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Swift photoswitching in a binuclear Zn(II)
metallacycle relative to a salen-type ligand†

Amit Kumar,a Rampal Pandey,a,c Rakesh Kumar Gupta,a Veenu Mishra,b

Shaikh M. Mobinb and Daya Shankar Pandey*a

The synthesis, characterization and photoswitching behavior of a new salen type Schiff base N,N’-bis-

(2-hydroxy-5-phenylazobenzilidene)-2,4,6-trimethylbenzene-1,3-diamine (H2L) and a binuclear zinc(II)

metallacycle [{Zn(L)}2·2H2O] (1) have been described. Both H2L and 1 have been characterized by satis-

factory elemental analyses, spectral (FT-IR, 1H, 13C NMR, ESI-MS, electronic absorption, emission) and

electrochemical studies. Crystal structures of both H2L and 1 have been authenticated by single crystal

X-ray diffraction analyses. These exhibit trans–cis photoisomerization upon exposure to UV light (365 nm)

and get back to a more stable trans-form after withdrawal of the light. Electronic absorption, emission,
1H NMR and cyclic voltammetric studies revealed that trans–cis isomerization in metallacycle 1 is rather

rapid (∼5.0 s) relative to H2L (∼25 s) which has been supported by theoretical studies (DFT). Relatively fast

photoisomerization in 1 compared to H2L is facilitated by a small energy gap between HOMO levels

of the trans- and cis-isomers. The percentage trans–cis conversion ratio for both H2L and 1 has been

evaluated (55–45, H2L; 60–40%, 1) by
1H NMR studies.

Introduction

Azobenzene and azophenol derivatives as well as complexes
based on it have drawn enormous research interest owing to
their fascinating characteristics.1 Organic materials containing
a diazo core capable of displaying photoswitching find poten-
tial applications in pharmaceuticals, non-linear optics, optical
data storage, dye-sensitized solar cells and photoswitching
devices, etc.2–7 The exciting properties of the azo dyes make
them extremely useful in textile dyeing as coloring agents and
in biological systems.8 Photoswitching is essentially a pheno-
menon that involves reversible chemical changes in photo-
active compounds9–11 and influences their physicochemical
properties like dielectric constant, refractive index, and redox
potential.11–13 Further, photoswitching is very common in
organic diazo compounds and plenty of reports are available
in the literature.12 Azobenzene derivatives and related
compounds usually exist as their stable trans-isomer which

changes to cis-form upon photoirradiation accompanied by
structural changes; however, the process is reversible.7 The
trans–cis photoisomerization effectively takes place due to mech-
anical stress13 or electrostatic stimulation in the structure,14

whereas the thermal stability of the trans-isomer endorses spon-
taneous reverse cis–trans isomerization under visible light, in the
dark, or upon heating.15,16 The UV/vis induced reversible trans–
cis and cis–trans isomerization in the azobenzene based systems
involve π–π* and n–π* transitions.17,18

The salen type ligands invariably form transition metal
complexes through strongly coordinating N,O-donor sites.
Such derivatives based on substituted phenylene-1,3-diamine
and salicyladehyde form stable binuclear metallacycles19

which find wide applications in asymmetric catalysis,20 metal
ion sensing19,21 and DNA cleavage.22 On the other hand, incor-
poration of a metal center through a diazo moiety makes the
photoswitching interesting as complexation leads to signifi-
cant modulation in the physical and chemical properties of
the ligands.11,23 To understand the photodynamics of the
diazo core a comparison of the photoswitching behavior of the
diazo based ligands and their complexes is a must as com-
plexation is followed by drift of electron density from the diazo
core to the metal center leading to a change in dipole moment
of the diazo moiety.24 However, in most of the known com-
plexes photoisomerization of the diazo ligands is inhibited by
its chelation to the metal center through one nitrogen of the
–NvN– core and the carbon/nitrogen/oxygen donor atom of
the other moiety.7,25
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With an objective of developing diazo ligands capable of
chelating a metal center, a new salen type ligand (H2L) has
been designed and synthesized. To evaluate photoswitching
behavior of the H2L and a complex imparting this ligand,
binuclear zinc(II) metallacycle (1) has also been synthesized.
Through this work we report the synthesis, characterization,
photophysical properties and a comparison of the photo-
switching behavior of H2L and 1.

Experimental section
Reagents

The common reagents and solvents were procured from
Merck, Qualigens and S. D. Fine Chem. Ltd, Mumbai. Solvents
were dried and distilled following the standard literature pro-
cedures prior to their use.26 2-Hydroxybenzaldehyde (salicyl-
aldehyde), sodium nitrite (NaNO2), 2,4,6-trimethylbenzene-
1,3-diamine (mesitylene diamine) and Zn(NO3)2·3H2O were
purchased from Sigma Aldrich Chemical Co., USA and used as
received without further purifications.

General methods

Elemental analyses for C, H and N were performed in the
microanalytical laboratory of the Department of Chemistry,
Faculty of Science, Banaras Hindu University, Varanasi, India
on a CE-440 Elemental Analyzer. Infrared and electronic
absorption spectra were acquired on a Perkin-Elmer Spectrum
Version 10.03.05 FT-IR and Shimadzu UV-1601 spectropho-
tometers, respectively. 1H (400 MHz) and 13C (100 MHz) NMR
spectra were obtained on an AVANCE III 400 Ascend Bruker
NMR machine in CDCl3 using TMS as an internal reference.
The fluorescence spectra were obtained on a Perkin-Elmer LS
55 Fluorescence Spectrometer (U.K.). Electrospray ionization
mass spectrometric (ESI-MS) data were obtained on a JEOL
Accu TOF JMS-T100 LC mass spectrometer. The compounds
were dissolved in methanol and dry helium (flow rate 4 LPM)
was used for ionization at 350 °C. Electrochemical measure-
ments were made on a CHI 620c electrochemical analyzer. All
the measurements were carried out in a one compartment cell
equipped with a glassy carbon working, platinum wire counter
and Ag/Ag+ reference electrode under a nitrogen atmosphere.

