have been the focus of several
experimental and theoretical studies on account of their
potential applications in high speed electronics [6]. BNNTs
were successfully synthesized [7] shortly aer prediction in
theory [8].

BNNTs are a typical member of III-V, compound with
morphology similar to that of carbon nanotubes (CNTs) but
with their own distinct properties. However, the electrical
properties of BNNTs are very different from those of CNTs.
While CNTs come in three basic forms (metallic, small-
gap semiconductor, and modest-gap semiconductor) rely on
diameter and chirality, �rst approximation of BNNTs are
electrically uniform with an energy gap of about 4-5 eV [9].
is energy gap is independent of wall number, diameter,

or chirality. For low applied electric �elds, BNNTs are thus
essentially insulating.

A tubular structure of BN can be formed by rolling
up a sheet of hexagonal rings with boron and nitrogen in
equal proportions possessing peculiar electrical [10], optical
[11], and thermal [12] properties, which drastically differ
from those of CNTs. BNNTs have high surface area, unique
physical properties and morphology. On top of that, BNNTs
possess high chemical stability. ese properties make
BNNTs one of most promising materials for nanotechnology
applications, especially under oxidative, hazardous and high-
temperature environments. But there have been quite a
few attempts to control the properties by incorporating
extrinsic foreign atom doping. ese substitutions in BNNT
signi�cantly modify the chemical binding con�guration,
physical, chemical, and optical properties in comparison to
pure BNNT [13].

Carbon-, Si-, Ti- and Pt-doped [14–18] BNNTs have
been studied, and their results reveal that the electronic
properties of BNNTs might be exploited for various appli-
cations. Generally, doping of BNNTs with other elements is
a promising approach to control their electronic structures.
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F 1: Typical geometric structures pure and diborinin-doped (6,0) single-walled zigzag BNNT; (a) front side of pure model, (b) and (c)
front side of DBD-BNNTs, and (d) back side of pure and DBD-BNNTs models.

On the other hand, the BNNTs are produced through heating
of C templates with B2O3 in a �owing N2 atmosphere at
1503–1773K. Due to this process, carbon atoms replace with
B and N atoms but somewhere, diborinin ring formation as a
defection in BNNT structure come into view.

Exploitation of the chemical and physical properties
of nanotubes requires understanding and control of their
structure during synthesis. While several techniques are used
to probe nanotube structure, full characterization is not
possible. 11B and 15N NMR spectroscopy have the potential
to provide a more detailed structural characterization.

In this direction, we have studied the structure of elec-
tronic properties and nuclear magnetic resonance (NMR)
parameters of 11B and 15N nuclei for pure (6,0) single-
walled zigzag BNNT ((a) model) and DBD-BNNT ((b) and
(c) models) via density functional theory method (DFT).

e zigzag (6,0) BNNT is chosen here because the zigzag
orientation is a preferred growth one and the (6,0) BNNT
has a moderate diameter. In addition, we have investigated
atomic charge of distribution in nanotubes by natural bond
orbital (NBO).

2. Models and Computational Details

DFT calculations were carried out using the Gaussian 98
program [19] on the structure of pure and DBD-BNNT
BNNTs. DFT has become extremely popular for molecular
applications because it accounts for the correlation ener-
gy in computationally efficient manner and offers a substan-
tially improved accuracy over conventional approaches. Sub-
sequently, frequency calculations (keyword: FREQ =
NORAMAN) were carried out by standard techniques on
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the optimized structures. For minimum state species, only
real frequency values (with a positive sign) are accepted.

As was pointed out in the previous section, calculations
have been performed on (a), (b), and (c) models (Figure 1).
Two structural isomers of DBD-BNNTs ((b) and (c) mod-
els) were considered in the calculations within four sp2-
hybridized carbon and two borons atoms (diborinin ring)
were substituted instead of three boron and three nitrogen
atoms in the middle of the nanotube.

At the �rst step of this study, each of the considered pure
and diborinin-doped representative models of BNNTs was
allowed to fully relax during the geometrical optimization
and frequency calculation. e geometries were optimized
at the B3LYP/6-311G∗∗ level of theory. Subsequently, the
NBO analysis was carried out on the B3LYP/6-311G∗∗ wave
functions. From the NBO calculations, highest-occupied
molecular orbital (HOMO) and lowest-unoccupied molecu-
lar orbital (LUMO) energies, the band gap energies, dipole
moments and electronegativity (𝜒𝜒) for (a), (b), and (c)models
of BNNTs were obtained.

Also, we investigated electronegativity (𝜒𝜒) in the opti-
mized structures. Within the conceptual framework of DFT,
the electronegativity of a system of 𝑁𝑁 particles, with total
energy 𝐸𝐸 and subject to the external potential 𝑣𝑣(𝑟𝑟), is de�ned
as

𝜒𝜒 = −( 𝜕𝜕𝐸𝐸
𝜕𝜕𝑁𝑁
)
𝑣𝑣(𝑟𝑟),𝑇𝑇

. (1)

In (1), 𝜒𝜒 is the electronegativity [20–25]. Pauling introduced
the concept of electronegativity as the power of an atom in a
molecule to attract electrons [20]. Using the method of �nite
difference, an operational and approaching de�nition of 𝜒𝜒 is:

𝜒𝜒 = 1
2
(IP+EA) , (2)

where IP is the ionization potential and EA is the electron
affinity of the system. Within the validity of Koopman’s
theorem for closed-shell species, the frontier orbital energies
are given by

−𝐸𝐸LUMO = 𝐼𝐼𝐼𝐼𝐼 −𝐸𝐸HOMO = 𝐸𝐸𝐸𝐸. (3)

erefore, on the basis of orbitals, we can write

𝜒𝜒 = −1
2
(𝐸𝐸LUMO + 𝐸𝐸HOMO) . (4)

𝐸𝐸LUMO and 𝐸𝐸HOMO are the energies of the lowest unoccupied
and the highest occupied molecular orbitals LUMO and
HOMO, respectively.

Finally nuclear magnetic resonance (NMR) parameters
at 11B and 15N nuclei of the optimized structures have been
calculated. As noted, we have carried out these calculations
at the GIAO/B3LYP/6-311++G∗∗ level, one of the best com-
promises between accuracy and computer time [26].

Mathematically, the anisotropic and isotropic chemical
shis are described by a 3 by 3 matrix. In this principal axis
system, the chemical shi tensor is fully described by the
three diagonal elements—the principal components (𝜎𝜎33 >

𝜎𝜎22 > 𝜎𝜎11)—and the three eigenvectors or Euler angles
describe the orientation of the principal axes with respect
to an arbitrary frame. erefore, (5) and (6) are used to
convert the calculated chemical shielding (CS) tensors to
the isotropic (CS𝐼𝐼) and anisotropic (CS𝐸𝐸) parameters. e
isotropic value (the centre of gravity) is the average value of
the principal components, and the anisotropy describe the
largest separation from the centre of gravity. e evaluated
NMR parameters for (b) and (c) models of DBD-BNNTs
are listed in Tables 2 and 3, respectively. For the ease of
comparison, the NMR parameters for (a) model of pure
BNNT are listed in these tables. e following are equations
(5) and (6):

CS𝐼𝐼 (ppm) = (𝜎𝜎11 + 𝜎𝜎22 + 𝜎𝜎33)
3

, (5)

CS𝐸𝐸 (ppm) = 𝜎𝜎33 − (𝜎𝜎11 + 𝜎𝜎22)
2

. (6)

3. Result and Discussion

3.1. Geometries. As shown in Figure 1, by substituting three
B and threeN atoms of pure BNNT ((a)model) with four sp2-
hybridized carbons and two boron atoms, in themiddle of the
nanotube, (b) and (c) models of DBD-BNNTs are produced.

At the �rst step, geometrical optimizations and frequency
calculations have been successfully carried out for the pure
and doped models (a, b, and c) of single-wall (6,0) BNNT
at the level of B3LYP/6-311G∗∗ basis set. e optimized
geometries of pure and doped models of the BNNTs are
listed in Figures 2 and 3. ese �gures present the optimized
parameters including the bond lengths and bond angles
for three models that investigated (6,0) BNNT. In the pure
BNNT (Figure 2(a)), the average B–N bond length is 1.46Å,
consistent with previously reported DFT calculations [27,
28]. is value was also changed by the diborinin-doping in
theDBD-BNNTdue to existence of B–C,N–C, B–B, andC=C
bonds, in addition to, B–N one.

However, the effects of this deformation are consequen-
tial, just at the geometrical properties of the nearest atoms
to the diborinin-doped ring, whereas those of other atoms
are almost remained unchanged. As shown in Figures 2(b)
and 2(c), the average C=C and B–C bond lengths (1.36Å and
1.56Å, resp.) are different from B–N bond length (1.46Å).
Moreover, the changes of the bond angles aremore than those
of the bond lengths in the (6,0) zigzag DBD-BNNT (Figures
2 and 3).

e calculated structural energies, LUMO-HOMO gaps,
electronegativity (𝜒𝜒), and dipole moments for three models
of the investigated BNNTs have been listed in Table 1.

e calculated structural energies of two structural iso-
mers ((b) and (c) models) of DBD-BNNT are equal to
−51.2 keV and indicate no difference between them.

For better understanding of the nature of interaction
in the diborinin-doped models, we studied the electronic
properties of the models. e energies of both the highest
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) are negative in all of
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T 1: B3LYP/6-311G∗∗ calculated properties of pure and diborinin-doped ((b) and (c) models) of BNNT.

Systems HOMO (eV) LUMO (eV) Δ𝐸𝐸(LUMO-HOMO) (eV) 𝜒𝜒 (eV) Dipole moment (Debye) Energy (keV)
Pure (a) −6.86 −1.99 4.87 4.42 7.47 −52.2
DBD-BNNT (b) −5.93 −3.28 2.64 4.61 9.28 −51.2
DBD-BNNT (c) −5.99 −3.15 2.83 4.57 6.98 −51.2

T 2: e CS𝐼𝐼 and CS𝐴𝐴 parameters of the (b) model of DBD-BNNT.

