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a b s t r a c t

A series of hemi-disc shaped non-mesomorphic tetradentate salicylaldimine ligands [N,N0-di-(4-hexade-
cyloxysalicylidene)-l,2-diamino-benzene, N,N0-di-(4-hexadecyloxysalicylidene)-4-Me-l,2-diamino-ben-
zene, and N,N-di-(4-hexadecyloxysalicylidene)-4-NO2-l,2-diamino-benzene, (H2L)] were synthesized.
Incorporation of nickel(II) in the tetradentate core via reaction with Ni(OAc)2�4H2O afforded a series of
four coordinate mesogenic NiL derivatives. The ligands and complexes were characterized by elemental
analyses, FT-IR, UV–Vis, FAB-mass, 1H and 13C NMR (for ligands only). The mesomorphic behavior of the
complexes were probed by polarizing optical microscopy, differential scanning calorimetry and powder
X-ray diffraction technique. The non-mesogenic ligands upon coordination with nickel(II) exhibited
monotropic/enantiotropic phase transition showing rectangular columnar mesophases (Colr) with
c2mm symmetry. A antiparallel dimeric association forming a disc-like arrangement in the mesophase
is proposed on the basis of XRD-study. Solution electrical conductivity measurements are consistent with
the non-electrolytic nature of the complexes. At room temperature with 330 nm excitation, the com-
plexes showed blue emission both in the solid state (�481 nm, U = 7%) and in solution (�456 nm,
U = 23%) while the ligands are non-emissive. The DFT study carried out at BLYP/DNP level revealed a dis-
torted square planar structure for the nickel(II) complexes.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The technologies based on physical properties such as light emis-
sion or charge transport ability and related materials are currently
receiving significant attention owing to their potential applications
such as displays, solar cells, active components for image and data
treatment storage etc. [1–5]. Of specific interest are luminescent li-
quid-crystalline materials that are considered very attractive for po-
tential applications in optoelectronic devices because of their
excellent charge-transport properties [1,3–10]. Combining lumines-
cence properties in soft materials to generate new electronic devices
is a fast growing field of research [3–10]. Design and synthesis of
such luminescent photoresponsive liquid crystals is significant par-
ticularly in the context of their potential applications in organic light
emitting diodes (OLEDs), information storage, sensors, and en-
hanced contrast displays [11,12]. Metallomesogens (metal contain-
ing liquid crystals) are ideal candidates for tuning smart
multifunctional properties owing to the combination of optical, elec-
tronic and magnetic characteristics. Studies on light-emitting meso-
gens were mainly focused on organic compounds, while
luminescent metallomesogens caught the fancy of researchers
rather recently. Emissive metallomesogen with metals such as

lanthanides, Zn, Pd, Pt, Au, and Ag have been well documented [6–
10]. We recently developed a series of photoluminescent metallo-
mesogen based on salicylaldimine Schiff-base ligands [11,13–15].
Transition metal complexes with salen-type ligands have been
extensively studied mainly due to their ability to catalyze an extre-
mely broad range of chemical transformations, including the asym-
metric ring-opening of epoxides, aziridination, cyclopropanation,
epoxidation of olefins and formation of cyclic and linear polycarbon-
ates [16–19]. Moreover, nonlinear optical (NLO) properties of such
materials have also been explored in recent years [20–23]. Neverthe-
less, application studies on metal–salen derivatives remained sparse
in the literature, even though these compounds are known to be pho-
toluminescent for a long time [20–25]. Choice of metal ion, nature
and position of the substituents on side aromatic ring as well as spac-
ers are known to greatly tune the mesogenic as well as photophysical
behavior. For some compounds even a minor changes within the
spacer can lead to major differences in molecular organization and
in turn liquid-crystalline behavior [26–31]. Metal–salen complexes
with 5-substituted alkoxy or alkyl chains exhibiting smectic meso-
morphism are well documented [32–35]. Metallomesogen based
on 4-substituted salen-type framework Schiff base ligands has been
sparsely investigated [26–30]. Recently we have reported a series of
structurally analogous 4-substituted zinc(II), oxovanadium(IV),
Ni(II) as well as some copper(II) complexes, using cyclohexane/phe-
nylene diamine spacer exhibited different type of columnar phase
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[11,13,15,36–38]. Complexes with shorter alkoxy substituent,
[VO(4-CnH2n+1O)2salen]ClO4 (n = 3, 8, 10) with similar spacer lacked
liquid crystalline behavior [26]. When complexed with non-discoid
ligands, a molecular shape with a reduced length-to-breadth ratio is
formed favouring a disc-like metallomesogens [39]. Such structures
tend to form columnar mesophases [39]. Compounds exhibiting
columnar phases with axially linked discs are of particular interest
as potential one-dimensional photoconductors, semiconductors, or-
ganic light emitting diodes (OLED) and photovoltaic cells [40–50]. A
series of analogous nickel(II) complexes with cyclohexane spacer
showing columnar rectangular mesophase have been reported re-
cently by us [15]. However, there appears to be no record of nickel(II)
complexes with rigid aromatic spacer. As a part of our continued and
systematic investigation directed towards soft materials, in this arti-
cle we describe synthesis of newer tetradentate Schiff base ligands
bearing aromatic spacer with different electron withdrawing/donat-
ing substituent, and induction of luminescence and columnar meso-
morphism via formation of hemi-disc shaped nickel(II) complexes.
The ligands are non-mesogenic devoid of any luminescence.

2. Experimental

2.1. Physical measurements

The C, H and N analyses were carried out using PE2400 elemen-
tal analyzer. The 1H NMR spectra were recorded on Bruker DPX-
400 MHz spectrometer in CDCl3 (chemical shift in d) solution with
TMS as internal standard. 13C NMR spectra were recorded on a JEOL
AL300 FT NMR spectrometer. Molar conductance of the com-
pounds was determined in CH2Cl2 (ca. 10�3 mol L�1) at room tem-
perature using MAC-554 conductometer. UV–Vis absorption
spectra of the compounds in CH2Cl2 were recorded on a Shimadzu
UV-160PC spectrophotometer. Photoluminescence spectra were
recorded on a Shimadzu RF-5301PC spectrophotometer. The fluo-
rescence quantum yield in dichloromethane was determined by
dilution method using 9,10-diphenyl anthracene as standard.
Infrared spectra were recorded on a Perkin–Elmer L 120-000A
spectrometer on KBr disc. Mass spectra were recorded on a Jeol
SX-102 spectrometer with fast atom bombardment. The optical
textures of the different phase of the compounds were studied
using a polarizing microscope (Nikon optiphot-2-pol) attached
with Instec hot and cold stage HCS302, with STC200 temperature
controller of 0.1 �C accuracy. The thermal behavior of the com-
pounds were studied using a Perkin–Elmer differential scanning
calorimeter (DSC) Pyris-1 spectrometer with a heating or cooling
rate of 5 �C/min. Variable temperature powder X-ray diffraction
(PXRD) of the samples were recorded on a Bruker D8 Discover
instrument using CuKa radiation.

2.2. Computational analysis

All the structures were completely optimized using the hybrid
HF-DFT method, labeled as BLYP. The BLYP functional is comprised
of a hybrid exchange functional as defined by Becke and the non-
local Lee–Yang–Parr correlation functional [51]. We used DFT
semicore pseudopotential with double numerical basis set plus
polarization functions (DNP), which is comparable with the Gauss-
ian 6-31G(d,p) basis set in size and quality [52]. All structures were
relaxed without any symmetry constraints. Convergence in energy,
force, and displacement was set as 10�5 Hartree (Ha), 0.001 Ha/Å,
and 0.005 Å, respectively. All calculations were performed with
the DMol3 program package [52–54].

Global hardness (g) of an electronic system is defined [55] as
the second derivative of total energy (E) with respect to the num-
ber of electrons (N) at constant external potential, mð~rÞ

g ¼ 1
2

d2E

dN2

 !
mðrÞ

¼ dl
dN

� �
vð~rÞ

Global softness is the inverse of global hardness with a factor of
half

S ¼ 1
2g
¼ d2N

dE2

 !
vð~rÞ

¼ dN
dl

� �
vð~rÞ

By applying finite difference approximation the global hardness
and softness are expressed as:

g ¼ IE� EA
2

; S ¼ 1
IE� EA

where IE and EA are the first vertical ionization energy and the elec-
tron affinity of the molecule, respectively. Using Koopmans’ theo-
rem IE and EA can be approximated as negative of EHOMO and
ELUMO, respectively and thus chemical hardness and chemical soft-
ness can be written as [56].

g ¼ ELUMO � EHOMO

2
and S ¼ 2

ELUMO � EHOMO
; respectively:

2.3. Materials

The materials were procured from Tokyo Kasei and Lancaster
Chemicals. All solvents were purified and dried using standard pro-
cedures. Silica (60–120 mesh) from Spectrochem was used for
chromatographic separation. Silica gel G (E-Merck, India) was used
for TLC.

