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Abstract: We have prepared hybrid materials of azobenzene and chiral Schiff base Ni(ll), Cu(ll), and Zn(ll) complexes
and investigated their linearly or circularly polarized UV (ultraviolet) light-induced supramolecular orientation with
polarized electronic and IR spectra or CD (circular dichroism) spectra. The experimental FT-IR (Fourier transfer-infrared)
spectra of azobenzene molecules were recorded at room temperature, and the results were compared with quantum
chemical theoretical values using B3LYP, M052X, and M062X DFT (density functional theory) methods. The interaction
of azobenzene with PMMA was simulated. Molecular geometry, vibrational wavenumbers, and thermodynamic
parameters were calculated in all these systems. With the help of specific scaling procedures for the computed
wavenumbers, the experimentally observed FT-IR bands were analyzed and assigned to different normal modes of the
molecule. Most modes had wavenumbers in the expected range, and the error obtained was in general very low. Several

general conclusions were deduced.
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INTRODUCTION

As a component of photofunctional organic/
inorganic hybrid materials, azobenzene (AZ), a typical
photochromic dye, is a molecule of great interest at
present. Therefore, many theoretical studies using ab
inito, DFT, and molecular dynamic methods have been
reported, together with spectroscopic studies of the
ground and excited states [1-18]. One of the
advantages of these hybrid materials may be that it is
possible to introduce the optical function of
photofunctional organic compounds to non-photoactive
inorganic metal complexes showing attractive
electronic properties or functions [19-22].

In this context, we have developed light-induced
molecular orientation and supramolecular chiral
ordering by irradiating polarized UV light to
photofunctional hybrid materials containing the
photoresponsive molecules and metal complexes in
polymer film [23-32]. We have tested various conditions
of complexes, azo-dyes, and light irradiation. For
example, we synthesized organic/inorganic hybrid
materials composed of chiral Schiff base Co(ll), Ni(ll),
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Cu(ll), or zn(ll) complexes and AZ in polymethyl
methacrylate (PMMA) cast films and observed linearly
or circularly polarized light-induced molecular
orientation [33] by means of polarized electronic (UV-
vis) or IR spectroscopy [34]. By carefully neglecting
solid-state artifacts, CD spectroscopy may be effective
in observing chiral components separately [35-37].
Thus, if it is possible to create functional materials that
can control the various functions of inorganic metal
complexes via light or their physical (spatial)
information, such materials will be desirable for the
production of new devices.

However, polarized UV-vis spectra are not able to
individually observe each component for the following
reasons: (1) there is overlap of the m-m* and n-m*
bands of the AZ and complexes and (2) the zZn(ll)
complex has no d-d- band. Therefore, IR spectroscopy
was employed for the selective observation of C=N
bands of complexes and N=N bands of AZ as
composites in PMMA films. Using TD-DFT calculations,
theoretical interpretation of IR spectra on the basis of
normal vibration is required for reliable assignment of
the IR spectra.

Here we have synthesized new chiral Schiff base
Ni(ll), Cu(ll), and zZn(ll) complexes. Incorporating -OH

© 2016 Lifescience Global
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groups results in enhanced intermolecular interaction
with the PMMA matrix [38, 39]. The molecular design
aims to induce supramolecular orientation by linearly or
circularly polarized UV light irradiation. In addition,
using normal mode AZ analysis in PMMA film (not in
the gas phase) and simulated IR spectra of the
complexes by TD-DFT calculation, we could
individually observe components in the hybrid material.
To the best of our knowledge, this is the first attempt at
selective interpretation of induced molecular orientation
after polarized UV light irradiation.
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Scheme 1: Structures of chiral Schiff base complexes
(abbreviated as Ni, Cu, and Zn) [left] and AZ (trans-form)

[right].
METHODS

General Procedures

Chemicals of the highest commercial grade
available (solvents from Kanto Chemical, organic
compounds from Tokyo Chemical Industry, and metal
sources from Wako) were used as received.

Preparation of bis(N-2-hydroxy-1-phenyl-3,5-
dibromosalicydenaminato)nickel(ll) (Ni)

To a solution of 3,5-dibromosalicylaldehyde (0.2799
g, 1.000 mmol) dissolved in methanol (50 mL), (R)-(-)-
2-phenylglycinol (0.1372 g, 1.000 mmol) was added
and stirred at 313 K for 2 h to give a yellow solution of
the ligand. Nickel(ll) acetate tetrahydrate (0.1246 g,
0.5000 mmol) was added to the resulting solution to
give a green solution of the complex. After stirring for 4
h, this crude green compound was filtered and
recrystallized from methanol. Yield: 0.2689 g (62.9%).
Anal. Found: C, 42.22; H, 2.46; N, 3.08%. Calcd. for
C30H24NiBr4N204 C, 42.15; H, 2.83; N, 3.28%. IR [NUJO'
mull (cm'l)]: 721 (w), 1144 (w), 1211 (w), 1304 (w),
1377 (m), 1462 (s), 1629 (w) (C=N), 2853 (s), 2925 (s).
Electronic spectra (nm): 394, 595 (acetone); 238, 249,
392, 596 (methanol); 250, 393, 608 (chloroform).