CS𝐼𝐼 (ppm) CS𝐴𝐴 (ppm)
11B Pure DBD-BNNT 15N Pure DBD-BNNT 11B Pure DBD-BNNT 15N Pure DBD-BNNT
layer 1 layer 1

B1

70.5

72.5 N1

147.5

144.1 B1

44.5

43.2 N1

95

90.8
B2 67.2 N2 127.3 B2 80.4 N2 124.7
B3 72.6 N3 128.1 B3 42.9 N3 123.3
B4 70.8 N4 144.1 B4 44.4 N4 91.4
B5 69.8 N5 147.6 B5 44.7 N5 95.3
B6 70.9 N6 146.9 B6 44.2 N6 96.6

layer 2 layer 2
B7

69

67.3 N7

114

80.3 B7

40.5

43.0 N7

187

213.0
B8 — N8 — B8 — N8 —
B9 — N9 80.0 B9 — N9 213.2
B10 67.4 N10 116.4 B10 43.7 N10 187.0
B11 68.7 N11 113.8 B11 39.0 N11 187.9
B12 68.3 N12 115.8 B12 40.7 N12 187.5

layer 3 layer 3
B13

69.5

67.2 N13

111

94.4 B13

43

59.5 N13

195.5

232.0
B14 — N14 — B14 — N14 —
B15 66.9 N15 — B15 60.3 N15 —
B16 69.4 N16 94.0 B16 42.5 N16 232.6
B17 68.9 N17 109.7 B17 43.6 N17 197.4
B18 69.3 N18 110.5 B18 42.8 N18 197.0

layer 4 layer 4
B19

64

64.9 N19

75

67.9 B19

60

60.8 N19

241.5

257.2
B20 63.1 N20 49.1 B20 59.8 N20 267.0
B21 63.6 N21 67.5 B21 58.5 N21 258.0
B22 65.0 N22 73.9 B22 60.5 N22 243.3
B23 63.8 N23 75.5 B23 59.5 N23 242.2
B24 63.9 N24 73.5 B24 58.9 N24 243.2

model systems under study. e calculated energy gap for
the pure BNNT is 4.87 eV (Table 1). In comparison to the
pure systems, the energy gaps between HOMO and LUMO,
(Δ𝐸𝐸(LUMO-HOMO)), have small values in (b) and (c) models
of DBD-BNNT. e electronic densities of states (DOSs) of
pure and diborinin-doped BNNT are plotted in Figure 4 for
better understanding, the effect of diborinin ring doping to
the electronic structure of BNNT. e electronic structures
observed near Fermi level of the pure BNNT (Figure 4(a))
also show signi�cant changes due to the diborinin ring
doping (see Figures 4(b)-4(c)). So, the band gaps near Fermi
level become sharply narrower. It is clear that the doping of
diborinin ring decreases the energy gaps of the pure BNNT.

e HOMO and LUMO, the pure and diborinin-doped
models are plotted in Figure 5. For the pure model, the

HOMO is located on the nitrogen atoms of the (6,0) zigzag
BNNT model and corresponds to the lone pair of electron
on nitrogen atoms. In contrast, the LUMO is uniformly
distributed throughout the B–N bonds. For the diborinin-
doped models, the majority of the HOMO and LUMO are
located at the diborinin-doped regions.

e edges of the armchair BNNTs include N and B atoms
in both ends. In contrast to armchair models, edges of the
zigzag BNNTs consist of one type atoms, either N or B atoms;
if one of the ends is formed by N atoms, the other end is
formed by B atoms. e B atoms are slightly positive and the
N atoms are slightly negative. erefore, the zigzag BNNT
is a polar material (has a nonzero dipole moment) and this
entry could be better seen by the value of its dipole moment.
Comparing the values of the dipole moments for the two
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T 3: e CS𝐼𝐼 and CS𝐴𝐴 parameters of the (c) model of DBD-BNNT.

CS𝐼𝐼 (ppm) CS𝐴𝐴 (ppm)
11B Pure DBD-BNNT 15N Pure DBD-BNNT 11B Pure DBD-BNNT 15N Pure DBD-BNNT
layer 1 layer 1

B1

70.5

68.6 N1

147.5

143.3 B1

44.5

46.2 N1

95

93.2
B2 65.1 N2 137.6 B2 63.0 N2 102.9
B3 68.6 N3 130.3 B3 48.8 N3 129.6
B4 69.5 N4 148.0 B4 46.4 N4 92.8
B5 70.1 N5 148.4 B5 45.8 N5 92.5
B6 69.1 N6 147.8 B6 47.5 N6 92.4

layer 2 layer 2
B7

69

68.5 N7

114

98.2 B7

40.5

39.7 N7

187

211.8
B8 — N8 — B8 — N8 —
B9 — N9 86.3 B9 — N9 184.3
B10 67.9 N10 110.6 B10 39.0 N10 184.0
B11 67.9 N11 111.7 B11 41.1 N11 190.3
B12 67.9 N12 113.6 B12 42.1 N12 185.5

layer 3 layer 3
B13

69.5

66.3 N13

111

108.0 B13

43

64.1 N13

195.5

205.6
B14 — N14 — B14 — N14 —
B15 56.6 N15 — B15 89.9 N15 —
B16 70.3 N16 84.8 B16 43.8 N16 243.9
B17 68.8 N17 112.3 B17 43.8 N17 196.5
B18 69.2 N18 111.4 B18 43.0 N18 195.9

layer 4 layer 4
B19

64

65.0 N19

75

67.9 B19

60

58.3 N19

241.5

276.7
B20 69.8 N20 45.9 B20 60.0 N20 256.6
B21 66.0 N21 65.8 B21 55.4 N21 273.4
B22 66.0 N22 70.7 B22 59.5 N22 247.9
B23 64.5 N23 73.8 B23 58.1 N23 244.5
B24 64.9 N24 70.4 B24 58.1 N24 247.4

diborinin-doped models indicate, that the value for the (b)
model is signi�cantly increased (D= 9.28Debye) whereas for
(c) model is signi�cantly reduced (D= 6.98Debye), com-
pared with the pure model (D= 7.47Debye), which means
that the orientations of diborinin ring in two diborinin-
doped models foundation diverse dipole moment for these
models (Figure 1 and Table 1).

3.2. NMR Parameter. NMR spectroscopy has proven to be an
exceptionally powerful technique in characterizingmolecular
systems and structures. So, we have performed theoretical
calculations of 11B and 15N NMR data for (a), (b), and (c)
models to study the in�uence of diborinin ring doping on the
electronic structure properties of the (6,0) BNNT.

3.2.1. PureModel. Tables 2 and 3 present the calculatedNMR
parameters for various 11B and 15N nuclei in the pure (a)
model of BNNT. is model includes 24 B and 24 N atoms,
where the edges are saturated by 12 H atoms (Figure 1). e
edge of this model consists of one type atom, either N or B
atoms; if one of the end is formed by N atoms (N-tip), the
other ends is formed by B atoms (B-tip).

According to the previous studies, to compare CS tensors
between pure and doped models, 11B and 15N nuclei in the
pure (a) model are divided into four different layers which
sense similar electrostatic properties in each layer, yielding
the same values of the CS𝐼𝐼 and CS𝐴𝐴 parameters [29]. Almost
no signi�cant difference is observed in the calculated NMR
parameters for the atoms of each layer; hence, just the average
values in each layer for 15N and 11B nuclei are reported in
Tables 2 and 3.

e �rst layer consists of N1–N6 atoms and the last layer
contains B19–B24 atoms, which forms the N-tip and B-tip of
the considered models of BNNT, respectively. e values of
NMR properties for the 11B and 15N nuclei of the pure (a)
model indicate that the B-tip has the smallest value of CS𝐼𝐼 for
both 11B (64 ppm) and 15N (75 ppm) nuclei. Similarly N-tip
has the smallest value of CS𝐴𝐴 for both 11B (44 ppm) and 15N
(95 ppm) nuclei, among the other layers of nuclei.

e nature of the valence shells of the N atoms, which
have lone pair of electrons, and the B atoms, which have a
lack of electrons, is different.erefore, different behaviors of
the CS properties are expected and are also observed for these
atoms. For these reasons, the average values of CS𝐼𝐼 are greater
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F 2: Optimized bond lengths (Å) at B3LYP/6-311G∗∗ level; (a)
pure model, (b) and (c) diborinin-doped models.

than CS𝐴𝐴 in 11B nuclei whereas the opposite order have been
seen for 15N nuclei.

3.2.2. Diborinin-Doped Models. We characterize 11B and 15N
NMR parameters of BNNT and illustrate how the diborinin-
doping modi�es the NMR parameter of the pure BNNT.
According to Gauge-Independent Atomic Orbital (GIAO)
calculations performed later, doping of diborinin ring in (6,0)
BNNT, in both cases of doped models induces signi�cant
deformation of the B and N layers. ese impurities lead to a
signi�cant change of the NMR parameter.

Compared to the pure model, in (b) model of the
diborinin-doped (Figure 1(b)), N8, N14, N15, B8, B14 and
B9 atoms are, respectively, doped by the b1, C3, C5, C2, b4
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F 3: Optimized bond angles (○) at B3LYP/6-311G∗∗ level; (a)
pure model, (b) and (c) diborinin-doped models.

and C6 atoms. In contrast of (b) model, in (c) model of the
diborinin-doped (Figure 1(c)), N8, N14, N15, B8, B14 and
B9 atoms, respectively, are doped by the C6, C2, B4, B1, C3
and C5 atoms.

Among the B atoms of the (b) and (c) models, B2, B13
and B15 are signi�cantly in�uenced by diborinin-doping due
to the (b) model B2, B13 and B15 are directly bonded to the
b1, C3 and C5 atoms, respectively while in the (c) model,
B2, B13 and B15 are directly bonded to the C6, C2 and b4
atoms respectively, hence, their CS parameters detect some
changes due to the diborinin doping. is observation was
more signi�cant for N�, N9, and N20 atoms which were
directly bonded to the diborinin ring. is is because, in
the DBD-BNNT, the CS parameters are proportional to the
electronic density at the atomic sites and could detect any
perturbation to these sites.
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F 4: e density of states (DOS) of (a) pure model, (b) and (c) diborinin-doped models.

e results of Tables 2 and 3 reveal the signi�cant e�ect
of diborinin-doping at the sites of those 11B and 15N nuclei
located in the nearest neighborhood (closer distance) of the
DBD-BNNTs ((b) and (c) models), but negligible in�uence
at the sites of those nuclei farther from the diborinin-doped
rings. Also, in (b) and (c) models, the CS𝐼𝐼 parameters are
changed by diborinin-doping, the magnitude of the change
for 15N being more signi�cant rather than that for the 11B
nuclei.

e CS𝐼𝐼 parameters of B20 and B21 which were located
in the B-tip of the (c) model are in�uenced indirectly by the
diborinin-doping, whereas those of B20 and B21 in the (b)
model remained unchanged.

