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Abstract : We reported on synthesis, characterization, and docking of supramolecular systems of azo-group
containing chiral salen-type Schiff base Nill, Cull and Zn!I complexes and colloidal gold nanoparticles (AuNPs)
of 10 nm diameters. Appropriate conditions enabled some of them to exhibit induced CD from chiral species
adsorbed on the surface of AuNPs. We have compared differences of dipole-dipole interactions of cis-trans
isomerization as well as coordination geometries of these complexes associated with induce CD spectra around
plasmon region. This optical features will be promising light absorption mechanism of dyes for solar cells
developing new concept of organic/inorganic hybrid functional materials.
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Introduction

In recent years, organic/inorganic hybrid materi-
als of nanoparticles (such as metal clusters! or semi-
conductors?) and chiral (biochemical3, organic* and
metal complex>-6) molecules have been widely inves-
tigated. For example, nano-scaled hybrid catalysts may
have two approach, to have chiral ligands on the sur-
face or to have chiral catalysts’, microchips® or elec-
tronically-tuned quantum dots®. However, direct ad-
sorption of chiral metal complexes onto metal
nanoparticles has been reported from the viewpoint
of their optical properties.

Mechanisms of induced CD of nanoparticles (sur-
face plasmon region, if possible) from chiral adsorbed
molecules were well understood theoretically, which
was concluded properly oriented dipole-dipole inter-
action mainly'%-12. Surface plasmon resonance is the
resonant oscillation of conduction electrons at the in-
terface (of AuNPs) between negative and positive
permittivity material stimulated by incident light, which
exhibits characteristic color depending on size of
AuNPs. Previously, we have also reported some hy-

brid systems of chiral metal complexes to investigate
induced CD?, though limited cases could indicate in-
duced CD or related phenomenon actually because of
restriction of molecular orientation or other condi-
tions!3. Depending on molecular shape of chiral metal
complexes, disappearance of CD bands was observed
merely6. However, we have also studied on Weigert
effect using azobenzene and related dyes with hybrid
dopants of chiral metal complexes in polymer films
medial#-16. By combination of two techniques, we
can control molecular orientation of chiral and hav-
ing azobenzene dyes (metal complexes) and inten-
tionally inducing CD bands around plasmon region
as a concept. However, no study was carried out
actually. Such additional light absorption may be ap-
plied for materials of solar cells!7-18,

Herein, we have newly prepared three ‘chiral’
Schiff base metal complexes having azobenzene moi-
ety in their ligands (Fig. 1). After evaluation of their
optical properties by TD-DFT computations, we mea-
sured induced CD bands by mixing AuNPs disper-
sions experimentally. Furthermore, we also irradi-
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ated linearly polarized light UV light (< 350 nm)
expecting not only frans-cis photoisomerization of
azobenzene moiety but also rotation of molecular ori-
entation of azo-complexes due to Weigert effect and
discuss the changes of induced CD bands for three
different chiral complexes.
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Fig. 1. Molecular structures of NiAZ (M=Ni), CuAZ

(M=Cu) and ZnAZ (M=Zn).

Experimental
General procedures

Chemicals of the highest commercial grade avail-
able (10 nm gold nanoparticles BMGC10 from
Funakoshi, solvents from Kanto Chemical, organic
compounds from Tokyo Chemical Industry and metal
sources from Wako) were used as received without
further purification. Ethylacetylazobenzenesalycylal-
dehyde was prepared in a similar procedure to the
analogous compounds!®. Solutions (0.01 mM) of com-
plex : gold nanoparticles = 1 : 1 (v/v) were used for
spectral measurements.

Preparation of complexes :