Preparation of bis(N-2-hydroxy-1-phenyl-3,5-
dibromosalicydenaminato) copper(ll) (Cu)

To a solution of 3,5-dibromosalicylaldehyde (0.2799
g, 1.000 mmol) dissolved in methanol (50 mL), (R)-(-)-
2-phenylglycinol (0.1372 g, 1.000 mmol) was added
and stirred at 313 K for 2 h to give a yellow solution of
the ligand. Copper(ll) acetate monohydrate (0.0998 g,
0.500 mmol) was added to the resulting solution to give
a green solution of the complex. After stirring for 4 h,
this crude green compound was filtered and
recrystallized from methanol. Yield: 0.2123 g (49.4%).
Anal. Found: C, 39.22; H, 2.31; N, 2.70%. Calcd. for
C30H24CuBrsN,O4; C, 39.00; H, 2.48; N, 2.46%. IR
[Nujol mull (cm'l)]: 721 (w), 1151 (w), 1376 (m), 1462
(s), 1628 (w) (C=N), 2854 (s), 2925 (s). Electronic
spectra (nm): 386, 625 (acetone); 249, 384, 613
(methanol); 249, 389, 607 (chloroform).

Preparation of bis(N-2-hydroxy-1-phenyl-3,5-
dibromosalicydenaminato)zinc(ll) (zZn)

To a solution of 3,5-dibromosalicylaldehyde (0.2799
g, 1.000 mmol) dissolved in methanol (50 mL), (R)-(-)-
2-phenylglycinol (0.1372 g, 1.000 mmol) was added
and stirred at 313 K for 2 h to give a yellow solution of
the ligand. Zinc(ll) acetate dihydrate (0.1097 g, 0.5000
mmol) was added to the resulting solution to give a
yellow solution of the complex. After stirring for 4 h, this
crude yellow compound was filtered and recrystallized
from methanol. Yield: 0.3284 g (77.1%). Anal. Found:
C, 4158; H, 246; N, 3.06%. Calcd. for
C3oH24ZNnBrsN,0O,4 C, 41.82; H, 2.81; N, 3.25%. IR [NUJO'
mull (cm'l)]: 702 (w), 1028 (w), 1052 (w), 1146 (w),
1212 (w), 1301 (w), 1377 (m), 1461 (m), 1610 (w)
(C=N), 2854 (s), 2923 (s). Electronic spectra (hm): 387
(acetone); 240, 385 (methanol); 248, 388 (chloroform).

Preparation of Hybrid Materials, Ni + AZ + PMMA,
Cu + PMMA, and Zn + AZ + PMMA

For measurements of UV-vis spectra, acetone
solutions of AZ (1.83 x 107 g, 1.00 x 10™> mol) with
PMMA and acetone solutions of Ni (4.27 x 107 g, 5.0x
107 mol), Cu (4.29 x 107 g, 5.0 x 10™® mol), or Zn
(4.26 x 107 g, 5.0 x 10"° mol) with PMMA were mixed
and cast onto a glass slide at room temperature.

Physical Measurements

Elemental analyses for C, H, and N were conducted
using a Perkin-Elmer 24001l CHNS/O analyzer at
Tokyo University of Science. Infrared (IR) spectra were
recorded as KBr on a JASCO FT-IR 4200 and
spectrophotometer equipped with a polarizer with a
range of 4000-400 cm™? at 298 K. Absorption
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electronic (UV-vis) spectra were measured on a
JASCO V-570 UVIVISINIR spectrophotometer or a
JASCO V-650 UV/VIS spectrophotometer equipped
with a polarizer with a range of 800—220 nm at 298 K.
Photo-illumination was performed using a lamp (1.0
mW/cmZ) with optical filters (UV A = 200-400 nm).
Thus, a sample was produced using optical fibers and
a polarizer through optical filters. Angles of polarizer
denote the direction of electric vector of linearly
polarized light from vertical line.

Computational Details

Calculations were performed using the B3LYP,
MO052X, and M062X density functional (DFT) methods
implemented in the GAUSSIAN 09 [40] program
package wusing the Quipu computer of the
Computational Center at the Complutense University of
Madrid. The standard parameters of the UNIX version
of this package were used. The DFT methods are the
most adequate because they provide a compromise
between the desired chemical accuracy and the heavy
demands placed on the computer time and power. In
addition, DFT methods have been used satisfactorily in
many studies [41-45]. The B3LYP DFT method was
chosen because several studies have shown that the
data obtained using this method are in good agreement
with those obtained using other costly computational
methods (such as MP2), and it predicts vibrational
wavenumbers better than HF and MP2 methods [46-
50]. The M052X and M062X methods are members of
the M0O5 and MO06 family of DFT methods recently
developed by Zhao, Truhlar, and Schultz, which were
designed to yield broad applicability in the field of
chemistry [51].