Meanwhile, themagnitude of changes of the CS tensors at
the sites of 15Nnuclei was placed in the nearest neighborhood
of diborinin ring is larger for the form (b) than the form (c),
whereas the magnitude of changes of the CS tensors at the

sites of 15N nuclei was placed in the �rst neighborhood of
diborinin ring is larger for the form (c) than the form (b).

In the diborinin-doped models, when compared to the
pure model, changes are greater in the values of CS parame-
ters of those N atoms (N7, N9 and N20) which are directly
bonded to diborinin ring in the (b) model borininthan in
the (c) model whereas, the magnitude of changes of CS
parameters of those B atoms (B2, B13, and B15) which are
directly bonded to diborinin ring are more in (c) model
borininthan in (b) model.

Table 4 shows the average deviations of (b) model (and
(c) model in bracket) for CS𝐼𝐼 and CSA of 11B and 15N in all
layers of DBD-BNNT. e positive average deviations show
increasing the values of CS𝐼𝐼 and CS𝐴𝐴 in DBD-BNNT models
relative to pure model. e changes of CS parameters of B
atoms in the diborinin-doped (c) model are generally greater
than (b) model. ese orders are reverse for N atoms.
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T 4: e average deviations of (b) model (and (c) model in brackets) for CS𝐼𝐼 and CS𝐴𝐴 of 11B and 15N in N-tip and B-tip of DBD-BNNT.

CS𝐼𝐼 CS𝐴𝐴
11B 15N 11B 15N

Layer 1 (N-Tip) 0.13 [−2.00] −7.82 [−4.93] 5.47 [5.12] 8.68 [5.56]
Layer 2 −1.075 [−0.95] −13.24 [−10.42] 1.1 [−0.025] 10.72 [4.18]
Layer 3 −1.16 [−3.26] −8.85 [−6.87] 6.74 [13.92] 19.25 [14.97]
Layer 4 (B-Tip) 0.05 [2.03] −7.1 [−9.25] −0.33 [−1.77] 10.32 [16.25]

HOMO model LUMO model

(a)

HOMO model LUMO model

(b)

HOMO model LUMO model

(c)

F 5: HOMO and LUMO orbitals for different models of the
BNNTs; (a) pure model, (b) and (c) diborinin-doped models.

As a result, Table 4 shows changes in the average devi-
ations of N atoms are greater than those of B atoms. Also
changes of CS𝐼𝐼 and CS𝐴𝐴 of 11B and 15N in layer 2 and 3
(directly bonded) are more than N-tip and B-tip of DBD-
BNNT.

4. Conclusion

In this study, we have used DFT calculations to investigate
the properties of the electronic structure of pure and DBD-
BNNTs through to simulate the 11B and 15N spectra. e
calculated structural energies yield similar values for the (b)
and (c) models of DBD-BNNTs. However, the band gap
differences between the forms (b) and the pure models are
more than the differences between the forms (c) and the
pure models of the BNNTs. Also, the B–N bond lengths
and bond angles detect changes of diborinin-doped models.
When diborinin is doped on the BNNT, dipole moment
of the pure system is signi�cantly changed. CS parameters
detect the effects of diborinin-doping on the properties of
nanotubes in comparison with the pure model. For the (b)
and (c) models, both of the CS𝐼𝐼 and CS𝐴𝐴 parameters were
signi�cantly changed due to the diborinin-doped ring. e
changes in the NMR (CS𝐼𝐼) parameters due to the diborinin
doping are more signi�cant for the N atoms than the B atoms
regarding to the pure model.

Results show the Average deviations of (b) model [and
(c) model in bracket] for CS𝐼𝐼 and CS𝐴𝐴 of 11B and 15N in
all layers of DBD-BNNT. e positive average deviations
show increasing the values of CS𝐼𝐼 and CS𝐴𝐴 in DBD-BNNT
models relative to pure model. In the diborinin-doped (c)
model, when compared to the (b) model, changes generally
are greater in the values of CS parameters of those B atoms.
ese orders are reverse for N atoms.

Our results show that changes in the average deviations of
N atoms are greater than those of B atoms. Also, changes of
CS𝐼𝐼 andCS𝐴𝐴 of 11B and 15N in layer 2, and 3 (directly bonded)
are more than N-tip and B-tip of DBD-BNNT.

In DOS, the electronic structures observed near Fermi
level of the pure BNNT show signi�cant change due to
the diborinin ring doping. So the band gaps near Fermi
level become sharply narrower. It is clear that the doping of
diborinin ring decreases the energy gaps of the pure BNNT.

For the puremodel, theHOMO is located on the nitrogen
atoms and the LUMO is uniformly distributed throughout
the B–N bonds. In contrast, for the diborinin-doped models,
the majority of the HOMO and LUMO are located at the
diborinin-doped regions.
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e suitable computation of accurate atomic charges for the GROMACS topology ∗.itp �les of small molecules, generated in the
PRODRG server, has been a tricky task nowadays because it does not calculate atomic charges using an ab initio method. Usually
additional steps of structure optimization and charges calculation, followed by a tedious manual replacement of atomic charges in
the ∗.itp �le, are needed. In order to assist this task, we report here the ITP Adjuster 1.0, a utility program developed to perform
the replacement of the PRODRG charges in the ∗.itp �les of small molecules by ab initio charges.

1. Introduction

e GROMACS package [1] is extensively used for energy
minimizations (EM) and molecular dynamics (MD) sim-
ulations of biomolecules such as proteins, nucleic acids,
peptides, and drugs [2–11]. e input topology �les used
by GROMACS [1] for small molecules (∗.itp �les) may be
generated by the server PRODRG [12]. However, these �les
must be adjusted for MD due to the charge group concepts
adopted by PRODRG [12].

e topology �les preparation for performing EM and
MD simulations with GROMACS [1] is very important in
investigations of biological processes involving drug interac-
tions with their molecular targets. e force �elds available
for biomolecules in the literature [13–16] are generally based
on macromolecules, such as proteins and nucleic acids,
making the preparation of consistent and reliable topology
�les for small ordinary molecules a challenging task. e
PRODRG server [12] is a reliable tool for quickly generat-
ing topologies and coordinates of ligands in protein-ligand
complexes, using the empirical GROMOS96 force �eld [14],

from a variety of different input �les. is tool has been used
in several studies and a wide range of knowledge areas [17–
25]. is server works with the concept of charge groups,
which is de�ned as a group of bonded atoms that sums
an integer total charge. Lemkul et al. [26] investigated the
quality of topologies generated by the PRODRG server [12]
for small molecules for the GROMOS96 43A1 force �eld [14]
and described their functional groups. eir results show
that the atomic partial charges are critically incompatible
with the GROMOS force �elds. Furthermore, when we use
the PRODRG [12] parameters, the behavior of the system is
notably different than the one observed using the GROMOS
parameters. us, they suggest a more consistent strategy
for the calculation of partial atomic charges, avoiding the
deviation of behavior in the system.

Several computer programs are available for structure
optimization and charge calculations using quantum chem-
ical calculations [27–29]. e Frisch et al. soware [30] has
been reported as the most standard for quantum chemical
calculations of small molecules [31–33]. us, the ITP
adjuster 1.0 was built to make the interface of Frisch et al.
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T 1: ∗.itp �les of folic acid before (le) and aer (right) applying �TP Ad�uster 1.0.

Nr Type resnr resid Atom cgnr Charge Mass Nr Type resnr resid Atom cgnr Charge Mass
1 CR1 1 FOL C15 1 0.022 12.0110 1 CR1 1 FOL C15 1 0.113688 12.0110
2 HC 1 FOL H15 1 0.058 1.0080 2 HC 1 FOL H15 1 0.091572 1.0080
3 NR 1 FOL N3 1 −0.434 14.0067 3 NR 1 FOL N3 1 −0.504841 14.0067
4 C 1 FOL C16 1 0.335 12.0110 4 C 1 FOL C16 1 0.798970 12.0110
5 NR 1 FOL N6 1 −0.434 14.0067 5 NR 1 FOL N6 1 −0.821446 14.0067
6 C 1 FOL C19 1 0.453 12.0110 6 C 1 FOL C19 1 0.946175 12.0110
7 NT 1 FOL N7 2 0.082 14.0067 7 NT 1 FOL N7 2 −0.931989 14.0067
8 H 1 FOL H72 2 0.027 1.0080 8 H 1 FOL H72 2 0.414024 1.0080
9 H 1 FOL H71 2 0.027 1.0080 9 H 1 FOL H71 2 0.433222 1.0080
10 NR 1 FOL N5 2 0.061 14.0067 10 NR 1 FOL N5 2 −0.786769 14.0067
11 H 1 FOL H53 2 0.027 1.0080 11 H 1 FOL H53 2 0.414871 1.0080
12 C 1 FOL C18 2 0.294 12.0110 12 C 1 FOL C18 2 0.698881 12.0110
13 O 1 FOL O4 2 −0.676 15.9994 13 O 1 FOL O4 2 −0.485705 15.9994
14 C 1 FOL C17 2 0.158 12.0110 14 C 1 FOL C17 2 −0.275218 12.0110
15 NR 1 FOL N4 3 −0.619 14.0067 15 NR 1 FOL N4 3 −0.194434 14.0067
16 C 1 FOL C14 3 0.127 12.0110 16 C 1 FOL C14 3 0.172175 12.0110
17 CH2 1 FOL C13 3 0.161 14.0270 17 CH2 1 FOL C13 3 0.134163 14.0270
18 N 1 FOL N2 3 0.127 14.0067 18 N 1 FOL N2 3 −0.476189 14.0067
19 H 1 FOL H22 3 0.021 1.0080 19 H 1 FOL H22 3 0.222443 1.0080
20 C 1 FOL C3 3 0.127 12.0110 20 C 1 FOL C3 3 0.404365 12.0110
21 CR1 1 FOL C4 3 0.015 12.0110 21 CR1 1 FOL C4 3 −0.305799 12.0110
22 HC 1 FOL H4 3 0.041 1.0080 22 HC 1 FOL H4 3 0.156776 1.0080
23 CR1 1 FOL C5 4 0.000 12.0110 23 CR1 1 FOL C5 4 −0.091238 12.0110
24 HC 1 FOL H51 4 0.000 1.0080 24 HC 1 FOL H51 4 0.118576 1.0080
25 CR1 1 FOL C2 4 0.000 12.0110 25 CR1 1 FOL C2 4 −0.334445 12.0110
26 HC 1 FOL H21 4 0.000 1.0080 26 HC 1 FOL H21 4 0.172869 1.0080
27 CR1 1 FOL C1 4 0.000 12.0110 27 CR1 1 FOL C1 4 −0.022017 12.0110
28 HC 1 FOL H11 4 0.000 1.0080 28 HC 1 FOL H11 4 0.106113 1.0080
29 C 1 FOL C6 4 0.000 12.0110 29 C 1 FOL C6 4 −0.147662 12.0110
30 C 1 FOL C7 5 0.429 12.0110 30 C 1 FOL C7 5 0.566722 12.0110
31 O 1 FOL O1 5 −0.612 15.9994 31 O 1 FOL O1 5 −0.487695 15.9994
32 N 1 FOL N1 5 0.176 14.0067 32 N 1 FOL N1 5 −0.654534 14.0067
33 H 1 FOL H12 5 0.030 1.0080 33 H 1 FOL H12 5 0.322800 1.0080
34 CH1 1 FOL C8 5 0.229 13.0190 34 CH1 1 FOL C8 5 0.290274 13.0190
35 C 1 FOL C12 5 0.428 12.0110 35 C 1 FOL C12 5 0.640657 12.0110
36 O 1 FOL O3 5 −0.612 15.9994 36 O 1 FOL O3 5 −0.499644 15.9994
37 OA 1 FOL O6 5 −0.149 15.9994 37 OA 1 FOL O6 5 −0.637158 15.9994
38 H 1 FOL H6 5 0.081 1.0080 38 H 1 FOL H6 5 0.456952 1.0080
39 CH2 1 FOL C9 6 0.198 14.0270 39 CH2 1 FOL C9 6 0.004713 14.0270
40 CH2 1 FOL C10 6 0.198 14.0270 40 CH2 1 FOL C10 6 −0.014129 14.0270
41 C 1 FOL C11 6 0.384 12.0110 41 C 1 FOL C11 6 0.703747 12.0110
42 O 1 FOL O2 6 −0.685 15.9994 42 O 1 FOL O2 6 −0.512801 15.9994
43 OA 1 FOL O5 6 −0.167 15.9994 43 OA 1 FOL O5 6 −0.633904 15.9994
44 H 1 FOL H52 6 0.072 1.0080 44 H 1 FOL H52 6 0.432867 1.0080