Preparation of 2-hydroxy-5-phenylazobenzaldehyde (L1)

It was prepared following the literature procedure with slight
modifications.27 Concentrated hydrochloric acid (37%, 8.0 mL,
∼100 mmol) was added to a solution of aniline (2 mL,
∼21 mmol) dissolved in distilled water (20 mL) and diazotized
with sodium nitrite (1.75 g, ∼25.0 mmol) at 0–5 °C. The reac-
tion mixture was stirred for 30 min and then alkaline salicyl-
aldehyde solution (2.67 mL, ∼25 mmol) was added dropwise
and allowed to stir for an additional 1 h. A red colored precipi-
tate separated, which was filtered, washed with water and
dried under vacuum. The ensuing product was purified by
extraction with diethyl ether. Yield (3.70 g; 78%). Anal. calcd

[C13H10N2O2]: C 69.02, H 4.46, N 12.38%; Found: C 69.10,
H 4.49, N 12.42%. 1H NMR (CDCl3, δH ppm): 11.29 (s, 1H,
–OH), 10.03 (s, 1H), 8.18 (d, 2H), 7.90 (d, 2H), 7.50 (t, 3H), 7.12
(d, 1H). 13C NMR (CDCl3, δC ppm): 189.2, 160.5, 152.3, 145.8,
130.5, 129.6, 128.4, 125.4, 124.6, 122.3, 116.5, IR (KBr pellets,
cm−1): 1666 (s), 1620 (w), 1572 (s), 1478 (s), 1380 (m), 1285 (s),
1155 (s), 1147 (w), 760 (m), 681 (s).

Preparation of N,N′-bis(2-hydroxy-5-phenylazobenzilidene)-
2,4,6-trimethylbenzene-1,3-diamine (H2L)

2,4,6-Trimethylbenzene-1,3-diamine (0.751 g, 5.0 mmol) dis-
solved in methanol (15 mL) was added to a solution of
2-hydroxy-5-phenylazobenzaldehyde (2.262 g, 10.0 mmol) in
methanol (20 mL) and the contents of the flask heated under
reflux for 2 h. A red colored precipitate separated from the
reaction mixture which was filtered, washed with methanol
and dried under vacuum. Block shaped red crystals suitable
for single crystal X-ray analyses were obtained by recrystalliza-
tion from dichloromethane–methanol (1 : 4) within two days.
Yield (2.380 g; 84%). Anal. calcd [C35H30N6O2]: C 74.19, H 5.34,
N 14.83%; Found: C 74.23, H 5.39, N 14.87%. 1H NMR (CDCl3,
δH ppm): 13.62 (s, 2H, Ha), 8.51 (s, 2H, Hb), 8.12 (d, 1H, Hc),
8.10 (d, 1H, Hc′), 8.05 (d, 2H, Hd), 7.92 (d, 4H, Hf ), 7.54 (t, 4H,
Hg), 7.48 (t, 2H, Hh), 7.22 (s, 1H, He), 7.20 (s, 1H, He′), 7.10 (s,
1H, Hi), 2.26 (s, 6H, Hj), 2.13 (s, 3H, Hk). 13C NMR (CDCl3, δC
ppm): 167.0, 164.0, 152.6, 146.4, 145.6, 130.6, 130.3, 129.1,
127.8, 127.7, 125.1, 122.6, 119.4, 118.4, 118.2, 18.3, 14.1.
ESI-MS (m/z): 568.2446 [(M + 2)+, 13%], 567.2508 [(M + 1)+,
30%], 359.1864 [100%]. IR (KBr pellets, cm−1): 3429 (br), 1619
(vs), 1477 (s), 1344 (w), 1280 (m), 1188 (w), 1083 (m), 830 (w),
765 (w), 685 (w). UV/vis. (CH2Cl2, λmax, nm, ε M−1 cm−1): 442
(4.80 × 103), 347 (8.81 × 104).

Preparation of [{Zn(L)}2·2H2O] (1)

A methanolic solution (10 mL) of Zn(NO3)2·3H2O (0.297 g,
0.5 mmol) was added dropwise with stirring to a solution of
H2L (0.183 g, 0.5 mmol) dissolved in the same solvent (10 mL)
and deprotonated by addition of KOH (56 mg, 1.0 mmol). The
ensuing reaction mixture was stirred for an additional 2 h. A
dark yellow precipitate separated, which was collected by fil-
tration, washed with methanol and diethyl ether. Slow
diffusion of methanol over a dichloromethane solution of the
complex afforded red block shaped crystals within three days.
Yield (0.492 g; 77%). Anal. calcd [C70H60N12O6Zn2]: C 66.72, H
4.48, N 13.34%; Found: C 66.58, H 4.42, N 13.31%; 1H NMR
(CDCl3, δH ppm): 8.15 (d, 4H, Hb), 8.12 (s, 4H, Hc), 7.82 (br,
12H, Hd, Hf ), 7.50 (t, 8H, Hg), 7.43 (t, 4H, Hh), 7.08 (s, 2H,
He), 6.99 (s, 2H, Hi), 2.39 (s, 12H, Hj), 1.58 (s, 6H, Hk). 13C
NMR (CDCl3, δC ppm): 172.1, 150.2, 143.7, 140.4, 132.6, 127.9,
127.5, 127.3, 126.7, 126.5, 122.2, 121.8, 119.8, 114.4, 15.7, 10.6.
ESI-MS (m/z): 1293.2744 [(M + (H2O)2

+)], IR (KBr pellets, cm−1):
1602 (s), 1524 (m), 1470 (m), 1458 (m), 1384 (s), 1325 (m), 1188
(m), 1156 (m), 1113 (s) 818 (w), 838 (w), 767 (w), 689 (w).
UV/vis. (CH2Cl2, λmax, nm, ε M−1 cm−1): 477 (4.70 × 103), 375
(8.75 × 104).
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X-ray crystallography

Single crystal X-ray structural studies on H2L and 1 were per-
formed on a CCD Agilent Technologies (Oxford Diffraction)
SUPER NOVA diffractometer. Data were collected at 150 (2) K
using graphite-monochromated MoKα (λα = 0.71073 Å) and
CuKα (λα = 1.54184) radiations for H2L and 1, respectively. The
strategy for the data collection was evaluated by using the Crys-
AlisPro CCD software. The data were collected by the standard
‘phi-omega’ scan techniques, and were scaled and reduced
using CrysAlisPro RED software. The structures were solved by
direct methods using SHELXS-97 and refined by full matrix
least-squares with SHELXL-97, refining on F2.28

The positions of all the atoms were obtained by direct
methods. All non-hydrogen atoms were refined anisotropically.
The remaining hydrogen atoms were placed in geometrically
constrained positions and refined with isotropic temperature
factors, generally 1.2Ueq of their parent atoms.

Photochemical studies

Stock solutions of the H2L and 1 (c, 10 μM) were prepared in
dichloromethane. Electronic absorption and emission spectral
experiments were performed in a quartz cell of 1 cm path
length. Solution of both the H2L and 1 were irradiated by UV
light (365 nm) in a closed chamber using a GeNei UV lamp.