2.4. Synthesis of hexadecyloxysalicyldehyde

Alkoxysalicyldehyde derivatives were prepared following re-
ported method [11,13,15,36–38]. 2,4-Dihydroxybenzaldehyde
(10 cm3, 1.38 g), KHCO3 (10 cm3, 1.00 g), KI (catalytic amount)
and 1-bromohexadecane (10 cm3, 2.8 g) were mixed in 250 mL of
dry acetone. The mixture was heated under reflux for 24 h, and
then filtered, while hot, to remove any insoluble solids. Dilute
HCl was added to neutralize the warm solution followed by extrac-
tion with chloroform (100 cm3). The combined chloroform extract
was concentrated to give a purple solid. The solid was purified by
column chromatography using a mixture of chloroform and hex-
ane (v/v, 1/1) as eluent. Evaporation of the solvents afforded a
white solid product.

Synthesis of 16-opd and 16-mpd are reported in our earlier
observations [11,13].

2.4.1. Synthesis of N,N0-bis(4-(40-hexadecyloxy)-salicylidene)-4-NO2-
1,2-phenylenediamine (16-npd)

An ethanolic solution of 2-hydroxy-(4-hexadecyloxy)-salicylal-
dehyde (0.39 g, 1 mmol) was added to an ethanolic solution of
4-NO2-1,2-phenylenediamine (0.07 g, 0.5 mmol). The solution
mixture was refluxed with a few drops of acetic acid as catalyst
for 3 h to yield the yellow Schiff base N,N0-bis(4-(40-n-alkoxy)-sal-
icylidene)-4-NO2-1,2-phenylenediamine. The compound was col-
lected by filtration and recrystallized from absolute ethanol to
obtain a pure compound.

Yield: 0.33 g, 75%. FAB Mass (m/e, fragment): m/z: calc. 841.6;
found: 842.6 [M+H+]; Anal. Calc. for C52H79N3O6: C, 74.1; H, 9.4;
N, 4.9. Found: C, 74.2; H, 9.5; N, 4.8%. 1H NMR (400 MHz, CDCl3):
d = 13.02 (s, 1H, H5), 8.78 (s, 1H, H4), 7.79 (d, J = 8.4 Hz, H9), 7.25
(d, 2H, H6), 7.18 (t, J = 8.2 Hz, 2H, H1), 6.69 (d, J = 2.5 Hz, 2H, H3),
6.97 (dd, J = 2.4 Hz, J = 8.3 Hz, 2H, H2), 3.98(t, J = 6.6 Hz, 2H, –
OCH2), 0.96 (t, J = 6.7 Hz, 6H, CH3), 0.98 (m, –CH2 of methylene pro-
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ton in side chain); IR (mmax, cm�1, KBr): 3513 (mOH), 2922 (mas(C–H),
CH3), 2873 (ms(C–H), CH3), 1625 (mC@N), 1294 (m(C–O)).

2.4.2. Synthesis of nickel(II) complexes
General procedure. The ligand 16-opd (0.79 g, 1 mmol) or 16-

mpd (0.81 g, 1 mmol) or 16-npd (0.84 g, 1 mmol) was dissolved
in minimum volume of absolute ethanol. To this, an equimolar
amount of nickel acetate Ni(OAc)2�4H2O (0.02 g, 0.1 mmol) in
methanol was then added slowly and stirred for 2 h at room tem-
perature. A red solid formed immediately was filtered, washed
with diethyl ether and recrystallized from chloroform–ethanol
(1:1).

Ni-16opd. Yield = 0.60 g (75%). FAB Mass (m/e, fragment): m/z:
calc. 852.5; found: 853.5 [M+H+]; Anal. Calc. for C52H78N2O4Ni: C,
73.1; H, 9.2; N, 3.2. Found: C, 73.1; H, 9.2; N, 3.1%. 1H NMR
(400 MHz, CDCl3): d = 8.22 (s, 1H, H4), 7.69 (d, J = 8.5 Hz, H9), 7.17
(d, 2H, H6), 7.10 (t, J = 8.4 Hz, 2H, H1), 7.16 (dd, J = 2.3 Hz, J = 9.1,
2H, H8), 6.61 (d, J = 2.4 Hz, 2H, H3), 6.49 (dd, J = 2.4 Hz, J = 8.2 Hz,
2H, H2), 3.95 (t, J = 6.8 Hz, 2H, –OCH2), 0.91 (t, J = 6.8 Hz, 6H,
CH3), 0.87 (m, –CH2 of methylene proton in side chain); IR (mmax,
cm�1, KBr): 2922 (mas(C–H), CH3), 2870 (ms(C–H), CH3), 1611
(mC@N), 534 (mNi–N), 459 (mNi–O).

Ni-16mpd. Yield = 0.22 g, 76%. FAB Mass (m/e, fragment): m/z:
calc. 866.5; found: 867.5 [M+H+]; Anal. Calc. for C53H80N2O4Ni: C,
73.3; H, 9.2; N, 3.2. Found: C, 73.4; H, 9.3; N, 3.1%. 1H NMR
(400 MHz, CDCl3): d = 8.19 (s, 1H, H4), 7.72 (d, J = 8.5 Hz, H9), 7.21
(d, 2H, H6), 7.11 (t, J = 8.4 Hz, 2H, H1), 7.16 (dd, J = 2.33 Hz, J = 9.1,
2H, H8), 6.61 (d, J = 2.4 Hz, 2H, H3), 6.49 (dd, J = 2.44 Hz,
J = 8.28 Hz, 2H, H2), 3.92 (t, J = 6.8 Hz, 2H, –OCH2), 0.91 (t,
J = 6.8 Hz, 6H, CH3), 0.87 (m, –CH2 of methylene proton in side
chain); IR (mmax, cm�1, KBr): 2922 (mas(C–H), CH3), 2870 (ms(C–H),
CH3), 1613 (mC@N), 532 (mNi–N), 461 (mNi–O).

Ni-16npd. Yield = 0.64 g, 75%. FAB Mass (m/e, fragment): m/z:
calc. 897.5; found: 898.5 [M+H+]; Anal. Calc. for C52H77N3O6Ni: C,
69.4; H, 8.6; N, 4.6. Found: C, 69.3; H, 8.5; N, 4.5%. 1H NMR
(400 MHz, CDCl3): d = 8.23 (s, 1H, H4), 7.77 (d, J = 8.5 Hz, H9), 7.25
(d, 2H, H6), 7.17 (t, J = 8.4 Hz, 2H, H1), 7.18 (dd, J = 2.33 Hz, J = 9.1,
2H, H8), 6.64 (d, J = 2.45 Hz, 2H, H3), 6.42 (dd, J = 2.4 Hz,
J = 8.2 Hz, 2H, H2), 3.93 (t, J = 6.5 Hz, 2H, –OCH2), 0.90 (t,
J = 6.8 Hz, 6H, CH3), 0.88 (m, –CH2 of methylene proton in side
chain); IR (mmax, cm�1, KBr): 2921 (mas(C–H), CH3), 2870 (ms(C–H),
CH3), 1616 (mC@N), 531 (mNi–N), 457 (mNi–O).

3. Results and discussion

3.1. Synthesis and structural assessment

The compounds (16-opd/16-mpd/16-npd and Ni-16opd/Ni-
16mpd/Ni-16npd) could be achieved through a facile and straight-
forward procedure [11,13,15,36–38]. The synthetic strategy for the
ligands [(L = N,N0-bis(4-(40-n-hexadecyloxy)-salicylidene)1,2-phen-
ylenediamine/4-Me-1,2-phenylenediamine/4-NO2-1,2-phenylene-
diamine), hereafter abbreviated as 16-opd/16-mpd/16-npd] and the
Ni(II) complexes (Ni-16opd/Ni-16mpd/Ni-16npd) are presented in
Scheme 1. The complexes (Ni-16opd/Ni-16mpd/Ni-16npd), were
prepared by the reaction of appropriate ligand with nickel acetate
(1:1 molar ratio) in ethanol/methanol and recrystallized from meth-
anol/CH2Cl2; the complexes were isolated as red colored solids in
good yields. The compounds were characterized by 1H and 13C
NMR, FT-IR, UV–Vis spectroscopy and elemental analysis. From
the IR study, it was found that the shift of mCN vibrational stretching
frequency at ca.1625 cm�1 to lower wave number (Dm � 30 cm�1)
and absence of mOH mode upon chelation, clearly suggested the coor-
dination of azomethine-N and phenolate-O to the metal. Appear-
ance of additional bands at �450–480 and �527–549 cm�1 in the

spectra of the complexes assigned to Ni–O and Ni–N stretching
vibrations that are not observed in the spectra of the ligands fur-
nished evidence for [N,O] binding mode of the ligand. The mC@N

stretching frequency is rather independent of the length of alkoxy
side chain in both ligands and their complexes. The FAB-mass spec-
tra of the compounds matched well with their formula weights.
Solution electrical conductivity of complexes recorded in CH2Cl2

(10�3 M) was found to be <10 X�1 cm�1 mol�1, much lower than is
expected for a 1:1 electrolyte, thus confirming the non-electrolytic
nature of the complex. 1H NMR spectra of the ligands showed two
characteristic signals at d = 13.4–13.8 ppm corresponding to the
OH proton and at d = 8.5 ppm due to the imine proton. Moreover
upon complexation, lack of proton signal corresponding to the OH
group of the free ligands and the upfield shift of the imine proton fur-
ther attested the coordination of azomethine-N.