Several basis sets were used, starting from 6-
31G(d,p) to 6-311++G(3df,pd). The 6-31G(d,p) set
represents a compromise between the accuracy and
computational cost; thus, it was the base set selected
as the reference for all of the calculations. The Berny
optimization algorithm was used under the TIGHT
convergence criterion. Conformational equilibrium at
298.15 K was evaluated by means of the Boltzmann
distribution. The natural NBO procedure was employed
for the determination of the atomic charges [52, 53].

Wavenumber calculations were performed on all
optimized conformers to confirm the stationary points
as local minima on the potential energy landscape and
to calculate Gibbs energies AG as the sum of the
electronic and thermal free energies. These were
performed at the same level as the respective

optimization process and by analytical evaluation of the
second derivative of the energy with respect to nuclear
displacement. The absence of imaginary wavenumbers
confirmed the optimized conformations to be local
minima. Relative energies were obtained by adding
zero-point vibrational energies (ZPEs) to the total
energy. For the calculation of ZPEs, the wavenumbers
were retained unscaled.

RESULTS AND DISCUSSION

Geometry Optimization of AZ Molecule. Isolated
State

The optimized bond lengths, bond angles, and
torsional angles calculated in the cis and trans
orientation of AZ at the B3LYP/6-31G(d,p) and
B3lYP/6-311+G(2d,p) levels are listed in Table 1, while
the labeling of the atoms is plotted in Figure 1.
Because of the symmetry of the molecule, only the
values for one side of the structure are provided in
Table 1. The computed values with the two basis sets
were, in general, very close and were in accordance
with the data reported for related molecules. The
differences were in accordance with the average error
of this method. These values for the isolated state are
in agreement with previous theoretical [54] and
experimental results obtained by electron diffraction
[55].

In the trans orientation, the structure is fully planar,
and all the torsional angles are 0° or 180°. Both
benzene rings are independent, and one ring has no
influence on the other in the planarity of the structure.
However, the nitrogen atom attached to C6 has a
noticeable influence on the aromaticity of the ring. The
nitrogen atom withdraws negative charge on the C6
atom and thus changes it to a positive value, 0.093 e~
(where e” is the charge of an electron) with the 6-
311+G(2d,p) basis set (on C3, it is —0.185 e) (Table
2). This leads to a shortening of C1-C2 and C4-C5 e.g.
a slight quinonoided characteristic on the benzene ring.
This effect has also been observed in the aniline
molecule [56]. The nitrogen atom also affects the C1-
C6 length, which is slightly longer (0.005 A) than the
C5-C6 length. Because of the short N=N bond, the C-N
bond length is slightly longer than that found in the
aniline molecule: at the B3LYP/6-31G(d,p) level, 1.419
A vs. 1.398 A in aniline [56]. With a longer C-N bond,
the effect of the nitrogen atom on the ipso angle C-C2-
C is smaller than that in the aniline molecule: 120.4°
vs. 118.6° in aniline. Because of the symmetry of the
structure, the dipole moment is 0.0 (Table 3).
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Table 1: Optimized Geometrical Parameters (A, °) at B3LYP Level of AZ
cis Trans Trans in PMMA
Parameters 6-31G 6-311+G 6-31G 6-311+G 6-31G
(d.p) (2d.p) (d.p) (2d.p) (d.p)
Bond lengths
C1-Cc2 1.393 1.389 1.389 1.385 1.393
C2-C3 1.397 1.392 1.401 1.396 1.397
C3-C4 1.397 1.392 1.396 1.391 1.400
C4-C5 1.393 1.388 1.394 1.389 1.390
C5-C6 1.401 1.395 1.401 1.396 1.405
C1-C6 1.403 1.397 1.406 1.401 1.403
C6-N 1.436 1.435 1.419 1.419 1.416
N=N 1.249 1.241 1.261 1.251 1.261
Bond angles
C2-C1-C6 119.6 119.6 119.6 119.6 120.2
Cc-C2-C 120.5 120.4 120.4 120.5 119.7
C-C3-C 119.8 119.7 120.0 120.0 120.2
C-C4-C 120.1 120.2 119.8 119.9 120.4
C-C5-C 120.0 119.9 120.2 120.2 119.6
C-C6-C 119.9 120.0 119.9 120.0 119.9
C1-C6-N 123.0 122.7 124.8 124.7 115.3
C-N=N 124.0 124.1 114.8 1154 115.8
Torsion angles
C1-C2-C3-C4 -1.5 -1.6 0.0 0.0 -0.2
C6-C1-C2-C3 0.8 0.9 0.0 0.0 0.7
C2-C1-C6-N 1721 172.4 180.0 180.0 -179.0
C1-C6-N=N 50.5 52.1 0.0 0.0 -170.6
C6-N=N-C 9.8 9.1 0.0 0.0 -176.4
PMMA Films

However, in the cis orientation, there is a strong
repulsion of both the rings. Thus, the structure is not
planar, with one ring being almost perpendicular to the
other. The repulsion is so strong that the atoms of both
benzene rings appear with slight out-of-planarity (Table
1). It is noted that the torsional angles of the ring
appear to be more easily deformed by this repulsion
than the CCC angles, which are very close to those in
the trans orientation. The C1-C2 and C4-C5 bond
lengths are also shorter than the remaining C-C bonds;
however, the difference is very small e.g. the
aromaticity of the benzene ring is very small. The
nitrogen atom withdraws less negative charge on C6
e.g. the C-N length appears to be longer than that in
the trans form: 1.435 A vs. 1.419 A for the trans form.
Because of this lengthening, the nitrogen atoms can be
more strongly bonded: 1.241 A vs. 1.251 A for the trans
form. All these features indicate the high flexibility of
the molecule. Because of the asymmetry of the
structure, the dipole moment is markedly increased, by
up to 3.215 D, from the trans— cis isomerization
(Table 3).