Theoretical calculations

Quantum chemical calculations have been performed using a
hybrid version of DFT and Hartree–Fock (HF) methods,
namely B3LYP29 wherein the exchange energy from Becke’s

exchange functional is combined with exact energy from
Hartree–Fock theory. Basis set 6-31G** has been used for C, H,
N and O, while LANL2DZ for Zn which combines quasi-relati-
vistic effective core potential with a valence double basis-set.30

The geometry optimization and frequency calculations (to
verify a genuine minimum energy structure) were performed
using the Gaussian 09 programme.31

Results and discussion
Synthesis and characterization

Condensation of the 2,4,6-trimethylbenzene-1,3-diamine with
2-hydroxy-5-phenylazobenzaldehyde in methanol (1 : 2 molar
ratio) under refluxing conditions afforded N,N′-bis(2-hydroxy-
5-phenylazobenzilidene)-2,4,6-trimethylbenzene-1,3-diamine
(H2L) in reasonably good yield (84%).19 The synthesis of bi-
nuclear Zn metallacycle 1 was achieved by reaction of deproto-
nated H2L with methanolic solution of Zn(NO3)2·3H2O at room
temperature. A simple scheme showing the synthesis of H2L
and 1 is depicted in Scheme 1. The ligand H2L and 1 are crys-
talline, non-hygroscopic solids and stable at room tempera-
ture. H2L is soluble in common organic solvents such as
diethyl ether, benzene, chloroform, dichloromethane, acetone,
dimethylformamide, dimethylsulfoxide and insoluble in
methanol, ethanol, hexane, and petroleum ether. On the other
hand, 1 is soluble in chloroform, dichloromethane, dimethyl-
sulfoxide, dimethylformamide and insoluble in methanol,
ethanol, benzene, hexane, petroleum ether, and diethyl ether.
Both the H2L and 1 have been characterized by satisfactory

Scheme 1 Scheme showing preparation of the ligand H2L and metallacycle 1.
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elemental analyses, spectral (IR, 1H and 13C NMR, UV/vis,
emission, ESI-MS), and electrochemical studies and their
structures verified by X-ray single crystal analyses.

IR spectra of the compounds containing aldimine and azo-
benzene moiety usually exhibit sharp bands at ∼1620 and
∼1450–1470 cm−1 due to νCvN and νNvN stretching
vibrations.32 In its IR spectrum H2L exhibited sharp bands at
1621 and 1477 cm−1 assignable to νCvN and νNvN. On the
other hand, the band due to νCvN in 1 exhibited a noticeable
shift of 19 cm−1 relative to free ligand and vibrated at
1602 cm−1. A decrease in the stretching frequency associated
with νCvN in 1 indicated the coordination of ligand through
the aldimine nitrogen, the preferable site for chelation over a
diazo moiety.

1H NMR spectrum of H2L (CDCl3) is expected to exhibit two
distinct signals due to phenolic and aldimine protons in the
downfield side, phenyl ring protons in the aromatic region,
and methyl protons in the upfield side. Expectedly, 1H NMR
spectrum of H2L displayed two sharp singlets at δ 13.62 and
δ 8.51 ppm assignable to phenolic (–OH, Ha) and aldimine
(–CH, Hb) protons along with two doublets associated with iso-
meric trans-disposed phenolic ring protons at δ 8.12 and
8.10 ppm (Hc, Hc′) in the aromatic region. Other phenolic ring
protons were displayed as doublets at 8.05 ppm (2H, Hd) and δ

7.21 ppm (2H, He), respectively. The protons due to azoben-
zene ring (Hf, Hg, Hh) resonated as a doublet at δ 7.92 and tri-
plets at δ 7.54 and 7.48 ppm, respectively. The central 1,3,5-
trimethylphenyl (mesitylene) ring proton (Hi) resonated as a
singlet at δ 7.10 ppm. Further, the singlet associated with
methyl protons (Hj, Hk) of the mesitylene ring appeared at δ
2.26 and 2.22 ppm (Fig. S1, ESI†). The position and integrated
intensity of various signals strongly supported the formation
of H2L and suggested trans-disposition of the aldimine group
with respect to the central mesitylene ring. Upon complexation
with the zinc center in binuclear metallacycle 1 the aldimine
groups adopted a cis-geometry which has been confirmed by
spectral and structural studies (vide supra). The loss of pheno-
lic protons of H2L (Ha) and upfield shift of the aldimine
protons (Hb, δ 8.13 ppm) clearly indicated complexation of the
ligand through N,O-chelating sites. On the other hand, doub-
lets at δ 8.12 and 8.10 ppm merged to give a broad doublet at δ
8.15 ppm (Hc protons), while other phenolic ring protons (Hd)
appeared as a doublet at δ 7.86 ppm (Fig. S2, ESI†). The azo-
benzene ring protons (Hf, Hg, Hh) exhibited small upfield
shift and resonated as a doublet at δ 7.84 and triplets at δ 7.50
and 7.43 ppm, respectively, and the singlet associated with the
central mesitylene ring proton also displayed upfield shift (δ
6.99 ppm, Hi). Methyl protons (Hj, Hk) of the mesitylene
diamine ring resonated as singlets at δ 2.39 and 1.59 ppm. 13C
NMR spectra of H2L and 1 displayed an analogous pattern of
the resonances and supported formation of H2L and 1. Result-
ing data are summarized in the Experimental section along
with other characterization data and spectra depicted through
Fig. S1–S5 in ESI.†

The ESI-MS strongly supported formation of both the
ligand H2L and binuclear zinc metallacycle 1. In its ESI-MS

spectrum H2L displayed molecular ion peak at m/z 567.2508
[M + 1]+ (Fig. S3, ESI†) along with two more peaks at m/z
463.2120 and 359.1864 due to sequential loss of one and both
the azobenzene (C6H5N2)

+ units from the ligand. Notably,
100% intense peak at m/z 359.1864 strongly supported the
removal of both azobenzene (C6H5N2)

+ moieties and the
ensuing species resembles well with the salen derivative
reported by us recently.19a Further, the ESI-MS of 1 displayed a
peak at m/z 1293.2744 [M + 1]+ due to binuclear zinc metalla-
cycle coordinated through N,O-chelating sites with two water
molecules. Notably, this molecule gave out all the four azoben-
zene units (C6H5N2)

+ along with water molecules in steps
(Scheme 2). Associated peaks were displayed at m/z 1170.2512,
1067.2233, 945.1689, and 861.0598 (Scheme 2 and Fig. S6,
ESI†). After loss of all the four azobenzene moieties (C6H5N2)

+

and lattice water (m/z, 861.0598) it yielded the binuclear metal-
lacycle [{Zn(C23H18N2O2)}2] structurally characterized and
thoroughly studied by us.19a