3.2. Photophysical properties

The electronic spectra of the free ligands exhibited three bands
(Fig. 1) in the region of �288–366 nm assigned to p–p⁄ transitions,
which involves molecular orbitals essentially localized on the C@N
group and the benzene ring. The absorption maxima are red shifted
in 16-npd ligand owing to the presence of the NO2 chromophore in
the ligand. The complexes exhibited two intense red shifted bands
(Fig. 2) at �312–325 nm and �383–401 nm resulting from the me-
tal-perturbed ligand-centered transitions, which have the same
origin as the two principal bands of the ligand spectrum. In addi-
tion, the complexes also displayed a broad unstructured low inten-
sity band centered at �447–462 nm assigned to ligand to metal
charge transfer transitions (LMCT) charge transfer transition
(N ? Ni2+) which might have obscured the d–d bands.

The photoluminescence properties of the compounds were
investigated in dichloromethane solution and in thin films, at room
temperature. The ligands are non-emissive, but their correspond-
ing Ni(II) complexes displayed strong blue emission both in
solution and solid state (Fig. 3), usually observed in similar
Schiff-based metal complexes, with the emission maximum
centered at �454–488 nm originating from p–p⁄ singlet ligand-
centered excited state [57–60,32]. The emission maxima for typical
compound Ni-18opd in solid state (�481 nm, U = 7%) is consider-
ably red shifted with respect to that recorded in solution
(�456 nm, U = 23%). In solid state after complexation, the free
rotation of the flexible bonds of the ligand is reduced and hence en-
ergy dissipation through non-radiative channels decreases leading
to shift of emission wavelength to lower energy. Moreover in the
solid state, a larger electronic delocalization and intermolecular
aromatic interaction leads to a lowering of energy of the electronic
states [57–60,32]. The spectral data are summarized in Table 1.

3.3. Thermal microscopy and differential scanning calorimetry study

The thermal behavior of the compounds (Table 2) was investi-
gated by polarizing optical microscopy (POM) and differential
scanning calorimetry (DSC) study. The ligands are found to be
non-mesomorphic. However, on co-ordination to nickel(II) ion
mesomorphism was induced, reflecting conformational rigidifica-
tion of the ligand on complexation. Monotropic mesomorphism
was encountered for Ni-16npd and Ni-16mpd complexes. The Ni-
16opd showed enantiotropic mesomorphic behavior. Polarized
optical microscopy of a representative complex (Ni-16opd) re-
vealed that, upon cooling the sample from isotropic phase, a spher-
ulitic growth appeared which coalesce to a fan-like texture (Fig. 4)
at �130 �C with large homeotropic regions, suggesting a columnar
mesophase (Col). The mesophase is stable down to room tempera-
ture. The DSC thermogram (Fig. 5) for the complex (Ni-16opd)
exhibited two transitions in heating and two in cooling cycle.
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The melting temperatures of the complexes showed a decreasing
trend with X = H, CH3, and NO2 in that order (Table 2). The isotrop-
isation temperatures, however, reflected a different trend with the
nitro substituted complex exhibiting highest value (209.2 �C) and
the methyl substituted one showing the least (125.2 �C). Another
interesting aspect is the quite low enthalpy values for the phase
transitions in the unsubstituted complex (Ni-16opd) compared to
those observed for the substituted ones (Ni-16mpd and Ni-
16npd). In general, complexes with higher molecular weights tend
to exhibit larger enthalpy changes during mesophase to isotropic
liquid transitions [27]. Relatively high enthalpies for mesophase
transition to isotropic state in the substituted complexes, Ni-
16mpd and Ni-16npd could be indicative of the formation of a
higher order columnar phase in this system [61].

In our earlier reports, we have found that, the VO-16opd
showed lamellar columnar mesomorphism (Coll) [36]. However,
Zn-16opd/Zn-16mpd complexes exhibited columnar rectangular
(Colr/Colh) mesophase [11,13].

3.4. XRD-study

The mesophase structure was confirmed by temperature-
dependent X-ray diffraction analysis (Table 3). The spectrum
was recorded for a typical compound, Ni-16opd at 130 �C. In
the low angle region two fundamental sharp reflections were ob-
served characteristic of a rectangular columnar mesophase
(Fig. 6). Further, there are two diffuse reflections in the wide an-
gle region. One corresponds to 4.9 Å, for molten alkyl chains, the
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relatively sharper one at about 3.6 Å, well separated from the
broad peak is due to the regular stacking of the molecules within
the columnar mesophase. In the wide angle region the presence
of another less broad peak at about 7.6 Å may indicate the forma-
tion of dimers (Fig. 7) along the axis of the column. Moreover,
due to the absence of (21) peak in the XRD spectrum, the symme-
try of the lattice can be further assigned to a c2mm plane group
[39,62,63]. The lattice constants of this rectangular phase are
a = 38.2 Å and b = 15.4 Å. The lattice parameter a = 38.2 Å is larger
than the radius of the half-disc shaped molecule (�20.6 Å). There-
fore the hemi-disc molecules in the mesophase are believed to
organize themselves in an anti-parallel fashion (Fig. 7). A similar
type of molecular self assembly was reported earlier
[15,37,39,64].

3.5. DFT-study

The optimized structure of the complex is shown in (Fig. 8).
The complexes are neutral with Ni2+ in d8-system. We optimized
singlet and triplet state of the complexes and found singlet
square planar geometry is more stable. The 3D isosurface plots
of the lowest unoccupied molecular orbital (LUMO) and the

highest occupied molecular orbital (HOMO) for the nickel com-
plex (Ni-16opd) is shown in (Figs. 9 and 10). In all the com-
plexes, electron density of the HOMO is mainly localized in
between Ni–O and Ni–N bonds, while the electron density of
the LUMO is localized on nickel atoms. The Ni–O (apical) inter-
action in the dimer (Figs. 9 and 10) expectedly occur between
molecular orbitals of sigma (O) and pi⁄(Ni). The HOMO, LUMO
energy difference of the complexes depends on the electronic
nature of the substituents [65–67]. The energy differences
decrease in the order of Ni-16mpd > Ni-16opd > Ni-16npd. The
HOMO–LUMO energy separation can be used as a measure of
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Fig. 3. Emission spectra of the Ni-16opd complex.

Table 1
UV–Vis and photoluminescence data of the compounds.

Compounds p ? p⁄

(e, l mol�1 cm�1)
LMCT
(e, l mol�1 cm�1)

PLa

(solution)
PLa

(solid)

16opd 292 nm (22000)
329 nm (26800)
363 nm (18981)

Ni-16opd 315 nm (2770) 447 nm (1800) 456 nm 481 nm
385 nm (3610)

16mpd 289 nm (19300)
330 nm (23100)
365 nm (18110)

Ni-16mpd 314 nm (2200) 448 nm (1310) 454 nm 478 nm
385 nm (2670)

16npd 295 nm (13400)
335 nm (16851)
367 nm (21850)

Ni-16npd 326 nm (3450) 462 nm (2820) 468 nm 488 nm
402 nm (3800)

a Photoluminescence data.

Fig. 4. POM texture of Ni-16opd complex.
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Fig. 5. DSC thermogram of Ni-16opd complex.

Table 2
POM and DSC data of the complexes.