To a solution of ethylmethylazobenzenesalycylal-
dehyde (0.59658 g, 2.00 mmol) dissolved in metha-
nol (40 mL), (1R,2R) -(+)-1,2-diphenylethylenedi-
amine (0.2122 g, 1.00 mmol) was added and stirred
at 313 K for 2 h to give yellow solution of ligand.
nickel(11) acetate tetrahydrate (0.1244 g, 0.50 mmol),
copper(II) acetate monohydrate (0.1996 g, 1.00 mmol),
or zinc(Il) acetate dehydrate (0.2195 g, 1.00 mmol)
was added to the resulting solution and stirring at 313
K for 2 h to give yellow, green, or yellow solutions
of NiAZ, CuAZ, or ZnAZ, respectively. After cool-
ing the solutions, compounds were filtered.
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NiAZ : Yield 0.089 g (54.64%). Anal. Found :
C, 65.68; H, 5.08; N, 9.38%. Calcd. for
C4cH3gNgNiOg : C, 66.60; H, 4.62; N, 10.13%; IR
(KBr (cm™)) : 403, 410, 431, 447, 471, 506, 544,
567, 574, 579, 663, 1118, 1143, 1275, 1543, 1548,
1557, 1588 (N=N), 1603, 1628 (C=N), 1683, 1704,
1716, 2874, 2929, 2952; UV-Vis (diffuse reflectance
(nm)) 430 (CT) and 573 (d-d); CD (KBr) 409 (CT)
and 572 (d-d).

CuAZ : Yield 0.3060 g (43.67%). Anal. Found :
C,64.06; H, 4.79; N, 9.93%. Calcd. for
CycH3gNgCuOg : C, 66.22; H, 4.59; N, 10.07%; IR
(KBr (cm™)) : 400, 412, 420, 426, 433, 445, 457,
490, 520, 526, 574, 581, 595, 665, 673, 699, 771,
857, 1016, 1036, 1125, 1143, 1245, 1273, 1334,
1381, 1458, 1588, 1601 (N=N), 1630 (C=N), 1700,
1717, 2361, 2370, 2454, 2849, 2930, 2984; UV-Vis
(diffuse reflectance (nm)) 399 (CT) and 582 (d-d);
CD (KBr) 379 (CT) and 575 (d-d).

ZnAZ : Yield 0.3060 g (43.67%). 0.2036 g
(56.89%). Anal. Found : C, 65.92; H, 4.67; N,
9.86%. Calcd. for C4gH3gNgZnO¢ : C, 66.07; H,
4.58; N, 10.07%; IR (KBr (cm™)) : 403, 407, 417,
425, 440, 450, 469, 481, 501, 522, 534, 569, 572,
584, 636, 770, 855, 1107, 1187, 1277, 1329, 1379,
1592 (N=N), 1601, 1631, 1636 (C=N), 1716, 1791,
1916, 2361, 2496, 2539, 2671, 2695, 2873, 2932,
2992; UV-Vis (diffuse reflectance (nm)) 404 (CT).
CD (KBr) 401 (CT).

Physical measurements :

Elemental analyses (C, H, N) were carried out
with a Perkin-Elmer 2400l CHNS/O analyzer at
Tokyo University of Science. Infrared spectra were
recorded as KBr pellets on a JASCO FT-IR 4200 plus
spectrophotometer in the range of 4000-400 cm™! at
298 K. Electronic spectra were measured on a JASCO
V-570 UV/VIS/NIR spectrophotometer (equipped with
an integrating sphere for diffuse reflectance spectra)
in the range of 800-200 nm at 298 K. Circular dichro-
ism (CD) spectra were measured as KBr pellets on a
JASCO J-820 spectropolarimeter in the range of 800-
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200 nm at 298 K. Photo-illumination were carried
out using a lamp (1.0 mW/cm?) with optical filters
(UV A = 200-400 nm) leading to a sample by using
optical fibers and polarizer through optical filters.
The powder X-ray diffraction patterns were measured
on a Rigaku Smart Lab (CuKo radiation) at 26 = 5-
60 deg, step width 0.01 deg, scan speed 0.3 deg/min,
capillary diameter 0.3 mm. Structural analysis by the
Rietveld method was carried out using PDXL2
ver.2.2.1.0 (Rigaku Corporation).

NIiAZ (CCDC 1572657) : C4H3gNgNiOg, M, =
829.52, monoclinic, P2 (#4), a = 23.82(3) A b=
15.27(3) A, ¢ = 21.075(19) A, B = 109.20(6)°, V
= 7239(17) A3, Z = 2, Ry, = 0.0968.

CuAZ (CCDC 1572666) : C4sH;39NcCuOg, M,
= 829.524, triclinic, P1 (#1), a = 14.203) A, b =
36.96(14) A, ¢ = 13.85(4) A, oo = 90.02)°, B =
99.7(2)°, y = 96.17(16)°, V = 7118(37) A3, Z = 1
Ryp = 0.0678.