Structures of both H2L and 1 have been determined crystal-
lographically. High resolution data could not be obtained on
these systems due to poor quality of the crystals; however,
overall crystallographic data strongly support their formation.
Details about the data collection, solution and refinement are
gathered in Table 1, selected bond lengths and bond angles in
Tables 2 and 3 and pertinent views of H2L and 1 are depicted
in Fig. 1 and 2. The ligand H2L crystallizes in the monoclinic
system with the I12/a1 space group. The structural disorder
present at one arm of the ligand including the central mesity-
lene ring shows atoms located over two positions. The crystal
structure of H2L revealed that both the phenolato imine
groups are bonded to the mesitylene ring in gauche confor-
mation whereas aldimine nitrogens (N1A/N1B and N2A/N2B)
are disordered. In this molecule the donor sites represented by
C10–N1A/N1B and C23–N2A/N2B interact with the adjacent
–OH group via intramolecular hydrogen bonding (O1A–
H1A⋯N1A, 1.827; O2–H2⋯N2A, 1.722 Å).

The metallacycle 1 crystallizes in the triclinic system with
the ‘P1̄’ space group. In this case, the asymmetric unit con-
tains two molecules of 1 and 2.4 molecules of the solvent
CH2Cl2 in crystal lattice. Both the structural units have been
clearly shown in Fig. 2 wherein one unit shows disorder (loca-
lized over two positions) at two trans-NvN–Ph groups, while
the other unit does not show any disorder.33a The complete
structural view of 1 has been shown in Fig. S7 (ESI†). The
crystal structure of 1 revealed that formation of the complex
takes place by chelation of the Zn(II) center with two distinct
deprotonated ligands L2− through phenolic oxygen and imine
nitrogen. The coordination geometry about the metal center is
distorted tetrahedral (Td) with two positions occupied by phe-
nolato oxygen and other two by imine nitrogen from two
different ligands. In the non-disordered molecule, Zn(II)
centers (Zn2–Zn2) are separated by 7.103 Å, which is consistent
with the reported values.19a The Zn–O [Zn2–O3, 1.920; Zn2–
O4, 1.910 Å] and Zn–N [Zn2–N7, 2.001; Zn2–N10, 2.003 Å]
bond distances are normal and comparable to those in other
related Zn(II) metallacycles.19 Similarly, O–Zn–N bond angles
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[range 95.53–123.98°, O3–Zn2–N7, 95.75°; O4–Zn2–N10,
95.53°; O3–Zn2–N10, 123.98°; O4–Zn2–N7, 122.90°] are normal
and comparable to other related systems.19 The O–Zn–O and
N–Zn–N [O3–Zn2–O4; 108.88°, N7–Zn2–N10; 112.12°] bond
angles clearly suggested distorted tetrahedral arrangement of
various donor atoms about the metal center.19 Similarly, in the
disordered unit Zn1–Zn1 separation is 7.047 Å while Zn–O and
Zn–N distances are comparable to the non-disordered mole-
cule. In this molecule the disorder lies at azo nitrogen (N2 and
N3) and phenyl ring carbon (C30–C35). In the structure, one of
the dichloromethane molecules is also disordered. Both the
molecules of 1 weakly interact through the short intermolecu-
lar C–H⋯O interactions [C14–H14⋯O4; 2.623, and C43–
H43⋯O2; 2.338 Å] (Fig. S8, ESI†).33b

Electronic absorption spectra of H2L and 1 (c, 10 μM) have
been obtained in dichloromethane at room temperature
(Fig. S9, ESI†). The solutions of both H2L and 1 are stable for
few days under dark, which was confirmed by acquiring

absorption spectra after 72 h at room temperature. The UV/vis
spectrum of H2L exhibited weak absorptions in the low energy
region at 442 nm (ε, 5.12 × 103 M−1 cm−1) due to n–π* and
high energy region at 347 nm (ε, 8.81 × 104 M−1 cm−1) and
270 nm (ε, 5.97 × 104 M−1 cm−1) due to π–π* transitions.25 On
the other hand, after complexation with the Zn center the
bands due to H2L exhibited an appreciable red shift. The
bands due to π–π* and n–π* transitions red shifted and
appeared at 371 nm (ε, 8.29 × 104 M−1 cm−1) and 255 nm
(ε, 5.43 × 104 M−1 cm−1) with a shoulder at 472 nm (ε, 4.08 ×
103 M−1 cm−1) corresponding to the n–π*. Due to symmetry
forbidden n–π* transitions, the low energy bands are rather
weak both in the ligand and complex.7,34

Photoisomerization studies of H2L and 1

Upon exposure to UV light (λ, 365 nm) both H2L and 1 dis-
played trans–cis photoisomerization within a very short span of
time (25 s, H2L; 5 s, 1) and reversed to cis–trans isomerization

Scheme 2 Fragmentation pattern in ESI-MS of complex 1.
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after the withdrawal of the light (Scheme 3). Photoswitching
arises from irradiation at both π–π* and n–π* transitions pro-
moting trans–cis and cis–trans isomerization.10,16 The trans-
H2L exhibited π–π* and n–π* transition at 347 nm (ε, 8.81 × 104

M−1 cm−1) and 442 nm (ε, 5.12 × 103 M−1 cm−1), respectively
(Fig. 3a). The π–π* band of trans-H2L upon exposure to UV
light (365 nm, 5 s) exhibited a small hypsochromic as well as
hypochromic shift and appeared at 345 nm (ε, 7.44 × 104 M−1

cm−1), while the band due to n–π* showed a hyperchromic
shift (ε, 6.10 × 103 M−1 cm−1). Highest photoisomerization of
the trans- into cis-H2L requires 25 s wherein the bands due to
π–π* and n–π* appear at 341 nm (ε, 4.98 × 104 M−1 cm−1) and

442 nm (ε, 7.80 × 103 M−1 cm−1) along with the emergence of
isosbestic points at 415 and 276 nm. The trans–cis photoisome-
rization for H2L achieved a photostationary state (PSS) within
25 s and further irradiation (2 h) did not induce any change in
the spectral features. However, leaving the irradiated solution
(cis-PSS) under ordinary light for 5 h induced complete U-turn
of the cis–trans isomerization. The backward reaction was also
examined by UV/vis spectral studies wherein cis-H2L-PSS solu-
tion upon leaving under visible light for 15 min exhibited
hyperchromic and hypochromic shifts for π–π* and n–π*
bands, respectively. Eventually, after leaving the irradiated
solution under ordinary light for 5 h the absorption spectral
features due to trans-H2L restored completely (Fig. S10, ESI†).