Compounds T (�C) Transition DH (kJ mol�1)

Ni-16opd 108.2 (heating) Cr–Colr 2.9
135.0 (heating) Colr–I 2.6
133.9 (cooling) I–Colr 2.5
87.1 (cooling) Colr–Cr 0.93

Ni-16mpd 84.4 (heating) Cr–Colr 12.8
125.2 (heating) Colr–I 12.9

Ni-16npd 78.3 (heating) Cr–Colr 14.8
209.2 (heating) Colr–I 15.4
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kinetic stability of the molecule and could indicate the reactivity
pattern of the molecule. A small HOMO–LUMO gap implies a low
kinetic stability and high chemical reactivity, because it is
energetically favorable to add electrons to LUMO or to extract
electrons from a HOMO. We further calculated the chemical
softness values for both model complexes from their HOMO
and LUMO energies. The chemical softness values of hydrogen,
methyl and nitro-substituted complexes are 2.058, 2.051 and
3.643 eV�1, respectively. The higher softness value obtained for
the later complex indicated the lower stability of the complex
compared to the hydrogen and methyl containing one. Some of
the selective geometric parameters of optimized hydrogen,
methyl and nitro-substituted nickel complex, evaluated by DFT
calculation at BLYP/DNP level are reported in Table 4. From
DFT data, it is noticed that the complexes have an average
Ni–O and Ni–N bond lengths are in the range of 1.93–1.92 and
2.00–1.99 Å, respectively. The average bond angles are in the
range of 94.70–92.8 and 83.20–83.6 for O1–Ni–O2 and N1–

Ni–N2, respectively, around the nickel atom deviate substantially
from the tetrahedral values indicating a distorted planar four
coordinate geometry. The dihedral angles O(1)O(2)N(1)N(2) and
N(1)O(1)O(2)N(2) as computed from DFT are found to lie in
the range 15–20� (Table 4) reflecting the deviation from planar-
ity. A strained conformation of the [N2O2]-donor tetradentate li-
gand with long pendant alkyl side chains is believed to have
caused the deviation from planar symmetry. Moreover, a short
rigid central spacer group in the present complexes presumably
prevented the formation of a tetrahedral environment around
nickel(II), leading to a distorted square planar geometry. The
length of the complexes based on the fully extended structure
is found to be �40.7 Å (measured from the two terminal end
of the side alkyl chain).

Table 3
XRD-data of the Ni-16opd.

Compound Dobs. (Å)a Dcalc. (Å)b hkc Parametersd

Ni-16opd 19.3 19.2 20 Colr – c2mm
14.1 14.3 11 a = 38.2 Å
10.3 10.4 31 b = 15.4 Å
7.6 S = 588.3 Å2

4.9 Vm = 1551 Å3

3.5 h = 2.1 Å
Scol = 294.1

a Dobs. is experimentally and theoretically measured diffraction spacings at
130 �C.

b Dcalc. is experimentally and theoretically measured diffraction spacings at
130 �C.

c hk are indexation of the reflections.
d Mesophase parameters, molecular volume Vm is calculated using the formula:

Vm = M/kqNA, where M is the molecular weight of the compound, NA is the Avo-
gadro number, q is the volume mass (�1 g cm�3), and k(T) is a temperature cor-
rection coefficient at the temperature of the experiment (T). k = VCH2 (T0)/VCH2 (T),
T0 = 25 �C. VCH2 (T) = 26.5616 + 0.02023 (T). h is the intermolecular repeating dis-
tance deduced directly from the measured molecular volume and the lattice area
according to h = Vm/S. For the Colr phase, the lattice parameters a and b are deduced
from the mathematical expression: a = 2d20 and 1/dhk =

p
h2/a2 + k2/b2, where a, b

are the parameters of the Colr phase, S is the lattice area, Scol is the columnar cross-
section (S = ab, Scol = S/2).
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Fig. 6. XRD-pattern of Ni-16opd.
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Fig. 8. Optimized structure of Ni-16opd.

Fig. 9. LUMO energy diagram of Ni-16opd.
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4. Conclusion

A new series of Ni(II)–salphen complexes bearing differently
substituted aromatic spacer have been successfully synthesized.
Lower conductivity values confirm the non electrolytic nature of
the complexes. The ligands are found to be non-mesogenic and
non-luminescent, however, all the complexes exhibited unprece-
dented columnar rectangular structure with c2mm symmetry and
also exhibited intense blue light emission both in solid state and
solution. Based on the spectral and DFT study, a distorted square
planar geometry around the Ni(II) center have been conjectured.
The mesomorphic behavior of the complexes as a function of the
spacer substituent is collated.
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Novel photoluminescent salicylaldimine ligands condensed from 3/, 3/, 4/, 4/-tetraminobiphenyl and 4-
substituted long alkoxy salicylaldehyde possessing two sets of tetradentate [N2O2] donor site and their binuc-
lear zinc(II) complexes have been synthesized. The mesogenic and photophysical properties were investigat-
ed. The compounds were characterized by FT-IR, 1H and 13C NMR, UV–vis, elemental analyses, solution
electrical conductivity measurements and FAB mass spectrometry. The mesomorphic behavior of these com-
pounds was probed by differential scanning calorimetry and polarized optical microscopy. The ligand with
six carbon chain length showed monotropic nematic mesomorphism at 128°C. However, the ligand with alk-
oxy tail of carbon length 12 showed enantiotropic SmC phase. The complexes are devoid of any mesomorph-
ism. The lowmolar conductance values in CH2Cl2 indicate that the complexes are non-electrolytes. At 330 nm
excitation, the ligand emits green light at ~516 nm (Φ=30%) and ~549 nm (Φ=16%) in solution and solid
state, respectively. At similar excitation wavelength, the complexes exhibit blue light in solution at ~452 nm
(Φ=20%) and green light in solid state ~555 nm (Φ=11%). The DFT calculations were performed using
DMol3 program at BLYP/DNP level to ascertain the stable electronic structure of the complex.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Metal Schiff-base complexes have been investigated for their di-
verse properties [1,2]. Transition metal complexes with salen-type li-
gands have been extensively studied mainly due to their ability to
catalyze variety of chemical transformations, including the asymmetric
ring-opening of epoxides, aziridination, cyclopropanation, epoxidation
of olefins and formation of cyclic and linear polycarbonates [3–6]. Non-
linear optical (NLO) properties of such materials have been explored in
recent years [7–10]. Materials exhibiting light emission or charge trans-
port ability are currently drawing lot of attention due to their potential
applications in display devices, solar cells, active components for image
and data treatment and storage etc. [11]. Liquid crystalline materials
owing to their orientational order could be attractive candidates for en-
hancing such chargemobility. Additionally, if these materials emit light,
a polarized emission could be obtained from a uniformly aligned film.
Thus, emitting liquid crystals are very promising materials for display
applications [12–14]. Since the discovery of organic light emitting
(OLED) devices, zinc complexes have received much attention because
of their many advantageous electroluminescent properties, such as
electron transporting ability, light emitting efficiency, high thermal sta-
bility and great diversity of tunable electronic properties [15–23]. Soft
materials that combine both luminescence and liquid crystallinity are

thus one of the rapidly growing fields for applications in light emitting
devices, information storage systems, sensors, and enhanced contrast
displays [24–30]. Very recently we reported a series of green emissive
Zn(II) Schiff-base complexes exhibiting columnar mesomorphism
[31,32]. Serrano et al. reported a series of mono-, di-, or tridecyloxy-
4-benzoyloxysalicylidene-3,3/-diaminobenzidine and their bimetallic
Cu(II) and VO(II) complexes [33]. The ligands and their complexes
have been shown to exhibit columnar hexagonal mesomorphism
when they possess 8 or 12 terminal chains and smectic C mesomorph-
ism with 4 terminal chains. In the course of our sustained effort in this
domain of research we were interested in designing a compartmental
binucleating Schiff base ligand with four terminal chains and explore
its ligational aspects with different metal ions. The effect of a short alk-
oxy chain (C6) vis-à-vis that of a relatively longer one (C12) on the
mesomorphism is also considered a point worth investigation.

Accordingly, herein, we describe synthesis and photophysical
properties of two new binucleating mesogenic Schiff-bases derived
from 4-n-alkoxy salicylaldehyde and 3/, 3/, 4/, 4/-tetraminobiphenyl
and their bimetallic zinc(II) complexes.

2. Experimental section

2.1. Physical measurements

The C, H and N analyses were carried out using PE2400 elemental
analyzer. Molar conductance of the compounds were determined in
CH2Cl2 (ca 10−3 mol L−1) at room temperature using MAC-554
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conductometer. The 1H-NMR spectra were recorded on a Bruker DPX-
400 MHz spectrometer in CDCl3 (chemical shift in δ) solution with
TMS as internal standard. Ultraviolet–visible absorption spectra of
the compounds in CH2Cl2 were recorded on a Shimadzu UV-160PC
spectrophotometer. Photoluminescence spectra were recorded on a
Shimadzu RF-5301PC spectrophotometer. The fluorescence quantum
yield in dichloromethane was determined by dilution method using
9, 10-diphenyl anthracene as standard. Infrared spectra were
recorded on a Perkin-Elmer L 120-000A spectrometer on KBr disc.
The optical textures of the different phase of the compounds were
studied using a polarizing microscope (Nikon optiphot-2-pol) at-
tached with Instec hot and cold stage HCS302, with STC200 tempera-
ture controller of 0.1°C accuracy. The thermal behavior of the
compounds was studied using a Perkin-Elmer differential scanning
calorimeter (DSC) Pyris-1 spectrometer with a heating or cooling
rate of 5°C/min. Quantum chemical calculation on was carried out
using density functional theory (DFT) as implemented in DMol3
package.

2.2. Materials

The materials were procured from Tokyo Kasei, Japan and Lancas-
ter Chemicals. All solvents were purified and dried using standard
procedures. Silica (60–120 mesh) from Spectrochem was used for
chromatographic separation. Silica gel G (E-Merck, India) was used
for TLC.

