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Metal-Schiff base complexes have attracted continued research interest regarding their intriguing and useful features, while the
electronic properties of these complexes in the confined space have not been sufficiently addressed in previous studies. In this
work, a new zinc(II)-Schiff base complex bis(𝑁-dodecyl salicylideneiminato)Zn(II) (1) was synthesized and subsequently loaded
in an inorganic solid host. A large red shift (∼40 nm) of the absorption onset was recorded, when the microenvironment of 1
changed from the solvent ethanol to the inorganic solid medium, evidencing the confined space effect. The marked shift of the
absorption onset was associated with a band-gap reduction between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). Theoretical calculation results showed that the confined space effect is distance
dependent and exerts a more profound influence on the HOMO than the LUMO within an effective distance range. An initial
study implied that the confined space effect is also accompanied with the electron density variation.

1. Introduction

Schiff bases, named after Hugo Schiff, have gained immense
popularity in the chemical community as a result of their
attractive properties and diverse applicability [1–5]. Elec-
tronic, magnetic, optical, chemical, and biological properties
of numerous Schiff bases and their metal complexes have
been recently reported [6–10]. When an organic molecule is
placed as a guest inside a hostmaterial, its physical and chem-
ical properties are subject to changes, among others due to the
so-called “confined space effect” [11]. Pioneered by the work
on loading the conducting polyaniline filaments in a meso-
porous channel host [12], organic molecules in the confined
space have attracted considerable research interest [13–15].
Kitayama and colleagues experimentally demonstrated the
beneficial use of the confined space effect in the nitroxide-
mediated radical microemulsion polymerization [16]. It is
also discovered that combining the merits of the confined
space effect and the synergic effect represents a promisingway
to construct versatile and efficient catalytic systems [17].

Metal-Schiff base complexes confined in a host material
is an area that deserves to receive more research attention.
It may be noted that various attempts have been made
to prepare these composite systems with an emphasis of
investigating their physical and chemical properties [18–20].
However, the change of the electronic properties of metal-
Schiff base complexes in the confined space has not been suf-
ficiently addressed in the previous studies. Therefore, in this
contribution, we synthesize a zinc(II)-Schiff base complex,
load it in an inorganic solid host, and carry out experimental
and theoretical investigations toward a better understanding
of its electronic properties.

2. Materials and Methods

2.1. Sample Preparation. All the chemicals used in this work
were of analytical reagent grade and used without further
purification, unless otherwise is stated. A new zinc(II)-Schiff
base complex, bis(N-dodecyl salicylideneiminato)Zn(II) (1),
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Table 1: Crystal data and structure refinement for 1.

Empirical formula C19H30NOZn0.5

Formula weight 321.14
Crystal system Monoclinic
Space group C2/c
𝑎 (Å) 20.779(4)
𝑏 (Å) 5.4540(10)
𝑐 (Å) 32.660(5)
𝛼 (∘) 90.00
𝛽 (∘) 100.555(13)
𝛾 (∘) 90.00
𝑉 (Å3) 3638.7(11)
𝑍 8
𝐷
𝑐

(g cm−3) 1.172
𝐹
000

1392
𝜇 (mm−1) 0.708
𝜃 range for collection (∘) 2.93–25.01
No. of reflections collected 7239
No. of unique reflections 3220
𝑅int 0.0505
No. of observed reflections (𝐼 > 2𝜎(𝐼)) 2566
Parameters 196
𝑅
1

(𝐼 > 2𝜎(𝐼)) 0.0465
𝑤𝑅
2

(𝐼 > 2𝜎(𝐼)) 0.0756
𝑅
1

(all data) 0.0638
𝑤𝑅
2

(all data) 0.0837
GOF 1.179

was synthesized in this work by mixing salicylaldehyde
(0.244 g, 2.0mmol), dodecylamine (0.371 g, 2.0mmol), and
Zn(CH

3
COO)

2
⋅2H
2
O (0.219 g, 1.0mmol) in an ethanol solu-

tion (30mL) at 70∘C for 30min. The filtered solution was
allowed to slowly evaporate at room temperature for several
days to yield faint yellow crystals of 1 suitable for X-ray
diffraction studies. Anal. Calcd for C

19
H
30
NOZn

0.5
: C, 71.06;