[30] with the GROMACS package [1]. However, it may also
be easily modi�ed to work with different quantum chemical
sowares.

�ere are several problems to ad�ust the output �les of
PRODRG [12] based on Frisch et al. [30] output �les (∗.out
�les): (i) the manual edition of the topology charges is an

exhausting, tedious, and time-demanding assignment and,
so, very susceptible to mistakes; (ii) PRODRG [12] uses a
charge group concept, differently from Frisch et al. [30] and
any other quantum chemical sowares; (iii) the numbering
of hydrogen atoms in the ∗.itp �les is incompatible with the
output �les from quantum chemical sowares; (iv) the bonds
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T 2: ∗.itp �les of cystein before (le) and aer (right) applying ITP Adjuster 1.0.

Nr Type resnr resid Atom cgnr Charge Mass Nr Type resnr resid Atom cgnr Charge Mass
1 OA 1 CYS O2 1 −0.180 15.9994 1 OA 1 CYS O2 1 −0.553855 15.9994
2 H 1 CYS H22 1 0.057 1.0080 2 H 1 CYS H22 1 0.366426 1.0080
3 C 1 CYS C3 1 0.372 12.0110 3 C 1 CYS C3 1 0.638891 12.0110
4 O 1 CYS O1 1 −0.693 15.9994 4 O 1 CYS O1 1 −0.478926 15.9994
5 CH1 1 CYS C2 1 0.175 13.0190 5 CH1 1 CYS C2 1 0.098300 13.0190
6 NT 1 CYS N1 1 0.066 14.0067 6 NT 1 CYS N1 1 −0.630975 14.0067
7 H 1 CYS H16 1 0.012 1.0080 7 H 1 CYS H16 1 0.282228 1.0080
8 H 1 CYS H15 1 0.012 1.0080 8 H 1 CYS H15 1 0.282036 1.0080
9 CH2 1 CYS C1 1 0.153 14.0270 9 CH2 1 CYS C1 1 −0.101843 14.0270
10 S 1 CYS S1 1 0.077 32.0600 10 S 1 CYS S1 1 0.049643 32.0600
11 H 1 CYS H13 1 −0.051 1.0080 11 H 1 CYS H13 1 0.048076 1.0080

F 1: e ITP Adjuster interface.

information in the Frisch et al. [30] output �les may have
some inconsistencies, such as hydrogen atoms bonded to two
different atoms.

e ITP Adjuster 1.0 (Figure 1) performs a quick and safe
edition of the ∗.itp �les considering the charge calculations
from Frisch et al. [30] using Mulliken or Chelpg (Charges
from Electrostatic Potentials) charges. It handles charges of
up to six decimal places. At the end of the execution, a
message box will inform the total charge of the molecule in
the edited ∗.itp �le, which may be used as a guide to detect
inconsistencies between the ∗.itp and ∗.out �les.

2. Materials andMethods

2.1. Considerations for Using ITP Adjuster. Some require-
ments for using the ITP Adjuster 1.0 are important to
guarantee its proper installation and use, as discussed below.

ITPAdjuster 1.0 needs theMicroso.Net Framework 4 or
later installed for running properly. e authors recommend
the Frisch et al. [30] calculations and PRODRG server [12]
topology generation. It is highly desirable to have a ∗.pdb

�le with numbered atom names before submitting it to
the PRODRG server [12]. It guarantees the correspondence
of the atom names between the ∗.out and the �nal ∗.itp
�les. ITP Adjuster 1.0 also has a functionality named �PDB
Adjustment,� which veri�es a ∗.pdb �le and, if necessary,
numbers the atom names.

e hydrogen charges are based on the information of
bonds presented in the Frisch et al. [30] output �les, which
is necessary to provide an ∗.itp �le which is compatible
with the ∗.out �le indicated. An usual mistake occurs when
the PRODRG server [12] removes hydrogen atoms from
oxygen and nitrogen atoms or adds hydrogen atoms that
do not exist in the ∗.out �le. In these cases, the user must
use the ADDHYD, DELHYD, PATCH, or a combination of
these commands in the PRODRG server [12] in order to
correct these inconsistencies before using ITP Adjuster 1.0.
Not performing this strategy leads to unreliable �nal ∗.itp
�les and meaningless total charges.

3. Results and Discussion

3.1. Validating ITP Adjuster 1.0. We validated the ITP
Adjuster 1.0 with the three common molecules in biological
systems: folic acid, adenosine-5′-triphosphate (ATP), and
cystein. Structures of these molecules are shown in Figure
2. First we built their 3D structures in the ∗.pdb format
using Gauss View 4.0 and Frisch et al. [30] and submitted
them to energy minimization with Frisch et al. [30] using
the algorithm B3LYP/3-21G with charge chelpg, in order
to generate their ∗.out �les. Besides, the ∗.itp �les of each
molecule were generated at the PRODRG server [12]. e
∗.out and ∗.itp �les were then loaded into the ITP Adjuster
1.0 to change the charges of the ∗.itp �les generated by the
PRODRG server [12] by using ab initio charges of the ∗.out
�les from Frisch et al. [30]. e results are presented in
Tables 1, 2, and 3. As it can be seen, the ITP Adjuster 1.0 was
able to recognize the atoms in each �le. It properly adjusted
the chargeswithoutmodifying the positions of the atoms.e
ITP Adjuster 1.0 was also tested against several other small
molecules (data not shown) and, without exception, it was
able to adjust charges accordingly.
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T 3: ∗.itp �les of ATP before �le�� and a�er �right� applying ITP Adjuster 1.0.

Nr Type resnr resid Atom cgnr Charge Mass Nr Type resnr resid Atom cgnr Charge Mass
1 OA 1 ATP 012 1 −0.256 15.9994 1 OA 1 ATP 012 1 −0.674862 15.9994
2 H 1 ATP H12 1 0.001 1.0080 2 H 1 ATP H12 1 0.395648 1.0080
3 P 1 ATP P3 1 1.081 30.9738 3 P 1 ATP P3 1 1.542343 30.9738
4 OA 1 ATP O13 1 −0.256 15.9994 4 OA 1 ATP O13 1 −0.731008 15.9994
5 H 1 ATP H13 1 0.001 1.0080 5 H 1 ATP H13 1 0.418396 1.0080
6 OM 1 ATP O7 1 −0.151 15.9994 6 OM 1 ATP O7 1 −0.606703 15.9994
7 OA 1 ATP O6 1 0.246 15.9994 7 OA 1 ATP O6 1 −0.781970 15.9994
8 P 1 ATP P2 1 1.081 30.9738 8 P 1 ATP P2 1 1.666306 30.9738
9 OA 1 ATP O11 1 −0.256 15.9994 9 OA 1 ATP O11 1 −0.709606 15.9994
10 H 1 ATP H11 1 0.001 1.0080 10 H 1 ATP H11 1 0.430751 1.0080
11 OM 1 ATP O5 2 0.000 15.9994 11 OM 1 ATP O5 2 −0.656411 15.9994
12 OA 1 ATP O4 3 −0.191 15.9994 12 OA 1 ATP O4 3 −0.836197 15.9994
13 P 1 ATP P1 3 1.389 30.9738 13 P 1 ATP P1 3 1.661303 30.9738
14 OA 1 ATP O10 3 −0.199 15.9994 14 OA 1 ATP O10 3 −0.668092 15.9994
15 H 1 ATP H93 3 0.001 1.0080 15 H 1 ATP H93 3 0.410779 1.0080
16 OM 1 ATP O3 4 −0.177 15.9994 16 OM 1 ATP O3 4 −0.641581 15.9994
17 OA 1 ATP O2 4 −0.289 15.9994 17 OA 1 ATP O2 4 −0.604805 15.9994
18 CH2 1 ATP C10 4 −0.062 12.0110 18 CH2 1 ATP C10 4 0.301881 12.0110
19 CH1 1 ATP C9 4 0.093 12.0110 19 CH1 1 ATP C9 4 0.289979 12.0110
20 OA 1 ATP O1 4 −0.289 15.9994 20 OA 1 ATP O1 4 −0.515384 15.9994
21 CH1 1 ATP C8 4 0.024 12.0110 21 CH1 1 ATP C8 4 0.189925 12.0110
22 OA 1 ATP O8 4 −0.301 15.9994 22 OA 1 ATP O8 4 −0.558061 15.9994
23 H 1 ATP H82 4 0.001 1.0080 23 H 1 ATP H82 4 0.358163 1.0080
24 CH1 1 ATP C7 5 0.047 12.0110 24 CH1 1 ATP C7 5 0.186587 12.0110
25 OA 1 ATP O9 5 0.261 15.9994 25 OA 1 ATP O9 5 −0.541491 15.9994
26 H 1 ATP H92 5 0.001 1.0080 26 H 1 ATP H92 5 0.370706 1.0080
27 CH1 1 ATP C6 5 0.126 12.0110 27 CH1 1 ATP C6 5 0.578117 12.0110
28 NR 1 ATP N3 5 0.169 14.0067 28 NR 1 ATP N3 5 −0.804205 14.0067
29 CR1 1 ATP C5 5 −0.059 12.0110 29 CR1 1 ATP C5 5 0.257766 12.0110
30 HC 1 ATP H51 5 −0.023 1.0080 30 HC 1 ATP H51 5 0.276650 1.0080
31 NR 1 ATP N4 6 −0.499 14.0067 31 NR 1 ATP N4 6 −0.572949 14.0067
32 C 1 ATP C3 6 0.096 12.0110 32 C 1 ATP C3 6 0.176370 12.0110
33 C 1 ATP C4 6 0.247 12.0110 33 C 1 ATP C4 6 0.666733 12.0110
34 NR 1 ATP N2 6 −0.512 14.0067 34 NR 1 ATP N2 6 −0.611459 14.0067
35 CR1 1 ATP C1 6 −0.048 12.0110 35 CR1 1 ATP C1 6 0.210905 12.0110
36 HC 1 ATP H1 6 −0.019 1.0080 36 HC 1 ATP H1 6 0.220957 1.0080
37 NR 1 ATP N1 6 −0.512 14.0067 37 NR 1 ATP N1 6 −0.605878 14.0067
38 C 1 ATP C2 6 0.247 12.0110 38 C 1 ATP C2 6 0.640460 12.0110
39 NT 1 ATP N5 7 0.031 14.0270 39 NT 1 ATP N5 7 −0.794455 14.0270
40 H 1 ATP H53 7 −0.016 1.0080 40 H 1 ATP H53 7 0.327604 1.0080
41 H 1 ATP H52 7 −0.015 1.0080 41 H 1 ATP H52 7 0.336786 1.0080