2.3. Synthesis and analysis

The general preparative route for salicylaldimine based Schiff
bases is presented in Scheme 1.

2.3.1. Synthesis of n-alkoxysalicyldehydes (n=6, 12)
Alkoxysalicyldehyde derivatives were prepared following a reported

method [31,32]. 2, 4-Dihydroxybenzaldehyde (10 mmol, 1.38 g), KHCO3

(10 mmol, 1 g), KI (catalytic amount) and 1-bromohexane (10 mmol,
1.6 g) or 1-bromododacane (10 mmol, 2.4 g) were mixed in 250 mL of
dry acetone. The mixture was heated under reflux for 24 h, and
then filtered, while hot, to remove any insoluble solids. Dilute HCl
was added to neutralize the warm solution, which was then
extracted with chloroform (100 mL). The combined chloroform ex-
tract was concentrated to give a purple solid. The solid was purified
by column chromatography using a mixture of chloroform and hex-
ane (v/v, 1/1) as eluent. Evaporation of the solvents afforded a
white solid product.

2.3.2. Synthesis of Schiff base ligand (6 bps)
An ethanolic solution of 2-hydroxy-(4-hexyloxy)-salicyldehyde

(0.88 g, 4 mmol) or 2-hydroxy-(4-dodecyloxy)-salicyldehyde (1.22 g,
4 mmol) was added to an ethanolic solution of 3/,3/,4/,4/-tetraminobi-
phenyl (0.21 g, 1 mmol). The solution mixture was refluxed with a
few drops of acetic acid as catalyst for 3 h to yield the yellow Schiff
base. The compound was collected by filtration and recrystallized
from absolute ethanol to obtain a pure compound. Yield: 0.81 g (75%).
m.p., 133°C. Anal. Calc. for C64H78N4O8: C, 74.5; H, 7.6; N, 5.4. Found:
C, 74.7; H, 7.8; N, 5.3%; FAB Mass (m/e, fragment): m/z: calc. 1030.5;
found: 1031[M+H+]; 1H NMR (400 MHz, CDCl3): δ=13.07 (s, 1H,
H4), 8.51 (s, 1H, H5), 7.14 (t, J=8.43 Hz, 2H, H2), 6.54 (d, J=2.44 Hz,
2H, H3), 6.49 (dd, J=2.44 Hz, J=8.29 Hz, 2H, H2), 3.97 (t, J=6.8 Hz,
2H, -OCH2), 0.89 (t, J=6.8 Hz, 6H, CH3). 13C NMR(75.45 MHz; CDCl3;
Me4Si at 25°C, ppm), δ=107.5(−C1), 130.7(−C2), 160.9(−C16),
160.6(−C5), 122.4(−C8), 161.6(−C11), 144.4(−C15), 121.8(−C9),
135.7(−C12). IR (νmax, cm

−1 , KBr): 3500 (νOH), 2925 (νas(C–H),CH3),
2921 (νas(C–H), CH2), 2873 (νs(C–H),CH3), 2850 (νas(C–H), CH2), 1629
(νC=N), 1298 (νC–O).

2.3.3. Synthesis of Schiff base ligand (12 bps)
Yield: 1.08 g (76%). m.p., 117°C. Anal. Calc. for C88H126N4O8: C, 77.2;

H, 9.2; N, 4.1. Found: C, 77.1; H, 9.1; N, 4.2%; FABMass (m/e, fragment):
m/z: calc. 1366.9; found: 1367[M+H+]; 1H NMR (400 MHz, CDCl3):
δ=13.06 (s, 1H, H4), 8.55 (s, 1H, H5), 7.13 (t, J=8.42 Hz, 2H, H2),
6.53 (d, J=2.43 Hz, 2H, H3), 6.48 (dd, J=2.44 Hz, J=8.27 Hz, 2H,
H2), 3.99 (t, J=6.8 Hz, 2H, –OCH2), 0.88 (t, J=6.8 Hz, 6H, CH3). 13C
NMR(75.45 MHz; CDCl3; Me4Si at 25°C, ppm), δ=106.5(−C1),
130.8(−C2), 161.9(−C16), 162.6(−C5), 122.4(−C8), 161.6(−C11),
143.4(−C15), 121.7(−C9), 135.6(−C12). IR (νmax, cm

−1 , KBr): 3500
(νOH), 2924 (νas(C–H),CH3), 2922 (νas(C–H), CH2), 2874(νs(C–H),CH3),
2851 (νas(C–H), CH2), 1628 (νC=N), 1297 (νC–O).

2.3.4. Synthesis of dinuclear zinc(II) complex (Zn2–6 bps)

2.3.4.1. General procedure. The ligand 6 bps (0.051 g, 0.05 mmol) or
12 bps (0.068 g, 0.05 mmol) was dissolved in minimum volume of
absolute ethanol. To this, an equimolar amount of zinc acetate
Zn(OAc)2•2H2O (0.02 g, 0.1 mmol) in methanol was then added slowly
and stirred for 2 h at room temperature. A brown solid formed was
filtered, washed with diethyl ether and finally with chloroform–ethanol
(1:1).

Yield: 0.05 g (75%).m.p., 318°C. Anal. Calc. for C64H74Zn2N4O8: C, 66.3;
H, 6.4; N, 4.8. Found: C, 66.5; H, 6.3; N, 4.8%; FAB Mass (m/e, fragment):
m/z: calc. 1156.4; found: 1157[M+H+];1H NMR (400MHz, CDCl3):
8.54 (s, 1H, H5), 7.11 (t, J=8.38 Hz, 2H, H2), 6.51 (d, J=2.39 Hz, 2H,
H3), 6.47 (dd, J=2.44 Hz, J=8.29 Hz, 2H, H2), 3.91 (t, J=6.8 Hz, 2H, –
OCH2), 0.87 (t, J=6.8 Hz, 6H, CH3). IR (νmax, cm

−1 , KBr): 2924 (νas(C–H),
CH3), 2922 (νas(C–H), CH2), 2871 (νs(C–H),CH3), 2849 (νas(C–H), CH2), 1614
(νC=N), 1296 (νC–O).

2.3.4.1.1. Zn2–12 bps. Yield: 0.06 g (78%). m.p., 312°C. Anal. Calc. for
C88H122Zn2N4O8: C, 70.7; H, 8.2; N, 3.7. Found: C, 70.5; H, 8.3; N, 3.8%;
FAB Mass (m/e, fragment): m/z: calc. 1493.7; found: 1494[M+H+];
1H NMR (400 MHz, CDCl3): 8.57 (s, 1H, H5), 7.12 (t, J=8.37 Hz, 2H,
H2), 6.54 (d, J=2.38 Hz, 2H, H3), 6.48 (dd, J=2.45 Hz, J=8.28 Hz,
2H, H2), 3.92 (t, J=6.7 Hz, 2H, –OCH2), 0.88 (t, J=6.7 Hz, 6H, CH3).
IR (νmax, cm

−1 , KBr): 2923 (νas(C–H),CH3), 2922 (νas(C–H), CH2), 2871
(νs(C–H),CH3), 2848 (νas(C–H), CH2), 1611 (νC=N), 1295 (νC–O).

3. Result and discussion

3.1. Spectral investigation

The synthetic procedure for ligands and metal complexes are
depicted in Scheme 1. The Schiff base ligands were synthesized by liter-
ature procedures [31,32] and were identified by 1H NMR and elemental
analysis. The compounds were obtained as yellow microcrystalline
solids in good yields. The bimetallic zinc(II) complexes, prepared by
reacting the appropriate tetraimine with zinc(II) acetate dihydrate in
methanol, were isolated as a deep-brown solid in good yield. The com-
plexes were soluble in chloroform and dichloromethane and insoluble
in ethanol. The CHN microanalyses of the Schiff base ligands (6 bps,
12 ps) and the complexes (Zn2–6 bps) are consistent with the proposed
formulas, confirming the bimetallic composition of the complex. The
FAB-mass spectra of the compounds matched well with their formula
weights. The IR spectrum of the Schiff base ligand showed a broad
band in the region 3480–3466 cm−1 attesting the presence of OH
group. The band disappears upon complexation. The azomethine nitro-
gen νC=N stretching frequency of the free ligand appears at
~1629 cm−1, that shifted to lowerwave numbers in the spectrum(Sup-
plementary information, Fig. S1) of the complexes (~1614 cm−1), indi-
cating the involvement of azomethine nitrogen in coordination. The
ligand with four terminal chains around, serves as a chelating agent
with two sets of tetradentate [N2O2] core each set comprising of two
phenolate-oxygen and two azomethine nitrogen atoms (Scheme1). Ap-
pearance of medium intensity bands at 480–45°Cm−1 attributable to
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νM–N and νM–O, respectively. 1H NMR spectra of ligands show signal at
δ 13.4–13.8 ppm, corresponding to the proton of theOHgroup. The pro-
ton NMR signal of the imine group appears at δ 8.5 ppm for ligand. Ab-
sence of the phenolic –OH proton and a downfield shift in the peak
positions of the –N=CH proton in the 1H NMR spectrum of the metal
complex, (Supplementary information, Fig. S2), (further suggest bind-
ing through the phenolate oxygen and the azomethine nitrogen atoms
of the ligand to themetal ion [19,31,32]. Solution electrical conductivity
of complexes recorded in CH2Cl2 (10−3 M) were found to
beb10Ω−1 cm−1 mol−1, much lower than is expected for a 1:1

electrolyte, thus confirming the non-electrolytic nature of the complex
[34,35].