Likewise, 1 shows rather fast photoswitching upon UV light
irradiation relative to H2L and achieved cis-1-PSS within
5 s. Upon irradiation for 1 s the high energy band (371 nm, ε,
8.29 × 104 M−1 cm−1) displayed a hypsochromic shift, a
decrease in optical density and appeared at 366 nm (ε, 5.85 ×
104 M−1 cm−1) (Fig. 3b). On the other hand, the low energy
band at 472 nm (ε, 4.08 × 103 M−1 cm−1) showed a hyperchro-
mic shift (ε, 5.51 × 103 M−1 cm−1). Irradiation for further 5 s
led to a concurrent blue shift along with a decrease in the
optical density for the high energy band (352 nm, ε, 4.23 ×
104 M−1 cm−1) and an increase in the optical density of the low
energy band at 472 nm (ε, 7.80 × 103 M−1 cm−1) attributable to
formation of the cis-1-PSS. Similar to H2L, reversal of cis- to
trans-1 was observed by leaving the irradiated solution of 1 for
3 h under ordinary light (Fig. S11, ESI†). The trans-H2L and
trans-1 both are stable in the dark, which has been evidenced
by restoration of the original spectral features after keeping
the irradiated solution in the dark for 24 h.

The UV/vis studies clearly indicated trans–cis isomerization
of H2L and 1 upon irradiation to UV light and reverse reaction
under visible light. However, photoswitching is often question-
able in terms of partial or complete trans–cis conversion in the

Table 1 Crystallographic parameters for H2L and 1

H2L 1

Empirical formula C35H30N6O2 C71.2H58.4Cl2.4Zn2N12O4
Formula weight 566.65 1361.92
Crystal system Monoclinic Triclinic
Space group ‘I12/a1’ ‘P1̄’
a (Å) 22.9576(10) 13.0742(8)
b (Å) 5.8417(3) 15.6117(12)
c (Å) 43.823(4) 17.5354(11)
α (°) 90.00 82.851(6)
β (°) 100.200(5) 68.389(6)
γ (°) 90.00 77.788(6)
V (Å3) 5784.3(7) 3248.0(4)
Color and habit Red block Red block
Z 8 2
Dcalc (g cm−3) 1.304 1.393
Crystal size (mm3) 0.26 × 0.21 × 0.15 0.33 × 0.26 × 0.21
Temperature (K) 150(2) 150(2)
Wavelength (A°) MoK\α, 0.71073 Cu\Kα, 1.54184
μ (mm−1) 0.084 2.296
GOF 1.014 1.035
Final R indices [I > 2σ(I)] R1 = 0.0813 R1 = 0.0789

wR2 = 0.1763 wR2 = 0.2216
R indices (All data) R1 = 0.1162 R1 = 0.0994

wR2 = 0.1998 wR2 = 0.2456

Table 2 Selected bond distances (Å) for H2L and 1

H2L bond distances (Å) 1 bond distances (Å)

O2–C25 1.351(5) O1–C12 1.291(5)
O1A–C12A 1.371(11) O2–C19 1.291(5)
O1B–C12B 1.30(2) O3–C41 1.296(5)
N1A–C10 1.347(15) O4–C64 1.296(6)
N1B–C10 1.22(3) N1–C10 1.282(5)
N2A–C23 1.267(12) N1–C2 1.434(6)
N2B–C23 1.40(2) N8–N9 1.241(5)
N3A–N4A 1.304(10) N2B–N3B 1.171(12)
N4A–C17A 1.358(11) N2A–N3A 1.335(11)
N5–N6 1.265(5) N4–C17 1.299(5)
N5–C28 1.415(5) N7–C39 1.279(5)
N6–C30 1.426(5) N10–C58 1.290(5)

N1–C2 1.434(6)
Zn1–O1 1.913(3)
Zn1–O2 1.918(3)
Zn1–N1 2.014(4)
Zn1–N4 2.007(3)
Zn2–O4 1.910(3)
Zn2–O3 1.920(3)
Zn2–N10 2.003(4)
Zn2–N7 2.000(4)

Table 3 Selected list of bond angles (°) for H2L and 1

H2L bond angles (°) 1 bond angles (°)

C10–N1A–C1A 119.4(14) C10–N1–C2 117.6(4)
C10–N1B–C1B 107.0(2) C17–N4–C6 116.7(3)
C23–N2A–C3A 108.4(10) N3B–N2B–C15 107.3(9)
N4A–N3A–C15A 117.7(6) N3A–N2A–C15 108.4(8)
N3A–N4A–C17A 115.5(7) N2A–N3A–C30A 112.7(8)
N6–N5–C28 114.5(4) N6–N5–C22 114.4(4)
N5–N6–C30 113.7(3) N5–N6–C24 112.7(4)
O1B–C12B–C11B 122.0(18) O1–C12–C11 124.4(4)
O1B–C12B–C13B 119.0(2) O1–C12–C13 119.4(4)
O1A–C12A–C13A 115.5(9) O1–Zn1–O2 111.47(13)
O1A–C12A–C11A 122.4(9) O1–Zn1–N1 95.25(14)

O2–Zn1–N1 116.46(14)
O1–Zn1–N4 125.14(14)
O2–Zn1–N4 95.65(12)
N1–Zn1–N4 114.40(14)
O4–Zn2–O3 108.91(15)
O4–Zn2–N7 122.89(17)
O3–Zn2–N7 95.74(14)
O4–Zn2–N10 95.53(14)
O3–Zn2–N10 123.97(16)
N7–Zn2–N10 112.13(14)
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systems having multi-diazo groups. All the four azobenzene
groups in trans-1 are symmetrical and separated by a
maximum distance from each other so that all these experi-
ence very weak/negligible electronic interactions. After
exposure to UV light, all the trans-azo groups should isomerise
into cis-form simultaneously and vice versa. The second
assumption is that if one of the trans-diazo groups converts to
a cis-form, it exerts negligible electronic effect on the other
three trans-azo groups in the complex 1 due to large separ-
ation. Subsequently, other diazo groups may follow the same
trend.11

Fluorescence studies

Usually, azobenzene derivatives exhibit very small/negligible
fluorescence. Notably, trans-H2L and trans-1 exhibited interest-
ing fluorescence changes due to trans–cis photoisomerization.
Both trans-H2L (λem, 434 nm; λex, 345 nm; Φ, 0.002; SS, 89 nm)
and trans-1 (λem, 436 nm; λex, 345 nm; Φ, 0.010; SS, 91 nm) emit
weakly at room temperature, which dramatically enhances upon
photoirradiation by UV light (365 nm). It may be associated
with their transformation into respective cis-isomers. Further,
higher fluorescence intensity of 1 relative to H2L may be due to
superior rigidity of the metallacycle 1 resulting from chelation

Fig. 2 Crystal structure showing clear view of both (a) disordered and (b) non-disordered molecule of complex 1 (hydrogen atoms and solvent
molecules have been omitted for clarity).