We also simulated the interaction of trans-AZ in
PMMA films using a simplified model with two sets of
PMMA

OCH, /,

(n =5) (Figure 1b) and its full optimization.

Only two very weak C-H---O H-bonds and a C-H---N
interaction appear between PMMA and AZ, leading to
the rotation of both benzene ring planes to an angle of
37.6°. The effect of PMMA in the bond lengths of AZ is
small, with changes lower than 0.005 A. However, it is
very large in the C1-C6-N angle (Table 1).

Wavenumber Calculation of AZ Molecule

The AZ molecules and their derivatives have been
the subject of many experimental studies using IR and
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Figure 1: (a) Top and side views of optimized molecular structures of cis- and trans-AZ. (b) Top and side views of optimized
molecular system of trans-AZ and two sets in PMMA (n = 5).

Table 2: Calculated Natural NBO Atomic Charges with the B3LYP Method in AZ

cis trans
Atom 6-31G 6-311+G 6-31G 6-311+G

(d,p) (2d,p) (d,p) (2d,p)
c1 -0.242 -0.209 -0.223 -0.189
c2 -0.231 -0.192 -0.237 -0.199
c3 -0.236 -0.202 -0.222 -0.185
c4 -0.233 -0.195 -0.242 -0.206
c5 -0.233 -0.200 -0.211 -0.173
c6 0.069 0.077 0.097 0.093
N -0.128 -0.138 -0.197 -0.205
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Table 3: Theoretical Computed Total Energies and Gibbs Free Energy (A.U.), Rotational Constants (GHz), Entropies
(cal~mo|'1~K'1) and Dipole Moments (Debyes) at the B3LYP Level in AZ Molecule

Parameters cis trans Trans in PMMA
6-31G 6-311+G 6-31G 6-311+G 6-31G
(d.p) (2d,p) (d.p) (2d,p) (d.p)
Total energy+ZPE 563267 .709860% .585832% .733520% .006332°
Gibbs Free energy .601152% 747804 .625272% 772352
Rotational constants 1.446 1.438 2.733 2.753
0.455 0.460 0.292 0.292 0.023
0.408 0.414 0.264 0.264 0.009
Entropy 0.008
Total 104.4 104.6 105.7 106.7
Translational 41.5 41.5 41.5 41.5
Rotational 31.5 31.4 31.7 31.7
Vibrational 31.5 31.7 32.5 33.5
Dipole moments 3.197 3.215 0.0 0.0 12.315

2572.%-4112.

Raman spectroscopic techniques [54, 57-60]. However,
they have not been as accurately assigned as in the
present study (Table S1). Moreover, we have
reassigned several bands. In addition, the analysis of
AZ in PMMA films has not yet been reported; thus, we
present a discussion of such an analysis. The
simulation of the vibrational spectra is based on DFT
calculations and accurate scaling.

The calculated wave numbers in the AZ molecule
were improved using the linear scaling equation
procedure (LSEP). For this purpose, a scaling equation
was determined in the benzene molecule at the same
level as that in the AZ:

Vscaled =221+0.9543 - wcalculated
(B3LYP/6-31G(d,p))

Figures 2 and 3 show the simulated scaled IR
spectra. Other scaling procedures can be performed,
but they appear less accurate than LSEP [48, 49].
Table S1 gives the theoretical and scaled
wavenumbers obtained by IR and Raman (calculated
for comparison) spectroscopy for the trans form, while
Table S2 refers to the cis form. The first column lists, in
increasing order, the calculated wavenumbers at the
B3LYP/6-31G(d,p) level, while the second column
shows their respective relative (%) IR intensities (A),
and the third column shows their relative Raman
scattering activities (S). The relative IR and Raman
intensities were obtained by normalizing the computed
values to the intensity of the strongest line. The fourth
to tenth columns show the calculated values at the
B3LYP/6-311+G(2d,p) level. The reduced masses (u)

(seventh column), force constant of each vibration (f)
(eighth column), Raman depolarization ratios for plane
(P) (ninth column), and unpolarized incident light (U)
(tenth column) are also shown. Columns 11 and 12
correspond to the scaled values from the scaling
equation with the two basis sets. Two wavenumbers
have been characterized from each ring mode
corresponding to the two phenyl rings (with the
exception of modes 1 and 10b). These values can be
directly compared to the experimental IR bands. In the
last column, the characterization for each calculated
wavenumber determined in the ring and substituent
modes is shown. Assignment of the ring modes
followed the Varsanyi notation [61] for a mono-
substituted benzene.