3.2. Photophysical properties

The UV–vis absorption spectrum (Fig. 1) of free ligand consists of
an intense band centered at ~399 nm attributed to π–π* transitions of
the azomethine group. Another intense band (~333 nm) in the higher
energy region was related to π–π* transitions of benzene rings. These

Scheme 1. i.CnH2n+1Br, KHCO3, KI, dry acetone, Δ, 40 h, and ii. glacial AcOH, absolute EtOH Δ, 4 h iii. Zn(OAc)2.2H2O, MeOH, TEA. Δ, 1 h.
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transitions shifted to lower wave in the complexes. A shoulder
at~488 nm has been assigned to MLCT transition.

Photoluminescence study of the ligands and zinc(II) complexes
was carried out at room temperature in dichloromethane solution
and also in the solid state (Figs. 2–3). The ligands emit green light
both in solution as well as in the solid state at 512 nm (Φ=30%)
and 549 nm (Φ=16%), respectively, when excited at 330 nm. The
solid state emission spectrum of the complexes was recorded by plac-
ing a uniform powder sheet between two quartz plates. Generally
Schiff base systems exhibit florescence due to intraligand π–π* transi-
tions [36]. Quite surprisingly, upon complexation, the emission max-
ima are shifted to higher energy (λmax=452 nm, Φ=20%) resulting
in blue light emission. This is not usual, as one would expect the emis-
sion band of the free ligand to be at higher energy related to that of
the complex because of its relatively high-energy excitation band.
This anomaly can be explained by the fact that excited states originat-
ing from complexes of Zn2+ are typically ligand-centered (LC) in na-
ture owing to the inability of the d10 metal center to participate in
low-energy charge transfer for metal-centered transitions [37–39].
However, in solid state the complexes emit green light at ~555 nm
(Φ=11%). In solid state after complexation, the free rotation of the
flexible bonds of the ligand is reduced and hence energy dissipation
through non-radiative channels decreases leading to shift of emission

wave length to lower energy. The intense emission observed at room
temperature in the complex stems from the intraligand (π–π*) fluo-
rescence, and the role of the Zn2+ ion is to provide stability to the li-
gand [40]. The spectral data of all the compounds are shown in
Table 1.

3.3. Mesomorphic behavior: polarizing optical microscopy (POM) and
differential scanning (DSC) studies

Hot-stage polarizing optical microscopy has been used to study
the interference patterns of the birefringent liquid crystalline mate-
rials. Characteristic textures associated with different mesophases
were identified by comparison with those reported in the literature.
The ligand, 6 bps exhibited monotropic liquid-crystalline behavior.
On slow cooling from the isotropic liquid, the compound showed a bi-
refringent schlieren texture (Fig. 4) typical of a nematic mesophase at
~128°C. DSC study (Table 2) showed two transitions in heating run
and one in the cooling run (Fig. 5). The transition at 133.7°C
(ΔH=13.2 kJmol−1) is due to the N–I transition. Isotropic to nematic
transition could not be detected in DSC, probably due to slow crystal-
lization or vitrification of the mesophases. Owing to the high viscous
nature of the 6 bps compound, transition peaks observed in DSC were
rather broad. Quite interestingly the long chain compound 12-bps
showed enantiotropic SmC phase with four brush defects (Fig. 6).
The DSC thermogram exhibited two sharp transitions in heating and
two in cooling cycle (Fig. 7). The marked difference in the mesomor-
phic behavior of 6 bps and12bps due to the presence of short (C6) and
long (C12) alkoxy chain is noteworthy. We are, however, unable to
provide any suitable explanation at this moment. Increased alkoxy
chain length might have affected the overall orientation of the mole-
cule including the torsional twist of the biphenyl rings which in turn
modified the intermolecular association. Pertinent here is to mention
that somewhat similar biphenyl based compartmental Schiff base li-
gands with ester linkages showed smectic mesomorphism [33].
Though host of other related compartmental Schiff base ligands are
documented with no reported mesogenicity [41]. Owing to the high

Fig. 2. Emission spectrum of 6-bps in solution and in solid state.
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Table 1
UV–visible and photoluminescence data of ligands (n–bps) and Zn2–nbps complexes.

Compounds π→π*
(ε, l mol−1

cm−1)

π→π*
(ε, l mol−1

cm−1)

MLCT
(ε, l mol−1

cm−1)

PLa

(Solution)
PLa

(Solid)

6 bps 335 (5300) 399 (9800) – 512 549
Zn2–6 bps 323 (11,200) 398 (9100) 488 (2200) 452 555
12 bps 330 (5200) 399 (9700) – 516 554
Zn2–12 bps 316 (5400) 396 (8200) 488 (2300) 451 558

a Photoluminescence data of compounds.
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viscous nature of the compound (6 bps) transition peaks observed in
DSC were rather broad. Upon coordination to zinc(II) the mesogenic
property of the Schiff base ligands were completely lost. Desired mo-
lecular shape to enhance anisotropy in intermolecular forces is often
not possible to achieve for chemical feasibility reasons. Thus unfavor-
able structural orientation of the resulting binuclear complex mole-
cules is believed to have upset the mesogenicity in the present case.
Similar loss of mesomorphism was earlier reported for related binuc-
lear Schiff base metal complexes of copper (II) and nickel (II) [42].

3.4. DFT study

As a representative case, the ground state geometries in the gas
phase of the ligand molecule (6 bps) and its zinc complex, Zn2–

6 bps (Fig. 8) were fully optimized using the restricted BLYP/DNP
methods without imposing any symmetry constrain. The BLYP func-
tional used throughout this study, comprises of a hybrid exchange
functional as defined by Becke and the non-local Lee–Yang–Parr cor-
relation functional [43]. The basis set chosen in this study is DNP, the
double-numerical atomic orbitals augmented by polarization func-
tions. All calculations were performed with the DMol3 program pack-
age [44–46]. In our calculations, self consistent field procedures are
performed with a convergence criterion of 2×10−5 a.u. on the total
energy and 10−6 a.u. on electron density. The 3D isosurface plots of
the lowest unoccupied molecular orbital (LUMO) and the highest oc-
cupied molecular orbital (HOMO) of the complex are shown in
(Figs. 9 and 10). The HOMO and LUMO energies of the ligand are cal-
culated to be−4.70 eV and−2.49 eV, respectively, ΔE=2.21 eV. The
corresponding energies of the Zn-complex found to be −4.74 eV, −
2.76 eV and ΔE=1.98 eV, respectively, matched well with those
reported for similar Schiff base complexes of zinc [32,33]. The
HOMO–LUMO energy difference decreases substantially on incorpo-
ration of two zinc ions into the ligand framework. The HOMO–
LUMO energy separation can be related to kinetic stability and in
turn reactivity pattern of the molecule. A small HOMO–LUMO gap im-
plies a low kinetic stability and high chemical reactivity, because it is
energetically favorable to add electrons to LUMO or to extract

Fig. 4. Schlieren texture of nematic phase (6 bps) at 128°C.

Table 2
DSC data of the complexes.

Compounds T [°C]a Transitionb ΔH [kJmol−1]

6 bps 70.3 Cr–N 1.3
133.7 N–I 13.2
47.2 I–Cr 0.79

12 bps 96.5 Cr–SmC 74.4
117.8 SmC–I 14.6
116.1 I–SmC 13.8
91.7 SmC–Cr 74.1

a Transition temperature obtained from onset peak.
b Cr: crystal; N: Nematic phase; SmC: Smectic phase; I: Isotropic phase.
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Fig. 6. Schlieren texture of SmC (12 bps) at 117°C.
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electrons from a HOMO. Selective geometric parameters of the opti-
mized zinc complex were evaluated by DFT at BLYP/DNP level
(Table 3). The complex has an average Zn–O and Zn–N bond lengths
1.97 and 2.10 Å, respectively. The average bond angles 97.6° and
79.3° for O1–Zn–O2 and N1–Zn–N2, respectively, around the zinc
atom which deviate substantially from the tetrahedral values indicat-
ed a distorted planar four coordinate geometry. These geometrical pa-
rameters match well with structurally characterized analogous zinc
complexes [36,45]. Biphenyl, a short rigid central bridge presumably
prevented the formation of a tetrahedral environment around zinc
(II), leading to a distorted square planar geometry.