Fig. 1 Crystal structures of H2L showing disorder at one arm of the ligand including the central mesitylene ring orientated over two positions
(hydrogen atoms have been omitted for clarity).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2014 Dalton Trans.

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

by
 B

an
ar

as
 H

in
du

 U
ni

ve
rs

ity
 o

n 
06

/0
3/

20
14

 1
2:

01
:1

6.
 

View Article Online

http://dx.doi.org/10.1039/c4dt00248b


of the H2L through N,O-donor sites and formation of a six-
membered ring. The fluorescence quantum yield of H2L
enhances ∼5 fold (Φ = 0.010) upon irradiation for 25 s (Fig. 4a).
It was observed that the intensity of the signal gradually
increased upon irradiation (5 s time interval) and got saturated
after 25 s. Irradiation for an additional 2 h did not show any sig-
nificant change in fluorescence intensity. Notably, 1 displayed
significant fluorescence enhancement ∼4 fold (Φ = 0.039) in the
quantum yield upon irradiation for only 5 s (Fig. 4b). It may be
ascribed to the formation of cis-1. As far as photoswitching

sensitivity of trans-1 is concerned irradiation for only 1 s leads
to noteworthy changes in the fluorescence intensity. The
enhancement in fluorescence intensity of cis-H2L and cis-1 may
be associated with decrease of photoinduced electron transfer
(PET) process from the nitrogen lone pair to the fluorophore
unit owing to non-planar geometry of the cis-form.35 Reversal of
the trans–cis isomerization of H2L and 1 takes place by keeping
the solution under ordinary light for 5 and 3 h, respectively,
and sensitivity of the backward flipping in these systems was
observable within 15 min (Fig. S12 and S13, ESI†).

Scheme 3 Schematic representation of photoisomerization of H2L and 1 upon irradiation with UV light (λ, 365 nm).

Fig. 3 Changes in the UV/vis absorption spectra upon photoirradiation with UV light of 365 nm for 25 s for H2L (a) and 5 s for 1 (b) upon
photoirradiation.
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Theoretical studies

The trans/cis isomerization of H2L and 1 has been supported
by geometry optimization and energy calculations using DFT.
The frontier orbitals and energy level for HOMO−1, HOMO,
LUMO, LUMO+1 for both the isomers of ligand trans-H2L and
cis-H2L are depicted in Fig. S14, ESI.† Overall electron density
of the trans-H2L is distributed at the central mesitylene ring
and the phenolic ring through the aldimine moiety, while in
cis-H2L it shifted toward the azobenzene ring. In the antibond-
ing molecular orbitals LUMO and LUMO+1 the electron
density is concentrated at azobenzene as well as the phenolic
ring in both trans-H2L and cis-H2L. The energy gaps between
HOMO and LUMO are 2.96 (trans-H2L) and 3.19 (cis-H2L) eV.
The trans-H2L is associated with lower energy than cis-H2L by
0.05 eV (Fig. S14, ESI†). Similarly, in the frontier orbitals of
trans- and cis-1 isomers, overall electron density on HOMO of
the molecule has been dispersed at azobenzene and salen moi-
eties, while in LUMO it is distributed at one of the azobenzene
group through the central mesitylene ring (Fig. S15, ESI†).
The HOMO–LUMO gap for trans-1 is 3.13 eV, and for cis-1 it is
3.08 eV. The trans-1 and cis-1 are associated with almost
similar energy that is why it shows fast trans/cis-isomerization
relative to H2L.

1H NMR studies for trans–cis isomerization

The photoisomerization in H2L and 1 has been investigated by
1H NMR spectral studies (Fig. 5 and 6). Differences in the
structures of trans- and cis-isomers of H2L and 1 are expected
to have significant influence on chemical shifts of various
protons associated with these systems.8,10,16 The photoisomeri-
zation corresponding to the azobenzene moiety in H2L and 1
can be monitored by 1H NMR and the trans–cis PSS calculated
easily. The H2L and 1 exhibited 100% trans-form under dark or
ordinary light and no changes were observed after leaving the
solution for 72 h in the dark. The conversion of trans–cis for
H2L takes place within 25 s and distinctive changes occur for
the signals in the aromatic region. Irradiation (365 nm) of H2L
for 25 s resulted in equilibrium between trans- and cis-forms.

At this stage the solution contained ∼55% trans- and 45% cis-
forms and no further changes were observed on extending the
irradiation time for over 2 h. The resonances corresponding to
trans-H2L in the aromatic region [δ 8.51 (s), 8.10 (d), 7.48 (t),
7.21 (d) ppm] shifted and new peaks appeared at δ 8.21, 8.19,
7.35, 6.93 and 6.90 ppm with reduced intensity (45%, with
respect to trans-form). The reverse cis–trans isomerization was
also established by complete conversion of cis- to trans-form
with disappearance of the peaks due to cis-H2L, by keeping
the sample in the dark for 24 h (Fig. 5c). Similarly, in metalla-
cycle 1 the trans–cis conversion is faster than H2L but the con-
version is lower and equilibrium uphold at 60% trans- and
40% cis-form. The changes in spectra of trans-1 followed the
trends observed for H2L [(7.43 (t), 7.07(6) ppm; new peaks 7.37
(t), 6.79 (s), 6.65 (s) ppm)]; however, intensity of the peaks
diminished by ∼40% (Fig. 6). The trans-form completely
restored upon keeping the sample in the dark for 24 h. It was
also indicated by the disappearance of peaks due to cis-1
(Fig. 6c).

Electrochemistry

Electrochemical properties of the azo compounds are interest-
ing due to their redox properties. Redox behavior of the trans-
and cis-forms of H2L and 1 has been investigated in dichloro-
methane and resulting cyclic voltammograms (CV) are
depicted in Fig. 7. Both the trans-H2L and trans-1 in their CV
displayed an irreversible reduction wave corresponding to the
azo group in the cathodic window. The trans-H2L showed a
reduction wave at −1.00 V, which upon photoirradiation
shifted toward negative potential and appeared at −1.10 V
corresponding to cis-H2L. Similarly trans-1 showed a reduction
wave at −1.01 V which upon photoirradiation shifted toward
negative potential to appear at −1.05 V. The cis-form of both
H2L and 1 are electrochemically more active relative to their
trans-form. The shift toward negative potential in H2L is
higher (100 mV) relative to 1 (40 mV). The higher shift in H2L
showed greater percentage conversion of the trans- to cis-H2L
form relative to 1.