4. Conclusion

We reported here the development of the ITP Adjuster 1.0, a
utility program built to adjust ab initio charges into ∗.itp �les

generated by the PRODRG server [12]. is utility program
is already in use in our laboratory and proved to be very
accurate in the interface of Frisch et al. [30] and GROMACS
[1], providing a friendly user interface and a quick way
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to generate suitable topology �les to perform EM and MD
calculations with the GROMACS package [1].

is utility program is available free of charge by request
at lmm@puc-rio.br.
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Experimental data show that gemini surfactants have critical micelle concentrations that are almost tenfold lower than the CMCs of
single chain ones. It is believed that the spacer groups play an important role in this subject. Short hydrophilic or long hydrophobic
spacers can reduce CMC dramatically. In this paper, self-assembling processes of double-chain and one-chain surfactants with
the same head to tail ratio are compared. Dimeric chain structure is exactly double of single chain. In other words, hydrophilic-
lyophilic balances of two chainmodels are the same. Two single chains are connected head-to-head to form a dimeric chain, without
introducing extra head or tail beads as a spacer group. Premicellar, micellar, and shape/phase transition ranges of both models are
investigated. To do this, latticeMonte Carlo simulation in canonical ensemble has been used. Results show that without introducing
extra beads as spacer group, the CMC of (H3T3)2 as a dimeric surfactant is much lower than the CMC of its similar single chain,
H3T3. For dimeric case of study, it is shown that bolaform aggregates are formed.

1. Introduction

Gemini surfactants are relatively new type of surface active
materials. ey can self-assemble in a wide range from
nanoscale (spherical micelles) tomeso-scale aggregates (vesi-
cles, monolayers, bilayers, and so on) [1]. A gemini sur-
factant contains two conventional single chain surfactant
whose heads are connected by a hydrophobic or hydrophilic
part named as spacer [2]. Gemini surfactants have very
low critical micelle concentration (CMC) compared with
the corresponding single chain surfactants. Unlike to the
conventional amphiphile molecules with spherical micelles,
gemini surfactants form unusual aggregation morphologies
such as vesicles and bilayers [3, 4].

ere are many experimental studies on gemini surfac-
tants; however, surprisingly, only a few theoretical studies
are found in the literature. e �rst molecular dynamics
simulation of gemini amphiphiles has been conducted by
Karaborni et al. [5], who used coarse-grained model to sim-
ulate gemini surfactants with different hydrophobic spacer

lengths.eir results showed that the structures of aggregates
depend on the number of oil-like spacer between head parts.
With single spacer, linear thread-like micelles are formed
and for longer spacer, mixture of spheroid and tree-like
aggregates are produced. Using Smit’s model [6], Maiti et
al. developed a simple coarse-grained model of surfactant
oligomers containing dimeric and trimeric amphiphiles [7].
eir molecular dynamics simulation results exhibited for-
mation of closed-loop micelles for dimeric and trimeric
surfactants. Wu et al. performed large scale coarse-grained
molecular dynamics simulations to study self-assembling
process of 12-𝑆𝑆-12 gemini surfactants with 𝑆𝑆 𝑆 𝑆, 12, and 20
[8]. In their study, free gemini molecules aggregate into the
oligomers (premicelles) and then these small clusters merge
with each other to form larger clusters such as vesicles.

e �rst Monte Carlo simulation study on the self-
assembling process of lattice gemini amphiphiles goes back
to the work of Bernardes [9]. In later work, the author has
tested effects of chain rigidity on the aggregate shapes [10].
Maiti and Chowdhury carried out Monte Carlo simulation
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similar to the Bernardes’ model and investigated three factors
containing length of spacer, length of tail, and bending rigid-
ity of spacer and/or tails on the critical micelle concentration
of a lattice gemini amphiphile [11, 12]. ey have shown,
in agreement to the experimental results, their simulated
CMC reached a maximum at a certain length of spacer. In
later work, Maiti and his coworkers studied cross-linking
between one-tailed micelles by gemini surfactants [13]. Layn
et al. have used latticeMonte Carlo and quasichemical theory
to investigate phase behavior of simple gemini surfactant
with only hydrophilic spacer [14]. ey have studied effects
of oil length, surfactant rigidity, and temperature on the
phase behavior. Recently, Davis and Panagiotopoulos have
used grand canonical Monte Carlo simulation of mixture of
one-tailed and double-tailed nonionic amphiphile to study
the effect of addition of a micellizing amphiphile on the
behavior of another phase separating amphiphile [15]. Very
recently, Jackson et al. investigated assembling processes of
two-headed linear surfactants by two dimensional lattice
Monte Carlo simulations [16].

In the present work, we have compared self-assembling
process for two lattice amphiphiles with the same head to tail
ratio. Both of amphiphiles are symmetrical. Dimeric chains
are double of single chains that connected head-to-head.
In this work, we have not considered any extra hydrophilic
or hydrophobic beads between heads as a spacer group
to investigate how aggregates are formed without spacer
groups. Meanwhile, different thermodynamic behaviors are
compared including CMC, premicellar concentration, size
distribution, polydispersity, and aggregation number. It is
shown that transition points in graphs of polydispersity,
aggregation number, and premicellar concentration, match
with the CMC point in graph of monomer concentration.

2. Model

e model is based on the hydrophobic interactions as a
main driving force of micellization process. Details of the
model can be found in previous studies [17, 18]. Here,
we only summarize it. A simple cubic lattice with the
size of 80 × 80 × 80, 100 × 100 × 100, or 200 × 200 ×
200 is used as a box of simulation. In all simulations, a
water molecule occupies only a single lattice site. Surfactant
molecules are modeled as short chains on the lattice. One-
tailed and double-tailed surfactants are modeled by H𝑖𝑖T𝑗𝑗
and (H𝑖𝑖T𝑗𝑗)2 or T𝑗𝑗H2𝑖𝑖T𝑗𝑗, respectively. “H” and “T” denote a
head and a tail, respectively. e integers “𝑖𝑖” and “𝑗𝑗” denote
the length of head and tail parts, respectively. In this study,
symmetrical monomeric and dimeric surfactants with 𝑖𝑖 𝑖
𝑗𝑗 𝑖 𝑗 are considered. e structures of a monomeric and
a dimeric lattice surfactant have been shown in Figure 1.
A lattice bead interacts only with its six nearest neighbor
beads, thus the coordination number is equal to six (𝑧𝑧 𝑖
6). Periodic boundary conditions and excluded volumes are
used to mimic the box of simulation as the bulk of solution.
Canonical ensemble with the constants of𝑁𝑁,𝑉𝑉, and T is used

(a)

(b)

F 1: Structure of (a)monomeric and (b) dimeric studied lattice
surfactants. Red beads are heads and light blue beads are tails.

for ensemble-averaging. e potential model is as previous
and de�ned as follows [17, 18]:

𝐸𝐸
𝑘𝑘𝐵𝐵T
𝑖
𝜀𝜀
𝑘𝑘𝐵𝐵T
𝑛𝑛T,𝑊𝑊 + 𝑛𝑛T,H , (1)

where 𝑛𝑛T,𝑊𝑊 and 𝑛𝑛T,H are the numbers of tail-water and tail-
head pairs, respectively, and 𝜀𝜀𝜀(𝑘𝑘𝐵𝐵T) is the dimensionless
interactions parameter. In the present work, we have set
𝜀𝜀𝜀(𝑘𝑘𝐵𝐵T) 𝑖 0.7. Previously, it has been shown that this
value of interaction parameter gives rise to micellization
[18]. Only hydrophobicity of surfactant molecules, as a main
characteristic of amphiphile molecules, is considered in the
potential model.