4. Conclusion

In this work synthesis of two new compartmental salen type Schiff
base compounds with four terminal chains (short and long) and its
binuclear Zn(II) complexes is described. The ligands besides being fluo-
rescent exhibit monotropic nematic/SmC mesophase transition, how-
ever, the complexes lack any mesomorphism but exhibited intense
fluorescence. Interestingly different chain lengths of alkoxy group pro-
moted quite different mesomorphic behavior. Based on spectral and
DFT study, four coordinate distorted square planar geometry around
Zn(II) center has been conjectured. The strategy adopted herein can
be effectively employed to access a variety of newer bimetallic systems
with tunable molecular construction motifs leading to smart

multifunctional materials. An attractive option would be to access para-
magnetic photoluminescent bimetallomesogens.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.msec.2012.01.016.
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Liquid crystalline dinuclear copper(II) complexes accessed from photoluminescent tridentate
[ONO]-donor Schiff base ligands
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Two new liquid crystalline dinuclear copper(II) complexes of the type [Cu2L2
n], H2Ln = (E)-5-(hexadecyloxy)-2-

((2-hydroxyethylimino) methyl) phenol(L) and (E)-5-(hexadecyloxy)-2-((2-hydroxypropylimino) methyl) phenol
(L′), have been synthesised. The compounds were characterised by Fourier transform infrared spectroscopy, 1H
and 13C nuclear magnetic resonance, ultraviolet-visible spectroscopy, elemental analyses, solution electrical con-
ductivity measurements and fast atom bombardment mass spectrometry. The phase behaviours of the compounds
were examined by differential scanning calorimetry and polarised optical microscopy. Interestingly the ligand L
showed a monotropic smectic A (SmA) mesophase at ∼75◦C while the ligand L′ incorporating a methyl group in
the spacer lacks any mesomorphism. The complexes were all found to exhibit a thermally stable enantiotropic SmA
phase in the range ∼114–118◦C. The ligands are blue light emitters with broad emission maxima at ∼469 nm. The
density functional theory calculations revealed a distorted square planar structure around each copper(II) centre
in the dinuclear framework.

Keywords: copper; dinuclear complex; Schiff base; photoluminescence; DFT

1. Introduction

Research on metallomesogens has received tremen-
dous impetus during the last few decades owing to
versatile physico-chemical properties (colour, mag-
netism, polarisability, redox behaviour etc) of such
metal-organic frameworks [1–12]. Metallomesogens
combine the unique properties of anisotropic fluids
with the electronic and optical properties of metal
complexes. While numerous examples of mononuclear
metallomesogens exhibiting novel mesomorphic
properties have been widely reported, examples of
bi-metallomesogens are still quite rare [13–21]. The
design of binuclear metallomesogens thus consti-
tutes a key step for the development of magnetic
and conductive materials [19, 21, 22]. Among the
documented bimetallic mesogens, majority is diamag-
netic [23–25] and only a very few are paramagnetic
[13–22]. Paramagnetism induced by a metal centre
can lead to interesting chemical and physical prop-
erties [26–29]. Most bimetallomesogens reported in
the literature exhibit columnar discotic phases [13,
17–19, 22, 24, 30–32]. Bimetallomesogens are still
limited to copper carboxylates and dithiocarboxylates,
ortho- or cyclopalladated compounds, and dicopper
β-diketonate and β-enaminoketonate complexes
[22–25, 32]. Owing to unusual geometries, polarisabil-
ity, paramagnetism and large birefringence, leading
to unique functional behaviours, metallomesogens
incorporating multiple metal ions are a recurring
theme of current research [13–21]. Despite inherent

*Corresponding author. Email: crbhattacharjee@rediffmail.com

challenges in synthesising bimetallomesogens, quite a
good number of such complexes are on record [13–26,
30–32]. Mesogenic behaviour can be modulated by
the choice of metal ions, and the nature and position
of the substituents of the alkoxy tail and/or spacer
group [27]. Metal complexes of salicylaldimines are
among the earliest and most extensively studied class
of metallomesogens [3–5, 33]. The salicylaldimine
fragment is well recognised as a good promeso-
genic unit as the azomethine linkage is stabilised
by intramolecular hydrogen bonding in addition to
being a good donor site for coordination with metals
[3, 33]. Light emitting liquid crystalline materials
are considered promising candidates for display
applications [6–8]. Simpler one-ring nonmesogenic
Schiff bases have been complexed to metal ions to
produce ordered mesophases [33–35]. Incidentally
there appears to be no record of Schiff base mesogens
containing one ring until a recent report on a series of
luminescent mesogenic one-ring-based salicylaldimine
Schiff bases and their lanthanide complexes from
our group [36]. Lai and Leu [13] reported a series of
oxygen-bridged bimetallomesogens containing cop-
per(II), palladium(II), oxovanadium(IV) and iron(II)
ions based on salicylaldimines ligands, namely, N-(3-
hydroxypropyl)-4-alkoxysalicylaldimines and N-(3-
hydroxypropyl)-4-(4-alkoxybenzoyl)salicylaldimines.
The copper and palladium complexes exhibited
smectic A (SmA) phases; however, vanadyl and iron
complexes did not show any mesogenicity. In this
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640 C.R. Bhattacharjee et al.

context, we were particularly interested to assess the
effect of the substituent on amine moiety and its influ-
ence on the mesogenicity of the binuclear complexes.
Accordingly in this article we describe the synthesis
of two new tridentate [NOO]-donor photolumines-
cent Schiff base ligands viz. (E)-5-(hexadecyloxy)-2-
((2-hydroxyethylimino) methyl) phenol(L) and (E)-
5-(hexadecyloxy)-2-((2-hydroxypropylimino) methyl)
phenol (L′), the former (L) being mesomorphic also.
The binuclear copper(II) complexes of both of these
ligands are mesogenic although devoid of luminescent
properties.

2. Results and discussion

The Schiff base ligands were synthesised by con-
densation of 4-alkoxysubstituted aldehyde with a
2-amino-1-ethanol and 2-aminopropan-1-ol with
slight modification of the literature procedures [7–11,
36]. The synthetic strategy for the ligands [LH = (E)-5-
(hexadecyloxy)-2-((2-hydroxyethylimino) methyl) phe-
nol and (E)-5-(hexadecyloxy)-2-((1-hydroxypropan-2-
ylimino) methyl) phenol], and their bimetallic copper
complexes, [Cu2(L/L′)2] are presented in Scheme-1.
Complexes formed from a reaction of the appropriate
ligand with copper acetate in an ethanol–methanol

solution in Cu: L/L′ in a 2:2 ratio at ambient
temperature are isolated as a greenish blue coloured
solid in good yields. The compounds were char-
acterised by Fourier transform infrared (FT-IR)
spectroscopy, 1H and 13C nuclear magnetic resonance
(NMR), ultraviolet-visible (UV-vis), elemental analy-
ses, solution electrical conductivity measurements and
fast atom bombardment (FAB) mass spectrometry.
The CHN analyses of the ligands and their complexes
are consistent with the proposed formulae, confirming
the bimetallic composition of the complexes. FAB
mass spectra of the compounds are concordant with
their formula weights. The IR spectra of the Schiff
base ligands showed a broad band in the region
3380–3366 cm−1 attesting the presence of OH func-
tionality. Upon complexation, this band disappears.
The azomethine nitrogen νC=N stretching frequency of
the free ligand appears at ∼1626 cm−1, which becomes
shifted to lower wave number (∼1613 cm−1) in the
complexes indicating the involvement of azomethine
nitrogen in the coordination. Appearances of medium
intensity bands at ∼450–480 cm−1 are attributable
to νCu–N and νCu-O. 1H NMR spectra of the ligands
showed a broad signal at δH 13.4–13.8 ppm, cor-
responding to the phenolic proton. Appearance of
a sharp peak at ca. δH 8.10 ppm characteristic of
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Scheme 1. (i) CnH2n+1Br, KHCO3, KI, dry acetone, �, 40 h; (ii) glacial AcOH, absolute EtOH �, 4 h; (iii) Cu(OAc)2. H2O,
MeOH, 1 h.
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Liquid Crystals 641

the imine proton (H-C=N) confirmed the formation
of the Schiff base. The alcoholic proton appeared,
expectedly, as a triplet at δ 3.74 ppm in the ligands.
Owing to the paramagnetic nature of the complexes,
1H NMR spectra revealed only broad unresolved
signals [13]. Solution electrical conductivities of
the complexes recorded in CH2Cl2 (10−3M) were
found to be <10 �−1 cm−1 mol−1 confirming the
non-electrolytic nature of the complex.

The absorption spectra of the ligands exhibited
three bands (Figure 1) owing to the π–π∗ transition
of the aromatic rings in the region 255–291 nm. The
band at 348 nm is due to the π–π∗ transition of the
C=N fragment. Upon complexation, these bands are
red shifted to 279 nm, 310 nm and 391 nm.