Fig. 4 Changes in the emission spectra upon irradiation with UV light (365 nm) for 25 s in H2L (a) and for 5 s in 1 (b).
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Conclusion

In summary, through this work we have presented the syn-
thesis, characterization and photoswitching behavior of an
azobenzene based salen type Schiff base ligand (H2L) and a

binuclear zinc(II) metallacycle [{Zn(L)}2·2H2O] (1). It has been
demonstrated that upon exposure to UV light both H2L and 1
undergo trans-/cis-photoisomerization. Furthermore, com-
parative photoswitching studies on H2L and 1 revealed that
trans/cis-isomerization in 1 is faster (∼5.0 s) relative to H2L

Fig. 5 1H NMR spectral changes in the aromatic region of H2L in CDCl3 upon irradiation with UV light (365 nm) (a) spectrum of trans-H2L before
irradiation; (b) after irradiation for 30 s and (c) after keeping in the dark for 24 h.

Fig. 6 1H NMR spectral changes in the aromatic region of 1 in CDCl3 upon irradiation with UV light (365 nm) (a) spectrum of trans-1 before
irradiation; (b) after irradiation for 10 s and (c) after keeping in the dark for 24 h.
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(∼25 s) which has been supported by the electronic absorp-
tion, emission, 1H NMR, cyclic voltammetric, and theoretical
studies.

Acknowledgements

We thankfully acknowledge receipt of financial support from
the Department of Science and Technology, New Delhi, India
through the scheme [SR/S1/IC-25/2011] and [IFA12-CH-66].
A.K. acknowledges the Council of Scientific and Industrial
Research New Delhi India for the award of a Junior Research
Fellowship (no. 09/013(0330)/2009-EMR-I). We are also grateful
to the Head, Department of Chemistry, Faculty of Science,
Banaras Hindu University, Varanasi, India for extending labora-
tory facilities and In-charge SIC, IIT Indore for providing Single
Crystal X-ray Diffraction Facility, IIT Indore, India for single
crystal X-ray data. Also, we are thankful to a crystallographic
reviewer for extending kind help in solution of the structures.

References

1 (a) A. D. Towns, Dyes Pigm., 1999, 42, 3; (b) Z. J. Chen,
A. Lohr, R. S. M. Chantu and F. Wuerthner, Chem. Soc.
Rev., 2009, 38, 564.

2 (a) A. Natansohn and P. Rochon, Chem. Rev., 2002, 102,
4139; (b) A. S. Matharu, S. Jeeva and P. S. Ramanujam,
Chem. Soc. Rev., 2007, 36, 1868; (c) T. Ikeda, J. Mater.
Chem., 2003, 13, 2037; (d) S. Kubo, Z. Z. Gu, K. Takahashi,
A. Fujishima, H. Segawa and O. Sato, J. Am. Chem. Soc.,
2004, 126, 8314; (e) C. Dohno, S. N. Uno and K. Nakatani,
J. Am. Chem. Soc., 2007, 129, 11898; (f ) N. Kano,
F. Komatsu, M. Yamamura and T. Kawashima, J. Am. Chem.
Soc., 2006, 128, 7097; (g) A. Archut, F. Vogtle, L. De Cola,
G. C. Azzellini, V. Balzani, P. S. Ramanujam and R. H. Berg,
Chem.–Eur. J., 1998, 4, 699.

3 A. Abbotto, L. Beverina, N. Manfredi, G. A. Pagani,
G. Archetti, H. G. Kuball, C. Wittenburg, J. Heck and
J. Holtmann, Chem.–Eur. J., 2009, 15, 6175.

4 S. Kawata and Y. Kawata, Chem. Rev., 2000, 100, 1777.
5 Y. T. Li, C. L. Chen, Y. Y. Hsu, H. C. Hsu, Y. Chi, B. S. Chen,

W. H. Liu, C. H. Lai, T. Y. Lin and P. T. Chou, Tetrahedron,
2010, 66, 4223.

6 X. C. Chen, T. Tao, Y. Ge Wang, Y. X. Peng, W. Huang and
H. F. Qian, Dalton Trans., 2012, 41, 11107.

7 (a) M. E. Moustafa, M. S. McCready and R. J. Puddephatt,
Organometallics, 2012, 31, 6262; (b) M. E. Moustafa,
M. S. McCready and R. J. Puddephatt, Organometallics,
2013, 32, 2552; (c) G. C. Hampson and M. Robertson,
J. Chem. Soc., 1941, 409.

8 (a) A. Kumar, R. Pandey, R. K. Gupta and D. S. Pandey,
Tetrahedron Lett., 2013, 54, 6164; (b) S. Kobayashi,
T. Wakida, S. H. Niu, S. Hazama, C. Doi and Y. Sasakit,
J. Soc. Dyers Colour., 1995, 111, 111.

9 (a) Photochromism: molecules and systems, ed. H. Durr and
H. Bouas-Laurent, Elsevier, Amsterdam, 2003; (b) Molecular
switches, ed. B. Feringa, Wiley-VCH, 2001.

10 A. A. Beharry and G. A. Woolley, Chem. Soc. Rev., 2011, 40,
4422.

11 K. Yamaguchi, S. Kume, K. Namiki, M. Murata, N. Tamai
and H. Nishihara, Inorg. Chem., 2005, 44, 9056.

12 Molecular Switches, ed. B. Feringa and W. R. Browne, Wiley-
VCH, Weinheim, 2nd edn, 2011.

13 R. Turansky, M. Konopka, N. L. Doltsinis, I. Stich and
D. Marx, Phys. Chem. Chem. Phys., 2010, 12, 13922.

14 (a) J. Henzl, M. Mehlhorn, H. Gawronski, K. H. Rieder and
K. Morgenstern, Angew. Chem., Int. Ed., 2006, 45, 603;
(b) X. Tong, M. Pelletier, A. Lasia and Y. Zhao, Angew.
Chem., Int. Ed., 2008, 47, 3596.

15 (a) H. Knoll, in CRC Handbook of Organic Photochemistry
and Photobiology, ed. W. Horspool and F. Lenci, CRC Press,
Boca Raton, FL, 2nd edn, 2004; (b) H. Rau and
E. Lueddecke, J. Am. Chem. Soc., 1982, 104, 1616;
(c) H. Rau, in Photochromism: Molecules and Systems, ed.

Fig. 7 Cyclic voltammograms of (a) trans-H2L (black) and cis-H2L (after 25 s irradiation) and (b) trans-1 (black) and cis-1 (after 5 s irradiation).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2014 Dalton Trans.