We have used reptation [19] and con�gurational bias
Monte Carlo [20] algorithms to move surfactant molecules.
Our simulations are based on the standard Metropolis algo-
rithm in which the probability of 𝑃𝑃 𝑖 Min (1, exp(−𝛽𝛽𝛽𝐸𝐸))
for reptation and 𝑃𝑃 𝑖 Min (1, (𝑊𝑊(𝑛𝑛))𝜀(𝑊𝑊(𝑊𝑊))𝑊𝑊−𝛽𝛽𝛽𝐸𝐸) for
con�gurational bias Monte Carlo moves are used, where 𝛽𝐸𝐸
is the difference of the total energy between new trial and old
con�gurations,𝛽𝛽 is 1𝜀(𝑘𝑘𝐵𝐵T), and𝑃𝑃 is the probability bywhich
new trial con�guration is accepted. e Rosenbluth weight
(W) is number of solvent sites (𝑧𝑧𝑠𝑠(𝑖𝑖)) around the next bead to
be removed or regrown.

Source codes were written in Fortran77 language, and
compiled with intel Fortran Composer Xe compiler under
the Centos linux. Nearly 1011 moves have been used to
equilibrate initial con�gurations, and 2 × 1011 moves were
used for ensemble averaging. 2000 snapshots have been used
for ensemble averaging to get smooth graphs.

���� ��������� �� ����������� Two kinds of concentration
have been de�ned: total volume fraction (𝑉𝑉tot) and cluster
number density (𝑋𝑋𝑛𝑛) with aggregation number 𝑛𝑛 (𝑛𝑛 𝑛 1),

𝑉𝑉tot 𝑖
total sites of surfactant molecules

total sites of lattice
,

𝑋𝑋𝑛𝑛 𝑖
total number of molecules in cluster

total sites of the lattice
.

(2)
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According to 𝑋𝑋𝑛𝑛, concentration of free surfactant molecules
is de�ned as:

𝑋𝑋1 =
total number of free molecules

total sites of the lattice
. (3)

A surfactant is considered as a free molecule whenever
all nearest neighbors of its tail sites are water molecules.
Two surfactant molecules are considered to be in the same
cluster if at least one tail site of the �rst molecule is the
nearest neighbor of any tail site of the second molecule.
Premicelles are small aggregates, usually with aggregation
number less than ten [21]. Premicellar concentration is
de�ned as ∑10𝑛𝑛=𝑛 𝑛𝑛𝑋𝑋𝑛𝑛. Polydispersity is de�ned as 𝐼𝐼𝑃𝑃 =
𝑁𝑁𝑤𝑤/𝑁𝑁𝑛𝑛, where𝑁𝑁𝑛𝑛 is number-averaged aggregation number,
and𝑁𝑁𝑤𝑤 is weight-averaged aggregation number.𝑁𝑁𝑛𝑛 and𝑁𝑁𝑤𝑤
are de�ned as follows:

𝑁𝑁𝑛𝑛 =
∑𝑛𝑛max𝑛𝑛=𝑛 𝑛𝑛𝑋𝑋𝑛𝑛
∑𝑛𝑛max𝑛𝑛=𝑛 𝑋𝑋𝑛𝑛

,

𝑁𝑁𝑤𝑤 =
∑𝑛𝑛max𝑛𝑛=𝑛 𝑛𝑛

𝑛𝑋𝑋𝑛𝑛
∑𝑛𝑛max𝑛𝑛=𝑛 𝑛𝑛𝑋𝑋𝑛𝑛

.

(4)

A free molecule is not considered in the above summation,
and 𝑛𝑛max is the maximum aggregation number in all of the
snapshots considered in the ensemble averaging.

3. Results and Discussion

�urfactant solutions may be classi�ed into three concentra-
tion ranges: premicellar, micellar, and phase/shape transition
ranges. For dimeric surfactants, almost all previous studies
focused on themicellar and/or phase/shape transition ranges.
In this paper, properties of single and double chain surfactant
solution in three above ranges are reviewed and compared.

Premicelles are aggregates with small aggregation num-
ber. Oen, clusters with aggregation number less or equal
to ten are referred as premicelles [21]. Figures 2 and 3
show the premicellar concentration of single and double
chain surfactants. e graphs show that the concentration
of premicelles for single chain surfactant is higher than
nearly tenfold of that of dimeric one. At �rst, premicellar
concentration increases in sigmoidal fashion up to amaximal
value, and then relaxes to the lower values. is relaxation
is much slower for dimeric chain compared to monomeric
surfactant.is behavior is very similar to the graphs of CMC
determination (Figures 4 and 5).

e second range belongs to the micellar phase. e
concentration at which micelles begin to be formed is named
as critical micelle concentration (CMC). �arious de�nitions
for the CMC have been used in the literature. We have
de�ned CMC as a surfactant concentration at which free
molecules reach maximal value. Figures 4 and 5 show CMC
graphs for both single and double chain surfactants. On the
basis of the de�nition, CMC for H3T3 is nearly equal to
𝑉𝑉tot = 0.06, and for (H3T3)𝑛 is equal to 𝑉𝑉tot = 0.014.
CMC of dimeric surfactant is much lower than monomeric
one. As is clear from above �gures, premicellar behaviors
are similar to the free surfactant concentration changes.
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F 2: Premicellar number density (summation of 𝑛𝑛𝑋𝑋𝑛𝑛 with
𝑛 ≤ 𝑛𝑛 ≤ 10) versus total volume fraction (𝑉𝑉tot) of surfactant.
e graph belongs to H3T3 as a single chain surfactant. Maximum
concentration is found near toCMC.AerCMC, premicelles reduce
rapidly.
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F 3: Premicellar number density (summation of 𝑛𝑛𝑋𝑋𝑛𝑛 with
𝑛 ≤ 𝑛𝑛 ≤ 10) versus total volume fraction (𝑉𝑉tot) of surfactant. e
graph belongs to (H3T3)𝑛 as a double chain surfactant. Maximum
concentration is found near to CMC. Aer CMC, premicelles
remain nearly constant.

At CMC, premicelles reach maximal values, and at higher
concentration small aggregates grow and form larger clusters.
Aer CMC, premicellar concentration reduces and system
tends to be more monodispersed. Polydispersity is de�ned
as the ratio of weight-averaged aggregation number (𝑁𝑁𝑤𝑤)
to number-averaged aggregation number (𝑁𝑁𝑛𝑛). Figures 6
and 7 show polydispersity changes for single and double
chain surfactants. Data show that for both systems there is
a break point on the curve of polydispersity. is occurs at
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F 4: Free surfactantmolecule number density (𝑋𝑋1) versus total
volume fraction (𝑉𝑉tot). e graph belongs to H3T3 as a single chain
surfactant. is graph is oen used for determination of the CMC.
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F 5: Free surfactantmolecule number density (𝑋𝑋1) versus total
volume fraction (𝑉𝑉tot). e graph belongs to (H3T3)2 as a double
chain surfactant. is graph is oen used for determination of the
CMC.

volume fractions of 0.09 and 0.018 for H3T3 and (H3T3)2,
respectively.

Another important issue in the micellar phase is about
cluster size distribution. It is believed that CMC relates to
the horizontal in�ection point at cluster size distribution
[22]. Figures 8 and 9 show the in�ection point at cluster
size distribution for single and double chain surfactants,
respectively. e in�ection point occurs at concentration
of 0.1 and 0.015 for single and double chain surfactant,
respectively. Comparing these values with the critical points
of Figures 2 to 7 (which can be named as their CMCs), it
shows that there is a close connection between in�ection
points in above �gures (Figures 8 and 9) and critical points
of Figure 2 to Figure 7, that is, the in�ection points can be
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F 6: Polydispersity (𝐼𝐼𝑃𝑃) versus total volume fraction (𝑉𝑉tot) for
H3T3 as a single chain surfactant. From this graph CMC is estimated
by 0.09. e slope of the graph reduces aer CMC.
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F 7: Polydispersity (𝐼𝐼𝑃𝑃) versus total volume fraction (𝑉𝑉tot)
for (H3T3)2 as a double chain surfactant. From this graph CMC is
estimated nearly 0.02. e slope of the graph increases aer CMC.

considered as CMC points. Similarity of these critical values
shows that the idea of [22] is correct.

e third concentration range of surfactant systems
contains shape/phase transition. In some papers, additional
peaks in cluster size distribution have been interpreted as a
clue for shape/phase transition in surfactant systems [23]. In
our previous paper, we have proved that a true simulation
should have one peak in cluster size distribution [18]. Figure
10 shows the cluster size distribution for double chain
surfactant. It shows that the peak in the distribution shis
to higher values at higher concentration. We have repeated
simulation for greater box 100 × 100 × 100 to test the size
effect. Figure 11 shows the results for greater box. ere are
two important points on this �gure. First, as for smaller box,
peak shis to larger values, and second, for greater lattice at
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F 8: Cluster size distribution (𝑛𝑛𝑛𝑛𝑛𝑛) for the micellar range of
concentration of H3T3 as a single chain surfactant. In�ection point
occurs at 𝑉𝑉tot = 0.1 which agree with CMC of H3T3.
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F 9: Cluster size distribution (𝑛𝑛𝑛𝑛𝑛𝑛) for the micellar range of
concentration of (H3T3)2 as a double chain surfactant. In�ection
point occurs at 𝑉𝑉tot = 0.016 which agree with CMC of (H3T3)2.

a certain concentration, peak appeared at higher aggregation
number. It can be concluded that for double chain surfactant,
with enlarging the box to in�nitive, aggregation number
becomes very large, that is, phase separation occurs. On the
other hand, for H3T3, even at high concentration of 0.15,
there is not any shi in the position of peak. Another clue
for this subject is tracing weight-average aggregation number
(𝑁𝑁𝑤𝑤). Figures 12 and 13 show 𝑁𝑁𝑤𝑤 for single and double
chain surfactants. As is clear for double chain surfactant,𝑁𝑁𝑤𝑤
increases rapidly.
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F 10: Cluster size distribution (𝑛𝑛𝑛𝑛𝑛𝑛) for the phase transition
range of concentration of (H3T3)2 as a double chain surfactant. Peak
of distribution shis to higher values of aggregation number. Lattice
size is 80 × 80 × 80.
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F 11: Same as Figure 9 but for 100 × 100 × 100 lattice size.

e ratio of head to tail for both single and double
chain surfactants is the same. Each dimeric molecule is
equal to two single chain molecules, so, it is expected that
the properties of single chain molecule to be similar to
double chain at twice concentration of dimeric molecule;
however, this is not the case. Looking at the structure of
aggregates of double chain molecule help us to understand
the differences. Figure 14 shows the structures of aggregates at
concentrations of 0.016, 0.02, and 0.0�. e �gure shows how
head groups connect separatemicelles. At high concentration
we encounter with large bolaform aggregates in which spacer
groups play a connection role. Figure 15 shows snapshot of
box of simulation at volume fraction of 0.06. It shows that
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F 12: Weight-average aggregation number (𝑁𝑁𝑤𝑤) for H3T3 as a
single chain surfactant. Aggregation number increases slowly.
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F 13: Weight-average aggregation number (𝑁𝑁𝑤𝑤) for (H3T3)2
as a double chain surfactant. Aggregation number increases very
rapidly.

very large aggregates are formed at nearly low concentration.
All results show that to reduce dramatically CMC or increase
aggregation number, it is sufficient that two single chains
are connected from head positions, and it is not necessary
to introduce any extra hydrophobic or hydrophilic spacer
groups.