For our simulated model, analysis and assignment
of the computed values of AZ in PMMA films were also
performed. Table S1 shows the vibrations
corresponding to AZ in this system. These were
identified from the 546 frequencies calculated for the
system. The simulated scaled IR spectrum with these
frequencies is included in Figures 2 and 3, in addition
to others in which there appears to be a noticeable %
contribution of the modes of AZ. The last column of
Table S1 shows the calculated frequency shift of AZ in
the simulated PMMA film. As observed, few modes
appear to be coupled between AZ and PMMA i.e. the
interaction between them is weak and has little
influence on the frequency values.

Metal Complexes (with AZ in PMMA Films)

Electron-withdrawing Br atoms are bonded as
substituents in two phenyl rings. Figures 4-6 show the
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Figure 2: Theoretical scaled IR spectra in the 3300-2900 cm™ range in the cis and trans isomers and at the B3LYP/6-31G(d,p)
and B3LYP/6-311+G(2d,p) levels using the scale equation procedure obtained from the benzene molecule and that simulated

with trans-AZ in PMMA.

optimized structure obtained using the B3LYP, M052X,
and M062X DFT methods and the 6-31G(d,p) basis
set. Conformer 1 corresponds to the most stable case,
although the difference in energy is very small in the Ni
complex (0.98 kcal mol™" with B3LYP) and high in the
Cu complex (2.83 kcal mol'l). In these structures, all
the phenyl rings are out-of-planarity to avoid steric
interactions. The calculated wavenumbers were scaled
following LSEP equations:

v = 22.1 + 0.9543 - 0™ (B3LYP/6-31G(d,p))
v = 24.5 + 0.9366 - 0™ (M052X/6-31G(d,p))

v = 22.7 +0.9417 - 07! (M062X/6-31G(d,p))

The experimental and scaled IR spectra are shown
in Figures S6-S8. Because of the IR intensity
depending of many factors not considered in the
theory, this comparison must be performed on the
frequency values. A summary of the most intense IR
bands is provided in Tables S3-S5. In general, the
scaled wavenumbers appear very close to the
experimental data, with errors less than 2%. Moreover,
the three DFT methods show similar results i.e. the
simulated structure and the assignment seem to be
correct. Small differences are observed in the
experimental IR spectra of the complexes with Ni, Cu,
and Zn e.g. the influence of the metal in the structure of
each individual fragment is small. The differences
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Figure 4: Two views of the optimized molecular structure with the B3LYP, M052X, and M062X DFT methods in conformer 1 of
the azobenzene complex with Ni. All the bond lengths values are in A. At the bottom is the total energy of the complex (+ ZPE) in

AU.

observed experimentally are markedly smaller than
those determined theoretically in the isolated state,
indicating that the Nujol solution perhaps reduces the
molecular flexibility and special distribution of the
fragments in these complexes to a simpler form. Only
the spectrum of the complex with Zn shows some
significant difference. This is confirmed by the similar
wavenumber observed for the Vv(C-N) mode,
corresponding to the complexes with Ni (1629 cm'l),
Cu (1628 cm™), and Zn (1610 cm™).

With regard to the molecular structure of the Ni
complex (Figures 4 and S3), all the carbon and
nitrogen atoms bonded to the Ni atom are in-plane,
with values of O-Ni-O = 177.4° and N-Ni-N = 178.9°
Contributing to the asymmetry of the molecule are
three weak contacts/H-bonds: H8--Br (2.546 A with
B3LYP), 033.-H5 (2.053 A), and 032---H58 (2.068 A),
observed as a violet color at the B3LYP/6-31G(d,p)
level in Figure 4. Consequently, the O33-Ni bond is
slightly shorter than the O32-Ni bond, and the N44-Ni
bond is slightly longer than the N1-Ni bond. In the
middle IR spectrum, the bands with the highest
intensity correspond to C-N stretching. The shortest
bonds are C=N, and these correspond to C64-N44
(1.293 A with B3LYP) and C20-N1 (1.301 A). They
have calculated wavenumbers at 1684 cm™* (scaled at
1629 cm™) and at 1669 cm™* (scaled at 1615 cm™),

respectively, and very strong IR intensity in accordance
with the experimental band, showing strong intensity at
1629 cm™. The bands corresponding to C45-N44 and
C2-N1 appear at lower wavenumbers (in accordance
with their longer bond lengths) and with weak IR
intensity.

In the Cu complex (Figure 5), the carbon and
nitrogen atoms bonded to the Cu atom are not in-plane,
with values of O-Cu-O = 154.7° and N-Cu-N = 152.9°
with B3LYP. Similar values were obtained by M052X
and M062X. Similar to the Ni complex, this molecule is
asymmetric with three weak contacts, as shown in
Figure 5. It should be noted that the removal of one
hydrogen atom was necessary (Figure 5) to produce a
stable structure. The v(C=N) stretchings are predicted
with very strong IR intensity at 1851 cm™* (scaled at
1788 cm™!) and at 1676 cm™* (scaled at 1621 cm ™) by
B3LYP. This is also in very good accordance with the
MO052X and M062X values and with the experimental
band detected at 1628 cm ™.