H, 9.42; N, 4.36. Found: C, 70.57; H, 9.45; N, 4.31.
The MCM-41-type mesoporous material as the solid host

was synthesized and characterized according to the literature
[21], revealing a 3.0 nm wide effective mean pore diameter.
To load 1 into this solid host, 1 (0.016 g, 0.05mmol) was
dissolved in a CH

2
Cl
2
solution (100mL), which was followed

by the addition of the mesoporous material (1.0 g).The above
reaction mixture was stirred for 4 h at room temperature. A
light yellowpowderwas isolated by filtration and thenwashed
copiously with CH

2
Cl
2
solution.

2.2. Single-Crystal X-Ray Crystallography. The X-ray diffrac-
tion data of 1 were collected at 293 ± 2K on Oxford Diffrac-
tometer SuperNova with a graphite-monochromated Mo K𝛼
radiation (𝜆 = 0.71073 Å) using the 𝜔-scan technique. The
structure was solved by direct methods and refined by full-
matrix least-squares technique on 𝐹2 with anisotropic dis-
placement parameters for non-H atoms using the SHELXS-97
and SHELXL-97 programs. The hydrogen atoms were placed

Table 2: Selected bond lengths (Å) and angles (∘) for 1.

Bond (Å) Angle (∘)
Zn1–O1 1.9185(17) O1–Zn1–N1 96.50(8)
Zn1–N1 1.991(2) O1A–Zn1–N1A 96.51(8)
Zn1–O1A 1.9185(17) O1–Zn1–N1A 120.96(8)
Zn1–N1A 1.991(2) O1A–Zn1–N1 120.96(8)
N1–C7 1.291(3) O1–Zn1–O1A 110.93(11)
N1A–C7A 1.291(3) N1–Zn1–N1A 112.77(12)

OH

N

Figure 1: Chemical structure of the Schiff base ligand.

in idealized positions and constrained to ride on their parent
atoms. A summary of the key crystallographic information is
given in Table 1. Selected bond lengths and angles are given in
Table 2. Detailed information regarding the crystallographic
data can be retrieved from CCDC (deposition number:
920893).

3. Results and Discussion

A Schiff base ligand bearing a long alkane chain is used
in this work. Figure 1 depicts the chemical structure of this
ligand. The molecular structure of 1 was determined by
single-crystal X-ray crystallography. 1 crystallizes in the
monoclinic space group C2/c with eight molecules in a unit
cell. Figure 2 reveals a V-shapedmolecular structure of 1.The
Zn(II) ion is four-coordinated, and the coordination sphere
of the Zn(II) ion is best described as a distorted tetrahedral
geometry completed by two oxygen atoms and two nitrogen
atoms from the Schiff base ligands. 1 belongs to a C2 point
group, where the C2 axis passes through the Zn(II) ion and
the midpoint of two nitrogen atoms. Huo and colleagues
recently synthesized Zn (salicylidene-p-methylaniline)

2
(2),

a zinc(II)-Schiff base complex that also crystallizes in the
monoclinic space group C2/c [22]. The Zn–O bond length of
1 (1.9185(17) Å) is almost the same as that of 2 (1.9113(15) Å),
while the Zn–N bond length of 1 (1.991(2) Å) is very close
to that of 2 (2.0020(16) Å). The bond angles of O–Zn–O
(110.93(11)∘) and N–Zn–N (112.77(12)∘) of 1 are smaller than
those of O–Zn–O (120.85(11)∘) and N–Zn–N (124.11(10)∘) of
2. This noticeable bond angle variation is most likely due to
the structural difference of the Schiff base ligands in these two
compounds.

The loading of 1 in the solid host was analyzed by powder
X-ray diffraction (PXRD). Figure 3 shows the PXRD patterns
of pure MCM-41 and MCM-41 loaded with 1. The PXRD
patterns of both materials show Bragg peaks at low reflection
angles, which are typical of the mesoporous MCM-41. The
PXRD pattern ofMCM-41 loaded with 1 is generally identical
to that of the pure MCM-41 indicating that the mesoporous
structure was retained after the loading process. However,
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Figure 2: Molecular structure diagram of 1. Hydrogen atoms are omitted for clarity.
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Figure 3: PXRD patterns of pure MCM-41 (red line) and MCM-41
loaded with 1 (blue line).

a decrease of the Bragg peak intensities is also observed,
which could be due to the dispersion of 1 in the channels of
MCM-41. The loading content of 1 was found to be 2.6% as
determined by the XRF analysis.