4. Conclusion

In this paper, we have chosen very similar single and double
chain surfactant with the same head to tail ratio. Each
double chain molecule equals to two single chains in number
of heads and tails. To build a dimeric chain from two
single chains, heads are connected without introducing any
hydrophobic or hydrophilic spacer groups. It is shown that

(a) 0.016

(b) 0.02

(c) 0.07

F 14: Structure of aggregates of (H3T3)2 at volume fractions of
(a) 0.016, (b) 0.02, and (c) 0.07.e structures show that head groups
of the molecule (green beads) play a connector role to join separate
micelles. At high concentrations bolaform micelles are formed.

the properties of double chain surfactant are very different
from single chain surfactant. Its CMC is nearly tenfold lower
than the CMC of single chain molecule; its aggregation
number is greater than 30 times of aggregation number
of single chain surfactant, and the cluster size distribution
shows a kind of phase transition that is not present for single
chains. It has been shown that head groups of double chain
surfactants as spacer groups are the main factor for these
differences. ey play a connector role by which separate
micelle are joined to each other. In addition, results show that
CMC can be estimated from free monomer concentration,
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F 15: Snapshot of box of simulation of (H3T3)2 at volume
fraction of 0.06.

premicellar concentration, aggregation number, and polydis-
persity graphs. As a main result, it is shown that how without
introducing extra hydrophobic or hydrophilic spacer groups,
dimeric amphiphiles behave similar to gemini surfactants.
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A thorough investigation of 2,4,6-trinitrotoluene (TNT) adsorption on aMgO(001) surfacewas carried out using density functional
theory (DFT) combined with periodic boundary conditions. Four different initial orientations of the TNT molecule, adsorbed on
two different representations of the MgO(001) surface, were investigated. In the �rst surface representation, there were two �xed
layers of atoms and in the second the surface had three layers, with the uppermost fully relaxed in geometry optimizations. Electron
density difference maps for each case were computed and provided a detailed picture of the interactions. e results showed a
physical adsorption process for both surface representations. In the most favorable situation—TNT adsorbed on the surface with
three layers—the computed adsorption energy was −9.89 kcal/mol. e importance of allowing the uppermost layer of the surface
to fully relax upon molecular desorption was shown.

1. Introduction

Explosives and propellants—energetic materials—have a
large spectrum of military and civilian applications. Investi-
gations of these materials involve complex physical-chemical
processes and experimental work can be dangerous. For
these reasons, theoretical work on these substances can be
especially valuable.

We have been working on several aspects of ener-
getic materials employing a variety of theoretical chem-
istry/molecular modeling tools. We have focused on excited
states [1–4], decomposition processes [5], and sensitivity
properties [6, 7]. Concerning catalytic studies, we studied
a variety of processes on oxides [8] and layered hydroxides
[9, 10]. In this work, we examine a possible role ofmagnesium
oxides in the decomposition of a nitroaromatic explosive,
TNT (2,4,6-trinitrotoluene).

TNT (2,4,6-trinitrotoluene) is an explosive material
widely used formilitary and civilian purposes [11]. As a result
of widespread use, residual TNT in both soil and groundwa-
ter has been detected [12, 13]. In particular, the presence of
TNT and its degradation products in aquatic environment

was associated with adverse impacts on biological receptors
and communities [13, 14]. TNT was listed as a signi�cant
pollutant to public health and aquatic life.

TNT-contaminated water can be treated by various
methods, including activated carbon adsorption [15, 16],
supercritical water oxidation [17], Fenton reagent oxidation
[18], and photocatalytic oxidation [19, 20]. In spite of their
usefulness for TNT degradation, residual products from
these treatments are still potentially harmful.

Magnesium oxide (MgO), also named periclase, is an
important mineral with rock-salt structure readily cleaving
along the (001) direction, themost stable surface. Aer cleav-
age, the terminated surface exposes equal numbers of cations
and anions. ere is only a slight reconstruction on clean
MgO(001) surface, an rumpling of the topmost surface atoms
due to different magnitudes of mutual induced polarizations
of the Mg2+ and O2− ions [21]. In heterogeneous catalysis,
several reactions take advantage of acid-basic properties of
the MgO surface [8, 22].

DFT cluster models and periodic boundary condition
calculations indicated that alkaline oxides such as CaO and
BaO chemisorb NO𝑥𝑥 species [23–25]. Moreover, adsorption
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of NO2/NO2, NO/NO2, or NO/NO molecular pairs was
studied, and it was found that a cooperative effect contributes
to increase adsorption energy of the pair [26–28]. Although
NO and NO2 are both radicals, thereby being highly reactive,
considering the large availability of magnesium oxides for
catalytic applications, we could ask if the TNT molecule,
having three nitro groups, could favorably adsorb on a MgO
(001) surface through a cooperative effect thus leading to
possible deactivation. Answer to this question was the main
motivation of the presentwork.We also investigated the effect
of different surface models in the adsorption.

2. Theoretical Methods

We used the density functional theory (DFT) [29, 30]
combined with periodic boundary conditions and the
PW91 generalized gradient approximation (GGA) exchange-
correlation functional of Perdew and Wang [31]. e open-
source PWSCF package (Quantum-ESPRESSO is a com-
munity project for high-quality quantum-simulation so-
ware, based on density-functional theory and coordinated
by Paolo Giannozzi. See http://www.quantum-espresso.org
and http://www.pwscf.org.), employed for all calculations,
uses pseudopotentials to describe core electrons, periodic
boundary conditions, and plane-wave basis sets.

e convergence criterion for the electronic self-
consistent cycle was �xed to 10−7 eV per cell. e Kohn-
Sham orbitals were expanded in a plane wave basis set with
a maximum kinetic energy (ecut) of 40 Ry (544 eV). e
Fermi energy was calculated using the Gaussian broadening
technique with a smearing parameter of 0.005 Ry. We used
the Vanderbilt [32] ultraso pseudopotentials for the C, H,
O, N, and Mg atoms. For Mg atoms we used a pseudocore
scheme including the 2p electrons in the valence shell. e
electron density was computed at the Γ point in the �rst
Brillouin zone of the super cell [33].

e MgO primitive cell has two atoms and the following
original parameters: 𝑎𝑎 𝑎 𝑎𝑎 𝑎 𝑎𝑎 𝑎 𝑎𝑎2𝑎2Å, 𝛼𝛼 𝑎 𝛼𝛼 𝑎
𝛾𝛾 𝑎 𝛾𝛾∘. e starting geometry for optimization of the clean
MgO surface was the experimental bulk geometry [34] with
Mg–O distances equal 2.106Å. Aer geometry optimization,
the Mg–O distance converged to 2.104Å, and this value
was used for the reported calculations. e construction of
the supercells employed in the calculations was based on
this optimized structure. We used periodic slab geometries
consisting of three MgO layers with a 5 × 5 super-cell (a total
of 50 atoms per layer with 25 Mg and 25 O atoms); a vacuum
layer of 15Å was added in the “𝑧𝑧” direction—this value
was found to eliminate spurious interactions between surface
replicas generated by the periodic boundary conditions. e
supercell angles had the same values of the MgO experi-
mental geometry. For all calculated structures, the super-cell
angles and lattice parameters were kept �xed for the two-layer
surface, andwhen a third layer in the uppermost position was
added, it was allowed to fully relax along with the adsorbed
molecule. For all structures, the equilibrium positions of the
nuclei were found by minimizing the total energy.

For all initial TNT geometries, the molecule was placed
in a certain orientation above the top face of the super-cell.
Four initial adsorption positions were considered to converge
the system to local minima, and for all of them, the TNT
molecule starting orientation was laid always parallel to the
MgO surface. e TNT starting positions were
Position 1.e oxygen atoms of two nitro groups were placed
directly above surface magnesium atoms;
Position 2. e molecule was rotated 30∘ with respect to the
previous position;
Position 3. e molecule was rotated 60∘ with respect to
Position 1 of the molecule;
Position 4. At this position, the molecule was positioned
in such way that oxygen atoms of one nitro group of the
molecule faced the magnesium atoms of the MgO surface.

In order to analyze the contribution of the additional
relaxed layer, we carried out two types of calculations. In the
�rst, we optimized the geometry of the adsorbed TNT on a
surface containing only two atomic layers, both �xed in bulk
positions and not optimized. In the other calculations, we
added a third atomic layer which was allowed to fully relax in
the optimization process while the other twowere kept frozen
at their bulk positions.

We relaxed exclusively the uppermost layer in the three
layer surfacemodel because only the geometric parameters of
thismonolayer are affected inmolecular adsorption processes
and suffer reconstruction. According to low-energy electron
diffraction surface experiments, the best model for this
surface corresponds to an inward relaxation of no more than
2.5% of the lattice constant in the super�cial monolayer and a
rumpling of less than about 2% of the O2

− ions compared to
the Mg2

+ ions [35]. erefore, our three-layer model is quite
realistic, as we have shown before [8].

e adsorption energy (𝐸𝐸ads), considering only electronic
contributions, was computed according to the total energy
difference:

𝐸𝐸ads 𝑎 𝐸𝐸𝑇𝑇(TNT/MgO) − 𝐸𝐸MgO + 𝐸𝐸TNT 𝑎 (1)

e electron density difference plots were calculated
according to the expression:

𝜌𝜌diff (r) 𝑎 𝜌𝜌TNT/surf (r) − 𝜌𝜌surf (r) − 𝜌𝜌TNT (r) 𝑎 (2)

Pictures constructed according to the previous equa-
tion depict regions of electronic charge accumulation and
depletion, thereby providing a visualization of interactions
between the atoms of the system. e electronic density
difference 𝜌𝜌diff(r) was calculated for a regularly spaced set
of points in the three-dimensional unitary cell. All points
where 𝜌𝜌diff(r) ≥ 𝛾𝑎𝛾𝛾3 eV/Å3 were drawn as red, and
points where 𝜌𝜌diff(r) ≤ −𝛾𝑎𝛾𝛾3 eV/Å3 were drawn as blue.
Similar electronic density difference pictures can be produced
from cluster calculations [5], that is, without using periodic
boundary conditions.