ZnAZ (CCDC 1572669) : C,4gH35NcZnOg, M,
= 836.24, monoclinic, P2; (#4), a = 21.63(3) A, b
=21.75112) A, ¢ = 18.5Q2) A, B = 103.41(17)°, V
= 8463(104) A3, Z = 2, R, = 0.0310.

Computational methods :

All calculations were performed using the Gaussian
09W software Revision D.01 (Gaussian, Inc.)?0. The
gas phase geometry optimizations were carried out
using TD-DFT with B3LYP functional. The vertical
excitation energy was calculated with the Lanl2dz for
Ni, Cu, and Zn with the 6-31+G(d) basis set for H,
C, N, and O method based on the singlet ground state
geometry.

Results and discussion
Crystal structures :

The molecular structures of NiAZ, CuAZ, and
ZnAZ, determined with Rietveld analysis are depicted
in Figs. 2-4, respectively. In the solid state, NiAZ,

Fig. 2. Crystal structure of NiAZ. Selected bond lengths (A) and angles (°) : Ni1l-02 = 1.766(3), Ni1l-O3 = 1.795(14), Nil-
N1 = 1.791(2), Nil-N3 = 1.8257(14), O2-Nil-O3 = 83.80(11), O2-Nil-N1 = 177.654(4), O2-Nil-N3 = 95.85(11),
03-Nil-N1 = 95.47(10), O3-Nil-N3 = 177.548(3), N1-Nil-N3 = 85.24(10).

Fig. 3. Crystal structure of CuAZ. Selected bond lengths (A) and angles (°) : Cul-02 = 2.057(5), Cul-03 = 1.929(6), Cul-
N1 = 2.121(6), Cul-N3 = 1.971(6), O2-Cul-O3 = 91.1(2), 02-Cul-N1 = 173.35(2), 0O2-Cul-N3 = 92.9(2), O3-
Cul-N1 = 93.0(2), O3-Cul-N3 = 173.06(3), N1-Cul-N3 = 83.6(2).

JICS-2
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Fig. 4. Crystal structure of ZnAZ. Selected bond lengths (A) and angles (°) : Cul-02 = 2.057(5), Cul-O3 = 1.929(6), Cul-
N1 = 2.121(6), Cul-N3 = 1.971(6), 02-Cul-0O3 = 91.1(2), O2-Cul-N1 = 173.35(2), O2-Cul-N3 = 92.9(2), O3-
Cul-N1 = 93.0(2), 03-Cul-N3 = 173.06(3), N1-Cul-N3 = 83.6(2).

CuAZ, and ZnAZ afford four-coordinated square
planar frans-[NiN,O,], distorted square planar trans-
[CuN,0O,], and compressed tetrahedral trans-
[ZnN,0,], respectively. Two phenyl groups derived
from diamine moiety took a characteristic conforma-
tion to reduce steric repulsion due to hindrance be-
tween large groups. Beside them (namely phenyl
groups and coordination environment), most part of
conjugate ligands were located in a plane. As a stable
structure, azobenzene moiety of all complexes were
found to be frans-conformation. All geometries are
within normal ranges of values for the analogous Schiff
base metal complexes?1-24,

TD-DFT computation :

Besides crystal structures determined, we also ex-
amined optimized structures of these metal complexes
as both cis and frans forms and estimated their elec-
tronic properties (dipole moments and simulated UV-
Vis and CD spectra) based on TD-DFT calculations.
Figs. 5-7 depicted optimized structures with transi-
tion moments for NiAZ, CuAZ and ZnAZ, respec-
tively. The TD-DFT simulated UV-Vis and CD spec-
tra corresponding to the optimized structures are shown
in Figs. S1-S3, respectively. Sterically, all optimized
structures of the trans forms were similar to that of
crystal structure, of which planar moieties in the
ligands connected to keep planarity. Although the lack
of appropriate substituent groups to coordinate AuNPs
in this ligand, weak intermolecular interaction to fit
surface must be important factor to emerge induced
CD in discussion elsewhere?>. In this case, molecu-
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trans-form