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

by
 B

an
ar

as
 H

in
du

 U
ni

ve
rs

ity
 o

n 
06

/0
3/

20
14

 1
2:

01
:1

6.
 

View Article Online

http://dx.doi.org/10.1039/c4dt00248b


H. Duerr and H. Bouas-Laurent, Elsevier, Amsterdam,
Revised edn, 2003, p. 165.

16 H. M. D. Bandara and S. C. Burdette, Chem. Soc. Rev., 2012,
41, 1809.

17 (a) H. Rau, in Photochromism: Molecular and Systems, ed.
H. Durr and H. B. Laurent, Elsevier, Amsterdam, 1990,
p. 165; (b) N. Tamai and H. Miyasaka, Chem. Rev., 2000,
100, 1875.

18 M. Kurihara, A. Hirooka, S. Kume, M. Sugimoto and
H. Nishihara, J. Am. Chem. Soc., 2002, 124, 8800.

19 (a) R. Pandey, P. Kumar, A. K. Singh, M. Shahid, P. Z. Li,
S. K. Singh, Q. Xu, A. Misra and D. S. Pandey, Inorg. Chem.,
2011, 50, 3189; (b) R. Pandey, R. K. Gupta, P. Z. Li, Q. Xu,
A. Misra and D. S. Pandey, Org. Lett., 2012, 14(2), 592;
(c) R. Pandey, R. K. Gupta, M. Shahid, B. Maiti, A. Misra
and D. S. Pandey, Inorg. Chem., 2012, 51, 298.

20 (a) E. N. Jacobsen, W. Zhang, A. R. Muci, J. R. Ecker
and F. Deng, J. Am. Chem. Soc., 1991, 113, 7063;
(b) R. G. Konsler, J. Karl and E. N. Jacobsen, J. Am. Chem.
Soc., 1998, 120, 10780.

21 (a) J. L. Reddinger and J. R. Reynolds, Chem. Mater., 1998,
10, 3; (b) M. Shamsipur, M. Yousefi, M. Hosseini,
M. R. Ganjali, H. Sharghi and H. Naeimi, Anal. Chem.,
2001, 73, 2869.

22 (a) D. J. Gravert and J. H. Griffin, J. Org. Chem., 1993, 58,
820; (b) S. Routier, J. L. Bernier, J. P. Catteau, P. Colson,
C. Houssier, C. Rivalle, E. Bisagni and C. Bailly, Bioconju-
gate Chem., 1997, 8, 789; (c) A. M. M. Abe, J. Helaja and
A. M. P. Koskinen, Org. Lett., 2006, 8, 4537.

23 (a) H. Nishihara, Bull. Chem. Soc. Jpn., 2005, 77, 407;
(b) H. Nishihara, Coord. Chem. Rev., 2005, 249, 1468.

24 E. Sayed, Y. S. Fayed, A. Tarek and G. Mohamed,
Chin. J. Chem., 2010, 28, 514.

25 (a) A. Dogan, B. Sarkar, A. Klein, F. Lissner, T. Schleid,
J. Fiedler, S. Zalis, V. K. Jain and W. Kaim, Inorg. Chem.,
2004, 43, 5973; (b) S. Kume and H. Nishihara, Dalton
Trans., 2008, 3260; (c) M. Han, T. Hirade and M. Hara,
New J. Chem., 2010, 34, 2887; (d) S. Samanta, P. Ghosh and
S. Goswami, Dalton Trans., 2012, 41, 2213; (e) M. Sinan,

M. Panda, P. Banerjee, C. B. Shinisha, R. B. Sunoj and
S. Goswami, Org. Lett., 2009, 11, 3218; (f ) A. Panja,
T. Matsuo, S. Nagao and S. Hirota, Inorg. Chem., 2011, 50,
11437; (g) M. Ghedini, I. Aiello, A. Crispini, A. Golemme,
M. La Deda and D. Pucci, Coord. Chem. Rev., 2006, 250,
1373.

26 D. D. Perrin, W. L. F. Armango and D. R. Perrin, Purification
of laboratory Chemicals, Pergamon, Oxford, UK, 1986.

27 (a) J. Shao, H. Lin and H. Lin, Dyes Pigm., 2009, 80, 259;
(b) B. W. Wu, B. Zhang, Y. XQ and J. N. Liu, Spectrosc.
Spect. Anal., 2006, 26, 106.

28 (a) G. M. Sheldrick, Acta Crystallogr., Sect. A: Fundam.
Crystallogr., 2008, 64, 112–122. Program for Crystal Structure
Solution and Refinement, University of Goettingen, Goettingen,
Germany, 1997.

29 L. J. Bartolottiand and K. Fluchick, in Reviews in Compu-
tational Chemistry, ed. K. B. Lipkowitz and D. Boyd, VCH,
New York, 1996, 7, 187.

30 (a) P. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 270;
(b) W. R. Wadt and P. Hay, J. Chem. Phys., 1985, 82, 284;
(c) P. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82,
299.

31 M. J. Frisch and G. W. Trucks, et al. Gaussian 09, revision
A.1, Gaussian, Inc., Wallingford, CT, 2009.

32 (a) H. Kandori, M. Belenky and J. Herzfeld, Biochemistry,
2002, 41, 6026; (b) J. E. Kovacic, Spectrochim. Acta, 1967, 23,
133; (c) M. R. Almeida, R. Stephani, H. F. Dos Santos and
L. F. C. de Oliveira, J. Phys. Chem. A, 2010, 114, 526.

33 (a) T. V. Hoogerstraete, N. R. Brooks, B. Norberg,
J. Wouters, K. V. Hecke, L. V. Meervelta and K. Binnemans,
CrystEngComm, 2012, 14, 4902; (b) G. R. Desiraju and
T. Steiner, The Weak Hydrogen Bond in Structural Chemistry
and Biology, Oxford University Press, Oxford, 1999.

34 E. W. G. Diau and A. H. Zewail, ChemPhysChem, 2003, 14,
445.

35 (a) P. S. Zacharias, S. Ameerunisha and S. R. Korupoju,
J. Chem. Soc., Perkin Trans., 1998, 2055; (b) T. Yutaka,
I. Mori, M. Kurihara, J. Mizutani, N. Tamai, T. Kawai,
M. Irie and H. Nishihara, Inorg. Chem., 2002, 41, 7143.

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2014

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

by
 B

an
ar

as
 H

in
du

 U
ni

ve
rs

ity
 o

n 
06

/0
3/

20
14

 1
2:

01
:1

6.
 

View Article Online

http://dx.doi.org/10.1039/c4dt00248b