It is important to note that calculations were extremely
demanding computationally due to the size of the TNT
molecule and the super-cell. We are unaware of similar
adsorption calculations of a molecule as large as TNT.
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3. Results and Discussion

3.1. Geometries and Adsorption Energies. e optimized
geometry of the isolated TNTmolecule, starting structure for
adsorption calculations, is shown in Figure 1. e C–C ring
distances have small differences, the largest one being 0.041Å
between the largest (C2–C3) and the smallest (C5–C6). e
largest C–C bond distances involve the C2 carbon bonded
to the methyl group—we have shown before that this atom
has the largest site dipole value in TNT [7]. e C–N bonds
next to CH3 are larger by 0.032Å compared to the other C–N
bond. Finally, the N–O bonds differ by only 0.003Å, with an
average bond length of 1.236Å.

Adsorption calculations starting from an upward TNT
position for both types of surfaces did not lead to molecular
distortion. is starting orientation was by far the most
energetically unfavorable situation; thus it will not be further
discussed.

Now we discuss TNT adsorption on the MgO surface
with two �xed layers. In Position 1 (Figures 2(a) and
2(b)) the undistorted molecule converged to a distance of
3.4 Å from the surface compared to the starting distance
(2.3 Å)—this convergence to farther distances happened in
all cases (reported distances refer to the atom closest to the
surface, which may differ depending on the situation). An
NO2 group was the closest to the surface, thus having the
largest interaction. e adsorption distance from Position
2 (Figures 2(c) and 2(d)) is 3.1 Å, but TNT in this case
suffered an appreciable distortion. e electron-withdrawing
nitro groups deformed distinctly depending on the surface
site.Most of themolecule-surface interaction occurs between
TNT electronegative oxygen atoms and Mg2+ acid surface
sites; TNT oxygen atoms at the same time are repelled by
the O2

− basic sites. e ring and the CH3 group were also
distorted by the surface interaction.

From Position 3, the molecule adsorbed at a separation
distance of 3.3 Å (Figures 2(e) and 2(f)) while from Position
4 adsorbed at 3.2 Å. In both cases, similar to Position 1
adsorption, the molecule almost did not suffer distortion.
From calculated electronic adsorption energies, TNT adsorp-
tion on the 2-layer surface had the following order of
decreased stability: 4 (−5.48 kcal/mol), 1 (−5.38 kcal/mol), 3
(−4.26 kcal/mol) and 2 (−3.07 kcal/mol).

TNT adsorption on the three-layer model surface, with
the uppermost fully relaxed in geometry optimizations,
had some differences compared to the two-layer case. e
convergedmolecule-surface distances for TNTadsorption on
the three-layer surface are akin to the two layer case, with �nal
molecule-surface distances around 3.3Å.

Adsorption from Position 1 (Figures 3(a) and 3(b)) is
rather similar in comparison to the two-layer surface, but
with important differences: the molecule adsorbed with the
ring more planar and the CH3 group less distorted, both
resembling more the initial geometry. On the other hand,
the NO2 groups showed larger distortion, thus indicating
their greater interaction with the �rst layer of the surface,
now allowed to fully relax. For Position 2 adsorption (Figures
3(c) and 3(d)), similar to Position 1, the ring planarity was
also maintained, but with the molecular orientation more
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F 1: DFT-optimized TNT molecular geometry.

parallel to the surface. In comparison to the two-layer case,
the nitro groups were less torsioned though the methyl group
distorted considerably, the latter effect probably due to amore
favorably position of the methyl hydrogen atoms in relation
to the O2− surface atoms.

For Position 3 adsorption on the three-layer surface
(Figures 3(e) and 3(f)), the molecule preserved its quite
symmetrical geometry: the ring remained planar and the
nitro groups next to the methyl group were practically
symmetrical, both torsioned in the same direction. e
methyl group bent in a way to have one of its hydrogen
atoms pointing to an O2− surface site and the other H atom
converged to a position above the ring. Compared to the
two-layer case, the methyl group suffered a considerable
distortion. Finally, for Position 4 adsorption (Figures 3(g)
and 3(h)) both the nitro and methyl groups deformed, the
same happening with the carbon ring; three oxygen atoms
of distinct nitro groups converged to a position maximizing
their interaction with Mg2+ surface sites.

In general, it could be noticed that the largest effect for
TNT adsorbed on MgO(001) was the interaction of nitro
groups with the surface. e NO2 group mostly interacting
with the surface had the largest C–N distances, a further
indication of weakening of these bonds.

e computed electronic adsorption energies for the
three layer surface were in order of decreased stability: 1
(−9.80 kcal/mol), 4 (−9.72 kcal/mol), 3 (−9.09 kcal/mol), and
2 (−7.82 kcal/mol). e �rst three �gures are rather similar,
virtually identical for starting Positions 1 and 4, all of them
characteristic of physisorption. For two-layer surface adsorp-
tion, Position 4 wasmore stable with Position 1 following just
the reversed order of the three-layer surface case. Moreover,
the adsorption energies for the two-layer surface are about
half the values of the three-layer case, thereby displaying the
importance of including a third uppermost relaxed layer.

3.2. Electronic Density Differences for TNT Adsorption on the
ree-Layer Surface. e analysis of the electronic density
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

F 2: Converged geometries of the TNT molecule adsorbed on the �gO(��1) surface with two ��ed layers. (a) side view and (b) up view
of Position 1; (c) Side view and (d) up view of Position 2; (e) side view and (f) up view of Position 3; (g) side view and (h) up view of Position
4.

difference provides a detailed picture of interactions in the
adsorption process.

For Position 1 adsorption (Figure 4(a)), the most favor-
able energetically for adsorption on the three-layer surface,
there is a molecular polarization induced by the surface,
present in all TNTatoms butwith electron accumulation con-
centrated on the neighborhood of the electron-withdrawing
nitro groups and electron depletion below the ring. On
the other hand, the TNT molecule considerably polarized
the surface, especially the �rst layer close to the molecule,

thus depleting the surface of electrons. e surface was also
similarly polarized for the other three adsorption positions.

In Position 2 (Figure 4(b)), the molecule is rather parallel
to the surface and all TNT atoms are polarized. In contrast
to Position 1, there is in Position 2 adsorption a remarkable
electron accumulation at the top of the atoms, farther from
the surface. Below the ring there is considerable electron
depletion and, in contrast with Position 1, electron accumu-
lation below the ring, closer to the surface. e strongest
interactions, indicated by charge accumulation, are localized
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

F 3: Converged geometries of the TNT molecule above the MgO(001) surface: three layer surface, uppermost layer fully relaxed. (a)
side view and (b) up view of position 1; (c) side view and (d) up view of position; (e) side view and (f) up view of position 3 and; (g) side view
and (h) up view of position 4.

on the nitro groups next to the methyl group, with the
remaining nitro group, distinctive of Position 1 adsorption,
having a region of electrondepletion around it.ese patterns
of electronic density explain the fact that adsorption from
Position 2 is the less favorable energetically.

In Position 3 (Figure 4(c)), one of the nitro groups, due
to greater proximity of the surface, interacts more strongly

with Mg2+ ionic sites. ere is electron depletion on the nitro
groupopposed to themethyl group and aswell below the ring.

Adsorption from Position 4 was energetically the most
favorable for the two-layer surface; this situation changed
for the three-layer surface, being now the second most
stable, energetically close (or rather indistinguishable) to
the most stable (Position 1). All TNT atoms for Position 4
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(a) (b)

(c) (d)

F 4: Electronic charge density of the systems adsorbed on the MgO surface with three layers, the uppermost fully relaxed. (a) Side
view of Position 1; (b) side view of Position 2; (c) side view of Position 3; (d) side view of Position 4. Blue color indicates regions of charge
accumulation while red ones indicate charge depletion.

adsorption were polarized, especially the nitro groups next to
the methyl group and the methyl group itself, there was also
electron depletion below the ring, and the surface was also
polarized. is situation, as expected, was not very different
for adsorption from Position 1.

4. Conclusion

In this work we studied adsorption of a TNT molecule on
a MgO(001) surface using DFT methods combined with
periodic boundary conditions. Electronic adsorption ener-
gies and electron density difference maps were computed. A
large 5 × 5 super-cell was necessary to represent accurately
the surface. We investigated desorption from four different
initial positions of the TNT molecule and two different
representations of the surface, one with two �xed layers of
atoms and the other one with three layers, the uppermost
being fully relaxed, thereby allowing a thorough investigation
of TNT adsorption processes on MgO(001).

In other (unpublished) work, calculations of TNT
adsorption on a fully optimized Mg36O36 model cluster
resulted in adsorption energies about six times larger than
present values, thus con�rming the importance of an accurate
representation of the surface for adsorption studies. We par-
ticularly stress here the crucial role played by the Madelung
(i.e., long range) potential in the description of the surface,
adequately included in the present work.

Overall, the adsorbedmolecules converged to amolecule-
surface distance of about 3.3 Å. We showed that the presence
of an uppermost fully relaxed layer in the three-layer surface
representation led to important differences when compared
to adsorption on the surface with two �xed layers.

e computed electronic adsorption energies, converged
molecule-surface adsorption distances, and electron density
difference maps characterized a typical physisorption pro-
cess, which is dominated by dispersion interactions.e elec-
tron density difference maps showed differences and similar-
ities depending on the converged adsorption geometries. For
instance, the most stable three-layer adsorptions (Position 1
and Position 4), very close in energy, showed similar features
in their electron density difference plots: all atoms, especially
the nitro groups, were considerably polarized and there was
electron depletion below the molecular ring.

We have shown in this work that TNT desorption on
MgO(001) is governed by physical interactions. Despite
previous evidence of cooperative effects favoring NO2 and
chemisorption of similar small molecules on a MgO(001)
surface, contrary to our initial expectations, a similar behav-
ior was not found for TNT (with has three nitro groups)
adsorption on the same surface. erefore, although the
MgO(001) catalyst did not present a cooperative effect,
further theoretical investigations should be done in order
to con�rm the role of the MgO(001) surface in TNT deac-
tivation. In spite of that, we have showed that the wealth
of information DFT calculations, combined with periodic
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boundary conditions, can provide for desorption studies of
such large molecules as TNT.
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