Fig. 5. Optimized structures by means of TD-DFT of trans
(above) and cis (below) forms of NiAZ. The arrow
denotes direction of dipole moments : trans (0.3674,
5.3136, 0.3948; 5.3408 Debye), cis (0.0000, 6.5037,
0.0000; 6.5037 Debye).

lar shape may be the most important factor. Elec-
tronically, in contrast, the largest magnitude of tran-
sition moments (in trans forms) of CuAZ may as-
cribed to asymmetry of optimized coordination geo-
metries and extension of identical polar ligands from
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trans-form

Fig. 6. Optimized structures by means of TD-DFT of trans

(above) and cis (below) forms of CuAZ. The arrow
denotes direction of dipole moments : trans (0.6467,
8.2497, -0.2080; 6.4097 Debye), cis (0.0001,
-6.4097, 0.0001; 8.2778 Debye).

the central metal moieties. For all complexes, the cis
forms indicated larger values of dipole moments than
that of the cis forms, which is attributed to localiza-
tion of polar moieties in the ligands2®. Although the
direction of dipole moment was changed (from paral-
lel to perpendicular against diphenyl groups) for NiAZ
and CuAZ after photoisomerization of azo-groups
(from trans to cis) in the ligands, ZnAZ did not change
(and kept parallel as the expression above). This dif-
ferences are attributed from characteristic compressed
tetrahedral coordination geometry of ZnAZ.

UV-Vis and CD spectra :

At first, UV-Vis and CD spectra of 0.01 mM
methanol solutions of each complex, 0.02 mM metha-

trans-form

Fig. 7. Optimized structures by means of TD-DFT of trans
(above) and cis (below) forms of ZnAZ. The arrow
denotes direction of dipole moments : trans (0.3467,
4.4637, 0.4083; 4.4958 Debye), cis (-0.0002, 6.1555,
0.0001; 6.1555 Debye).

nol dispersion of AuNPs were measured for observa-
tion of optical or chiroptical properties of sole com-
ponents. Next, after mixing these complexes and
AuNPs dispersions, UV-Vis and the corresponding
CD spectra of them were also measured for detection
of induced CD as prepared in other words, as the
trans form, dipole moments of complexes and AuNPs
(of which dipole moments along the direction of ver-
tical line of the surface). Finally, after linearly polar-
ized UV light irradiation for 5 min, UV-Vis and CD
spectra of the mixed dispersions were also measured
after standing for 30 min to observe the effect of cis-
trans photoisomerization of azo groups in the ligands
(as estimated spectral and dipole moment changes by
means TD-DFT calculations) and the possibility of
so-called Weigert effect on the surface of AuNPs.
Weigert effect may induce anisotropic molecular align-
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ment of molecular dipole moment (in many cases,
long axis of molecules having azobenzene moiety)
perpendicular to electric vectors of linearly polarized
UV light. Weigert effect can be occurred only by
irradiation of linearly polarized UV light, though cis-
trans photoisomerization of azo groups can be oc-
curred by irradiation UV light merely (and even within
less than 3 min generally).

Figs. 8-10 show CD and UV-Vis and CD spectra
of NiAZ, CuAZ, and ZnAZ and/or AuNPs before
and after UV light irradiation up to 5 min, respec-
tively. For NiAZ system (Fig. 8), before UV light
irradiation, it should be noted that mixed dispersions
of the complex and AuNPs exhibit predominantly
positive induced CD bands at about 500 nm. After
UV light irradiation, it should be noted that mixed
dispersions of the complex and AuNPs exhibit pre-
dominantly positive induced CD bands at about 500
nm. Additionally, after 30 min, it should be noted
that mixed dispersions of the complex and AuNPs
exhibit predominantly negative induced CD bands at
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about 500 nm. The bands are close to surface plas-
mon band of AuNPs>-2.

For CuAZ system (Fig. 9), before UV light irra-
diation, it should be noted that mixed dispersions of
the complex and AuNPs exhibits predominantly posi-
tive induced CD bands at about 550 nm. After UV
light irradiation, it should be noted that mixed disper-
sions of the complex and AuNPs exhibit predomi-
nantly positive induced CD bands at about 500-600
nm. Additionally, after 30 min, it should be noted
that mixed dispersions of the complex and AuNPs
exhibit predominantly negative induced CD bands at
about 500-600 nm. The bands are close to surface
plasmon band of AuNPs. Consequently, it suspected
that they appeared negative induced CD bands by UV
irradiation®.