Figure 4(a) shows the absorption spectra of 1 in ethanol
solution (1.0 × 10−5mol L−1) and the solid host. It may be
first noted that the Zn atom is not involved in these absorp-
tion spectra, since its 4s orbital energy level is too high.
Three major peaks can be unambiguously identified in the
absorption spectrum of 1 in ethanol solution, which centered
at around 361, 271, and 240 nm, respectively. The wavelength
below ca. 225 nm began to reach the solvent cut-off wave-
length of ethanol. Thus, the absorption spectrum of 1 cannot
be reliably recorded in this region. According to Kasha’s
rule [23], the 361 nm absorption peak can be appropriately
assigned to the spatially allowed l → a

𝜋
transition of 1, which

corresponds to the excitation of the electrons from the lone-
pair orbitals of the oxygen atom to an antibonding orbital of
𝜋 origin (a

𝜋
) of the aromatic ring.The 𝜋 → 𝜋∗ transitions of

the aromatic ring of 1 should account for the 271 and 240 nm
absorption peaks.

The absorption bands of 1 in the solid host show substan-
tial broadening compared to those of 1 in ethanol solution.
An obvious shoulder peak plus three major peaks can be
clearly identified in the absorption spectrum of 1 in the solid
host. The shoulder peak located at ca. 393 nm, while the rest
three peaks centered at around 330, 256, and 211 nm, respec-
tively. The nature of these absorption peaks could be also
due to the l → a

𝜋
and 𝜋 → 𝜋∗ transitions of 1.What sparked

our interest is the observation of a large red shift (∼40 nm) of
the absorption onset (and also considering the uprising part
immediately followed by the absorption onset) as highlighted
in the inset of Figure 4(a), when the microenvironment of
1 changes from the solvent ethanol to the inorganic solid
medium. The shift of the absorption onset reflects the vari-
ation of the electronic energy levels of 1. Employing the con-
cept of theHückelmolecular orbital (HMO) theory, amarked
red-shift of the absorption onset can be associated with
a band-gap reduction between the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). Given that 1 can be treated as dispersive
molecules in both of the above media and tends to optimize
its Van der Waals interactions with its surroundings in the
solid host, these interactions are amplified by the surface
curvature of the pore walls, which interact with 1. Thus, the
reduction of the HOMO-LUMO band gap can be reasonably
attributed to the confined space effect.

Figure 4(b) shows the fluorescence emission spectra of 1
in ethanol solution (1.0 × 10−5mol L−1) and the solid host.
Excited by 355 nm UV light, the emission peaks of 1 in both
media can be reasonably assigned to the fluorescence from
the intraligand excited state. A 5 nm red shift of the emission
peaks from 466 nm of 1 in ethanol solution to 471 nm of 1
in the solid host was observed. Although displaying the same
red-shift trends, the shift of absorption onset (∼40 nm) is
much more prominent than that of the emission peaks
(5 nm). A potential explanation of this phenomenon could
be correlated with the nature of the l → a

𝜋
transition, which

depends on the twist angle of the axes of the lone-pair orbitals
relative to that of the adjacent 2p

𝜋
orbitals of the attached

aromatic ring [23, 24]. It is possible that the confined space
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Figure 4: (a) Absorption spectra of 1 in ethanol solution (red line) and the solid host (blue line) at room temperature. The inset highlights
the absorption onset of 1 in (a). (b) Fluorescence emission spectra of 1 in ethanol solution (red line) and the solid host (blue line) at room
temperature. 𝜆ex = 355 nm.
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Figure 5: Plot of the energies of theHOMO (), the LUMO (∇), and
the band gap (O) of 1 at different 1-mica sheet distances. 1 Hartree =
27.2 eV.

exerts some specific effect on the l → a
𝜋
transition by, for

example, affecting the twist angle of the orbital axes, which
is likely to result in the recorded change of the absorption
spectra of 1. However, the molecular configuration of 1 could
undergo transient alteration as a result of the light absorption,
thus compromising the confined space effect. Consequently, a
less distinctive red shift of the emission peaks was observed as
shown in Figure 4.