The Zn complex shows the greatest degree of out-
of-planarity of the carbon and nitrogen atoms bonded
to the Zn atom, with values of O-Zn-O = 133.4° and N-
Zn-N = 136.7° by B3LYP. This molecule is also
stabilized by weak contacts, as shown in Figure 6. In
the middle IR-spectrum, the bands with the highest IR
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Figure 5: Two views of the optimized molecular structure with the B3LYP, M052X, and M062X DFT methods in conformer 1 of

the azobenzene complex with Cu.

E =-13633.647877,-13633.334119, -13633.258191 AU

Figure 6: Two views of the optimized molecular structure with the B3LYP, M052X, and M062X DFT methods in conformer 1 of

the azobenzene complex with Zn.

intensity also correspond with the v(C=N) stretchings
calculated at 1680 cm™" (scaled at 1625 cm™) and at
1667 cm™* (scaled at 1613 cm™ ). They are also in very
good accordance with the M052X and M062X values
and with the weak band observed in the experimental
spectrum at 1610 cm ™.

Through the analysis of the molecular structure of
these complexes in the isolated state, we have not
observed any particular difference that would give rise
to a flexible structure for Ni and Cu and a rigid complex
for Zn. The only special characteristic of the Zn
complex is the high out-of-planarity of the structure.
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Perhaps, this out-of-planarity leads to high molecular
interactions (H-bonds) with neighboring molecules,
leading to a rigid complex. This complex with Zn is also
more open, with a larger Br30...Br43 distance (14.8 A
by B3LYP) than that in the Ni complex (14.4 A) and in
the Cu complex (13.9 A).

Low-lying molecular vibrations have been studied
by several authors [63-65], and their presence
indicates a high flexibility in the molecular structure,
which may be caused by various factors. Twenty-nine
frequencies below 200 cm™ were found in the complex
with Cu, corroborating its high flexibility, while in the
complex with Zn, 28 were found and in the complex
with Ni, 26 were found. A first group of these vibrations
includes those that represent the motion of the different
rings with respect to each other as almost rigid
subsystems, while a second group involves their
intramolecular deformation.

Linearly Polarized
Anisotropy

UV Light-Induced Optical

Figure 7 shows polarized UV-vis spectra before and
after linearly polarized UV light irradiation for 10 min at
45° and circular diagrams of the angular dependence
of absorbance at mr-11* (318 nm), n-1r* (440 nm), and d-
d bands in polarized UV-vis spectra before and after
linearly polarized UV light irradiation (0.5, 1, 3, 5, and
10 min). At the d-d band (Ni: 595 nm, Cu: 625 nm),
increases in optical anisotropy were observed. These
results suggest that both AZ and the complexes were
oriented by linearly polarized UV light irradiation.

Tables 4 and 5 summarize optical anisotropic
parameters (R and S values) of the hybrid materials Ni
+ AZ + PMMA, Cu + AZ + PMMA, and Zn + AZ +
PMMA. To allow for discussion of the Weigert effect,
the degree of photo-induced optical anisotropy (in other
words, spectral dichroism) of polarized UV-vis spectra
can be commonly described by two parameters:

S= (Aparrallel - AperpendicuIar)/(ZAperpendicular + Aparrallel)
R= AperpendicuIar/AparraIIeI

where  Agependicular  aNd  Agaraier Values  denote
absorbance measured with the polarizer perpendicular
or parallel, respectively, to the electric vector of
irradiation polarized light. The ideal isotropic systems of
S=0and R =1, and both S and R parameters, are
changed with increasing dichroism by molecular
alignment.

Assignment of spectral peaks was in agreement
with the analogous compounds [26, 28, 38, 39]. As
listed in Tables 4 and 5, the 1-11* and n-1* bands of AZ
were directly changed by the Weigert effect, while the
d-d bands of Ni or Cu were changed by
supramolecular interaction in the PMMA matrix.
However, Zn did not exhibit d-d bands because of d*°
configuration of the Zn(ll) center [22].

In the PMMA hybrid materials, the 10-min R values
due to the d-d bands of Ni and Cu are 5.6838 and
1.5286 for Ni + AZ + PMMA and Cu + AZ + PMMA,
respectively. Focusing on the common 1-m* bands of
AZ around 318 nm, the 10-min R values are 1.0139,
1.0037, and 0.9338 for Ni, Cu, and Zn + AZ + PMMA,
respectively. According to Table 6, the degree of
freedom may be caused by intermolecular interaction
of non-contacted molecules of AZ and Ni, Cu, or Zn.
Similar behavior was observed for the S values, as
summarized in Table 5. In general, looseness of data is
mainly attributed to AZ degradation [23].