For ZnAZ (Fig. 10), before UV light irradiation,
it should be noted that mixed dispersions of the com-
plex and AuNPs exhibit predominantly positive in-
duced CD bands at about 500 nm. After UV light
irradiation, it should be noted that mixed solutions of

——NiAZ

— NiAZ+AUNP
— AUNP

——— NiAZ#AuNP after 30 min

8/mdeg

Wavelength/nm

——NiaZ

——NiAZ+AUNP
——AuNP

NiAZ+AUNP after 30 min

Wavelength/nm

Fig. 8. CD and UV-Vis and CD spectra of NiAZ and/or AuNPs before and after irradiation of polarized UV light up to 30 min.
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Fig. 9. CD and UV-Vis and CD spectra of CuAZ and/or AuNPs before and after irradiation of polarized UV light up to 30 min.
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Fig. 10. CD and UV-Vis and CD spectra of ZnAZ and/or AuNPs before and after irradiation of polarized UV light up to 30 min.
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the complex and AuNPs exhibit predominantly posi-
tive induced CD bands at about 500 nm. Addition-
ally, after 30 min, it should be noted that mixed dis-
persions of the complex and AuNPs exhibit predomi-
nantly positive induced CD bands at about 500 nm.
The bands are close to surface plasmon band of
AuNPs.

Discussion :

The results of induced CD and their changes after
linearly polarized UV light irradiation can be explained
as summarized in Figs. 11-13 for NiAZ, CuAZ, and
ZnAZ systems, respectively. Apparently, not only
magnitude of dipole moment for the trans and cis
forms of each complex but also molecular orientation
of each complex on the surface of AuNPs may be
concerned to the intensity of induced CD bands of
surface plasmon region. Theoretically and experimen-
tally, positively induced CD band can be observed
parallel orientation of dipole-dipole interaction between
chiral adsorbed molecules and AuNPs (as adsorbed
by trans forms for all complexes systems and the cis
form for ZnAZ systems)?’. On the contrary, nega-
tively induced CD can be expected for the opposite
cases (the cis complexes systems for NiAZ and CuAZ
systems). According to both experimental results of
CD spectra and computational dipole moments of chiral
complexes of discussed conditions, the expected situ-
ation in view of dipole-dipole interactions (essentially
electromagnetic fields induced?8) can be expressed as
shown in Figs. 11-13. The changes of molecular ori-

A ‘1‘ s
. Y g 2 N "
N |AZ &,’5 _g.é tans NiAZ ve ;‘ Sy cisNiAZ

? " b “ﬂx\.
L eled . s ea Y3023l 304"
2o % >3 03 93 39 "

Y 00 20 ed 0 Lo O 9,

LB e P 3 2997
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Fig. 11. Dipole moments of NiAZ and AuNPs before (left)
and after (right) irradiation of polarized UV light.
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Fig. 12. Dipole moments of NiAZ and AuNPs before (left)
and after (right) irradiation of polarized UV light.

) &' tansZnAZ

Fig. 13. Dipole moments of NiAZ and AuNPs before (left)
and after (right) irradiation of polarized UV light.

entation (resulted in magnitude of dipole moment pre-
dominantly) can be resulted from Weigert effect only
after photoisomerization to the cis forms (resulted in
directional change of dipole moment of chiral mol-
ecules). As for photo functional materials especially
semiconductor system529’30, furthermore, potential
application for solar cell materials can be expected
reasonably.

Conclusions

In summary, we have prepared new chiral Schiff
base Nill, Cull and Znl! complexes having azobenzene
moiety. For all complexes and AuNPs, induced CD
could be observed around 500 nm. After linearly po-
larized UV light irradiation, features of induced CD
spectra changed due to photoisomerization as well as
Weigert effect of azobenzene moiety. TD-DFT com-
putation could indicate differences of three metal com-
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plexes due to coordination environment and could
discuss differences in direction of dipole moment rea-
sonably.
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Appendix A. Supplementary data

CCDC 1572657, 1572666, and 1572669 contain
the supplementary crystallographic data for NiAZ,
CuAZ and ZnAZ, respectively. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax : (+44) 1223-336-033; or
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