With the aim of providing a preliminary quantum chemi-
cal interpretation of the above electronic property variation at
a reasonable computational cost, semiempirical calculations

at the PM3 level using the Gaussian 09 suite of programs
were carried out. The atomic coordinates of 1 employed in
the calculations were based on the X-ray crystallographic
data of this work. Concerning that 1 is confined by the inner
pore surface of the solid host, the microenvironment of 1
can be simulated by placing 1 parallel to a mica sheet (a
layered silicate formed by two-dimensional arrays of SiO

4

tetrahedra sharing the edge). Through a progressive increase
of the distance between 1 and the mica sheet from 0.0 up to
1.5 Å, the energies of the HOMO, the LUMO, and the band
gap of 1 are calculated and then plotted in Figure 5. Results
revealed a remarkable increase of the band gap of 1, when the
1-mica sheet distance increases from 0.0 to 0.6 Å. However,
the variation in band gap generally levels off in the range
of 0.6–1.5 Å. This indicates that the confined space effect is
most likely distance dependent. It is evident from Figure 5
that the key factor contributing to the increase of the band
gap in the range of 0.0–0.6 Å is the decrease of the HOMO
energy. The variation of the LUMO energy in this range is
less significant compared to that of the HOMO energy. This
implies that within an effective distance range, the influence
of the confined space effect on molecular orbitals is different:
the HOMO is more sensitive than the LUMO.

To offer a pictorial way of illustrating the confined space
effect, extended HMO calculations were performed on this
1-mica sheet system. The atomic coordinates used in the
extended HMO calculations are exactly the same as those
used in the above semiempirical calculations. Figure 6 shows
the contour plots of the HOMO surfaces for the 1-mica sheet
system separated by 0.0 and 0.6 Å, respectively. It can be seen
from the figure that when 1 approaches themica surface from
0.6 to 0.0 Å, the electron density in 1 becomes significantly
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(a) (b)

Figure 6: Contour plots of the HOMO surfaces for the 1-mica sheet system. (a) 1-mica sheet distance: 0.0 Å. (b) 1-mica sheet distance: 0.6 Å.
Positive and negative values of the orbital contour are displayed in red (0.01 a.u.) and blue (−0.01 a.u.), respectively.

higher. We postulate that the enhanced electron density is a
direct reflection of the confined space effect.

Before ending this paper, we would like to mention the
recently published themed issue on “Molecules in Confined
Spaces” in PCCP [11]. These beautiful works showcase that
the study of molecular confinement is actively involved in
many fields of chemical research, especially host-guest chem-
istry and heterogeneous catalysis. The investigation of the
tendencies in the electronic structures, energy spectra, and
chemical reactivity of spatially confined atoms andmolecules
has been of particular interest. It is noteworthy that whether
or not the decrease of the HOMO-LUMO band gap for con-
fined guest molecules can be exclusively assigned to the elec-
tronic confinement is still a matter of debate. Scientists from
Spain performed semiempirical electronic structure calcu-
lations on confined anthracene and DFT/Hartree-Fock cal-
culations on confined naphthalene [25, 26]. They concluded
that the confined space effect led to the reduction of the
HOMO-LUMO band gap, consistent with the spectroscopi-
cally observed red shifts in the 0-0 optical transitions. On the
other hand, the computation results from a team of Belgian
and English scientists gave an increase in the HOMO-LUMO
band gap [27]. To gain further insight into this matter, a
thorough analysis of the influence of the confinement on the
excitation energies of anthracene and naphthalene based on
time-dependent DFT was carried out [28]. On the basis
of their results, it was presumed that the decrease in the
excitation energies derived from the above spectroscopic
observations should not be exclusively linked to the compres-
sion of the molecular orbitals. Obviously, a future effort of
combined experimental and theoretical investigations is still
needed to achieve a more comprehensive understanding of
the confined space effect.

4. Conclusions

In summary, a new zinc(II)-Schiff base complex (1) was
synthesized and subsequently loaded in an inorganic solid

host in this work. A large red shift (∼40 nm) of the absorp-
tion onset was recorded, when the microenvironment of
1 changed from the solvent ethanol to the inorganic solid
medium, evidencing the confined space effect. The marked
shift of the absorption onset was associated with a band-gap
reduction between the HOMO and the LUMO. Theoretical
calculation results showed that the confined space effect is
distance dependent and exerts a more profound influence
on the HOMO than the LUMO within an effective distance
range. An initial study implied that the confined space effect
is also accompanied with the electron density variation. Our
future work intends to see if the confined space effect could
bring forth its usefulness in the study of biological systems.
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