To allow for selective observation of contained
components (AZ or complexes) in hybrid materials (in
other words, direct proof of supramolecular interaction
from the Weigert effect to the optical anisotropy of
complexes), polarized IR spectra (Figure 8) were
measured, in which C=N bands of metal complexes
were used as a probe to detect each component
separately. Tables 6 and 7 summarize the optical
anisotropic R and S values from the polarized IR
spectra of the hybrid materials Ni + AZ + PMMA, Cu +
AZ + PMMA, and Zn + AZ + PMMA after linearly
polarized UV light irradiation. The 10-min R values due
to C=N bands of Ni (1629 cm™), Cu (1628 cm™), and
Zn (1610 cm™) are 1.1770, 1.0058, and 1.0509 for Ni +
AZ + PMMA, Cu + AZ + PMMA, and Zn + AZ +
PMMA, respectively.

The R and S values at the m-1* bands of the
polarized UV-vis spectra provided information on
molecular orientation and conformation. Meanwhile, the
R and S values at the d-d band of the polarized UV-vis
spectra and the C=N bands of the polarized IR spectra
provide information such as the coordination
environment. Tables 4 and 6 indicate the following
mechanism. Increases in optical anisotropy after linear
UV light irradiation for 10 min followed the following
order: Zn + AZ + PMMA > Ni + AZ + PMMA > Cu + AZ
+ PMMA at m-1*, Ni + AZ + PMMA > Cu + AZ +
PMMA > Zn + AZ + PMMA at n-tr*, and Ni + AZ +
PMMA > Cu + AZ + PMMA at d-d. The reason for
maximum T-1* values for Zn + AZ + PMMA may be
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Figure 7: Polarized UV-vis spectra at 45° [above] and angular dependence of absorbance at 318, 440, and 595 nm [below] for
Ni + AZ + PMMA after linearly polarized UV light irradiation for 0-10 min.

that distorted Zn become to exhibit small contribution
and mainly observed intense absorption from
orientated AZ. The order of C=N (complexes) and N=N
(AZ) bands from the polarized IR spectra is Ni + AZ +
PMMA > Zn + AZ + PMMA > Cu + AZ + PMMA. The
results indicate that Ni + AZ + PMMA may induce
optical anisotropy most effectively. This also suggests
that re-orientation of the complexes due to the Weigert
effect of AZ depends on the flexibility of the
coordination environment produced by the metal ions
[28] and the overall planarity of the ligands or
molecules.

Interpretation of the Molecular Orientation

According to our findings, we can examine the
orientation of each molecule. Initially, we discuss the
orientation of AZ on the basis of the results of the
polarized UV-vis spectra. As shown in Figure 9, when
linearly polarized UV light vibrating (having an electric
vector) in the 0° direction was irradiated onto the hybrid
materials, the intensity of the m-m* band in the 90°
direction became stronger because of the Weigert
effect, which is parallel to the transition dipole moment
(long molecular axis) of cis-AZ [34, 38, 39]. Therefore,
N=N bonds of AZ are expected to be oriented
perpendicular to the irradiated polarized light.

As shown in Figure 10, when polarized UV light
vibrating in the 0° direction was irradiated onto the
hybrid materials, the IR intensity of the N=N band in the

90° direction became stronger because of an allowed
transition, which is parallel to the transition dipole
moment (long molecular axis) of cis-AZ. The N=N
bonds of cis-AZ are expected to be oriented parallel to
the 90° polarized IR by the vibration mode of the N=N
stretching vibration; this has been discussed on the
basis of TD-DFT theoretical calculations.

Next, we discuss orientation of the complexes.
Because the C=N bond also has a strong absorption at
90° in the polarized IR spectra, this bond is considered
to be oriented parallel to 90°. In other words, the C=N
bond of complexes and N=N bond of AZ are aligned in
a parallel fashion after linearly polarized light irradiation
(Figure 11).

Here we consider the driving force that leads to
complexes becoming oriented. If complexes are
directly oriented because of the Weigert effect by
polarized UV light irradiation, the dipole moment of the
complexes should be perpendicular to the irradiated
polarized UV light (electric vector). According to the
molecular shape (long molecular axis) of the
complexes, the dipole moment of the complex must be
vertical to the electric vector; in other words, the C=N
bonds of the complex are not parallel to the N=N bond
in AZ. Consequently, the mechanism of light-induced
molecular orientation of the complexes was not directly
because of the Weigert effect but because of
supramolecular transmission from the re-orientation of
AZ [33].
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Table 4: The R Values from UV-vis Spectra after Linearly Polarized UV light irradiation
UV radiation minutes initial uvo.5 uvi uv3 uv5s uv1o
318 nm,
T 1.0079 1.0134 1.0100 1.0075 1.0069 1.0139
Ni+AZ+ 440 nm,
1.1817 1.2466 1.1736 1.2046 1.2056 1.2646
PMMA i
595 nm,
. 1.8098 3.2780 4.1863 -173.79 -4.7056 -5.6838
d-d (Ni)
318 nm,
T 0.9775 1.0163 1.0154 1.0534 1.0247 1.0037
Cu+AZ+ 440 nm,
0.8465 1.2605 1.2092 1.2938 1.2207 1.2335
PMMA n-mr*
625 nm,
1.2043 1.4599 1.4123 1.6162 1.4930 1.5286
d-d(Cu)
318 nm,
0.9499 0.9680 0.9706 0.9453 0.9439 0.9338
Zn+AZ+ -
PMMA 440 nm,
. 0.7825 1.1476 1.2053 1.1661 1.1658 1.1797
Table 5: The S Values from UV-vis Spectra after Linearly Polarized UV Light Irradiation
UV radiation minutes initial Uvo.5 uvi uv3 uv5s uv1o
318 nm,
T 0.0026 0.0045 0.0033 0.0025 0.0023 0.0046
Ni+AZ+ 440 nm,
0.0571 0.0760 0.0547 0.0638 0.0641 0.0811
PMMA -
595 nm,
) 0.2125 0.4316 0.5151 1.0175 2.1088 1.8144
d-d (Ni)
318 nm,
Tt -0.0075 0.0054 0.0051 0.0175 0.0082 0.0012
Cu+AZ+ 440 nm,
-0.0539 0.0799 0.0652 0.0892 0.0685 0.0722
PMMA n-tr*
625 nm,
0.0637 0.1329 0.1208 0.1704 0.1411 0.1498
d-d(Cu)
318 nm,
-0.0170 -0.0108 -0.0099 -0.0186 -0.0191 -0.0226
Zn+AZ+ -
PMMA 440 nm,
. -0.0782 0.0469 0.0640 0.0525 0.0524 0.0565
Table 6: The R Values from IR Spectra after Linearly Polarized UV Light Irradiation
UV radiation minutes initial Uvo.5 uvi uv3 uv5s uv1o
Ni+AZ+ 1629 cm™
) 1.0079 1.0134 1.0100 1.0075 1.0069 1.0139
PMMA C=N(Ni)
Cu+AZ+ 1628 cm™
0.9775 1.0163 1.0154 1.0534 1.0247 1.0037
PMMA C=N(Cu)
Zn+AZ+ 1610 cm™
0.9499 0.9680 0.9706 0.9453 0.9439 0.9338
PMMA C=N(zn)
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Table 7: The S Values from IR Spectra after Linearly Polarized UV Light Irradiation

UV radiation minutes initial uvo.5 uvi uv3 uvs uvi1o
Ni+AZ+ 1629 cm™
PMMA C=N(Ni) 0.0422 0.0586 0.0682 0.0753 0.0783 0.0557
= i
Cu+AZ+ 1628 cm™
PMMA C=N(Cu) 0.0019 0.0026 0.0020 -0.0034 0.0039 0.0019
Zn+AZ+ 1610 cm™
PMMA C=N(zZn) 0.0209 0.0115 0.0202 0.0113 0.0140 0.0167
0° 0° (a)
[o]
90° 90

Figure 9: Expected molecular orientation of AZ on the basis
of polarized UV-vis spectra: (a) irradiated polarized light
(electric vector), (b) transition dipole moment (AZ), and (c)
strong absorption (experimental result).

Figure 10: Expected molecular orientation of AZ from
polarized IR spectra: (a) irradiated polarized light (electric
vector), (b) N=N stretching vibration, and (c) strong
absorption (experimental results).
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0° (a)

90°

Figure 11: Expected supramolecular orientation of a complex
with AZ from polarized IR spectra: (a) irradiated polarized
light (electric vector).

Circularly Polarized UV Light-Induced Chiral
Supramolecular Arrangement

We also attempted to induce helical orientation by
the irradiation of circularly polarized light onto the
hybrid materials. Figure 12 depicts the CD spectra
before and after circularly polarized UV light irradiation
and their difference spectra. After irradiation for 10 min,
new CD peaks appeared at 330 nm. Because
complexes do not have peaks in the CD spectra (or
UV-vis spectra) in this region [38, 39], this suggests
that supramolecular chiral arrangements were induced
[66].

Ni+AZ+PMMA

Cu+AZ+PMMA

CONCLUSION

We have prepared organic/inorganic hybrid
materials (Ni + AZ + PMMA, Cu + AZ + PMMA, and
Zn + AZ + PMMA) and investigated their light-induced
supramolecular orientation using experiments and
theoretical calculations. Irradiation of the hybrid
materials with linearly polarized light resulted in
increased optical anisotropy in each case. Anisotropy
of Ni + AZ + PMMA was increased most markedly.
After irradiation with circularly polarized light, new CD
peaks emerged, and these were attributed to an
induced helical orientation. We could individually
observe the molecular orientation of AZ and complexes
by polarized IR measurement. We found a parallel
arrangement of N=N (AZ) and C=N (complexes)
bands, which is perpendicular to the electric vector of
the irradiated light. This is proof of supramolecular
orientation of complexes with transmission from the re-
orientation of AZ, which is directly rotated by the
Weigert effect. The development of other systems for
polymer matrices such as proteins [67] for new
photofunctional materials is in progress.

SUPPLEMENTARY INFORMATION

The supplementary information can be downloaded
from the journal website along with the article.
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