Photoluminescence studies of the ligands
(L/L′) were carried out at room temperature in
dichloromethane solution and also in the solid state
(Figure 2) The ligands exhibited an emission maxi-
mum at 447 nm (� = 30%) in solution when excited
at 350 nm. In the solid state the emission maximum is
red shifted to 469 nm (� = 9%). This shift is due to the
intermolecular aromatic interaction which is weaker
in solution than that in the solid state [6–8, 37, 38].
Moreover, in the solid state, a larger electronic delo-
calisation leads to a lowering of the energy of the elec-
tronic states. Generally Schiff base systems exhibit flu-
orescence due to intraligand π–π∗ transitions [39]. The
complexes did not exhibit any fluorescence presumably
because paramagnetic ions quench the fluorescence of
organic ligands by enhancing the rate of non-radiative
processes that compete with the fluorescence [40].
It may be noted that quenching of the fluorescence of
a ligand by paramagnetic metal ions on complexation
is a rather common phenomenon which is explained
by processes such as magnetic perturbation, redox
activity, electronic energy transfer, etc [41].
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Fig. 1. UV-vis spectra of L and Cu2 L2.
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Fig. 2. Emission spectra of ligands in solution and in the
solid state.

The mesomorphic behaviour of the compounds
was probed by polarised optical microscopy and
differential scanning calorimetry (DSC). The ligand
L showed monotropic mesomorphism. On heating,
the sample transformed directly to the isotropic
liquid while during cooling from an isotropic liquid
it first showed a batonnets texture which coalesces
to a high birefringent fanlike texture (Figure 3) at
75◦C. On further cooling it solidified at 60◦C. The
mesophase was identified as a SmA phase on the basis
of these diagnostic features. The DSC trace for the
compound L also showed one transition in the heating
cycle and two in the cooling run (Figure 4). The
transition at 75.1◦C (�H = 1.9 kJ mol−1) is due to
the change from the isotropic to the smectic A phase.
The presence of the alcoholic -OH group tends to
induce attractive intermolecular interactions via the
H-bond (HO. . . HO. . .) resulting in liquid crystalline
behaviour. Analogous Schiff base compounds with
no reported mesogenicity have been documented [13].
Detail investigations of the mesomorphic properties
of such a one-ring system were first reported by our

Fig. 3. Fanlike texture of the SmA phase at 75◦C.
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Fig. 4. DSC thermogram of L.

group [36]. Quite surprisingly, incorporation of a
methyl group in the amine moiety of this ligand (L′)
upsets the mesomorphism. This is ascribed to the
steric hindrance caused by the tetrahedral methyl
group, which resulted in loss of mesomorphism [13].
The complexes, however, all exhibited enantiotropic
smectic mesomorphism. A typical broken focal conic-
shaped texture (Figure 5) with homeotropic domain
was observed at 114◦C upon slow cooling from their
isotropic liquid. The mesophase was identified as a
SmA phase based on the optical texture. The DSC
thermogram (Figure 6) showed two endothermic
peaks in the heating cycle and two exothermic peaks
in the cooling cycle. The peak at ∼114–118◦C is due to
the isotropic–smectic A phase transition. Owing to the
highly viscous nature of the complexes and the severe
restriction in the molecular mobility, a pronounced
hysteresis in transition temperature has been noted.
The reversible thermal behaviour of the complexes was
confirmed by DSC on subsequent heating–cooling
runs (Table 1). It is pertinent here to mention that
the structurally similar bimetallomesogens, [bis[N-
(3-hydroxypropyl)-4-octanoylsalicylaldiminato] cop-

Fig. 5. Broken focal conic-shaped texture of the SmA phase
at 114◦C.
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Fig. 6. DSC thermogram of Cu2L2.

Table 1. Mesophase transition temperatures (T , ◦C) and
associated enthalpies (�H, kJ mol−1) of the compounds.

Compounds Heating Cooling

L Cr 82.4 (65) I I 75.1 (1.9) SmA 60.8
(60.7) Cr

L′ Cr 84.7 (61.3) I I 65.4 (59.8) Cr
Cu2L2 Cr 91.7 (3.0) SmA 133.0

(27.5) I
I 114.1 (27.9) SmA 89.3

(2.6) Cr
Cu2L′

2 Cr 63.5 (2.1) SmA 136.2
(47.4) I

I 118.9 (47.3) SmA 63.5
(2.3) Cr

Cr: crystalline; I: isotropic; SmA: smectic A.

per(II) complex reported earlier showed a monotropic
SmA mesophase [13]. Bimetallic copper (II) com-
plexes bearing azo-linkage at the side aromatic ring
showing a SmA phase are also on record [14]. The
mesophase textures observed in these cases closely
resemble the fanlike textural pattern seen in the
present compounds.

As efforts to obtain single crystals of the complexes
failed, density functional theory (DFT) calculations
were performed to investigate the electronic struc-
ture of the copper(II) complexes (Figures 7 and 8).
Full geometry optimisation of the complexes with-
out symmetry constraints has been carried out by
DMol3 program package [42] using Kohn–Sham the-
ory. The generalised gradient approximation (GGA)
was used in the calculations. At the GGA level, we
have chosen the BLYP (Becke-Lee-Yang-Parr) func-
tional [42–45] which incorporates Becke’s exchange
and the Lee–Yang–Parr correlation [43]. The DNP
(Double Numerical Polarisation) basis functions,
chosen in the present study, are the double-numerical
atomic orbitals augmented by polarisation functions,
i.e. functions with angular momentum one higher
than that of the highest occupied orbital in the free
atom [45]. The DNP basis set is believed to be more
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Liquid Crystals 643

Fig. 7. DFT structure of Cu2 L2.

Fig. 8. DFT structure of Cu2L′
2.

accurate than a Gaussian basis set 6-31G∗∗ of similar
size. In our calculations, self-consistent field proce-
dures are performed with a convergence criterion of
2 × 10−5 a.u. on the total energy and 10−6 a.u. on
the electron density. Some of the significant geometric
parameters of the optimised copper complexes eval-
uated at the BLYP/DNP level are shown in Table 2.
The molecular structures of the complexes are nearly
flat with two copper atoms lying ∼3.15 Å apart. The
geometry around each metal centre is slightly dis-
torted square planar. The HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied
Molecular Orbital) energies of the complex Cu2L2 are
calculated to be -3.502 eV and -3.035 eV, respectively,
where �E = 0.467 eV and those of Cu2 L′

2 are found
to be -3.515 and -3.052, where �E = 0.463 eV.

3. Conclusion

Two new tridentate [ONO]-donor one-ring Schiff base
ligands with substituted long alkoxy group and their
dinuclear copper(II) complexes have been synthesised
and their mesomorphic and photophysical properties
investigated. The ligands are found to be intense
blue light emitters, showing emission maxima in the
range ∼447–469 nm both in solution and in the solid
state. Interestingly, the steric constraints imposed
by the methyl group in the spacer of the Schiff base
ligand are speculated to have upset the mesogenicity;
however, in the absence of the methyl group, liquid
crystallinity could be observed. Lower conductivity
values confirm the non-electrolytic nature of the
complexes. Thermally very stable, the complexes
exhibited a fanlike textural pattern characteristic

Table 2. Selected bond length and bond angles of Cu2 L2/ Cu2L′
2, from DFT.

Cu2 L2 Cu2L′
2

Structure parameter
Bond lengths (Å) and bond

angles (deg)
Bond lengths (Å) and bond

angles (deg)

Cu1—O1 1.921 1.919
Cu1—N1 1.954 1.961
Cu2—O2 1.920 1.919
Cu2—N2 1.958 1.922
Cu2—O3 2.045 2.041
Cu2—O4 2.060 2.058
Cu1—O3 2.047 2.046
Cu1—O4 2.054 2.044
O1—Cu1—O3 103.1 103.4
O4—Cu—N1 92.0 92.0
O—Cu—O 79.5 79.6
N2—Cu2—O2 85.7 86.1
Cu1—Cu2 3.151 3.144
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644 C.R. Bhattacharjee et al.

of the enantiotropic SmA mesophase. Based on the
spectral and density functional theory (DMol3) study,
a distorted square planar geometry around each
metal centre in the dinuclear framework has been
conjectured. The synthetic strategy employed may be
profitably utilised to access dinuclear complexes of
different metals.

4. Experimental section

4.1 Physical measurements
The C, H and N analyses were carried out using a
PE2400 elemental analyser (Perkin Elmer, USA).
Molar conductances of the compounds were deter-
mined in CH2Cl2 (ca. 10−3 mol L−1) at room
temperature using a MAC-554 conductometer
(Macroscientific Works, India). The 1H -NMR spectra
were recorded on a Bruker DPX-400MHz spec-
trometer (Bruker AXS, India) in CDCl3 (chemical
shift in δ) solution with TMS (Tetramethylsilane) as
internal standard. UV-vis absorption spectra of the
compounds in CH2Cl2 were recorded on a Shimadzu
UV-1601PC spectrophotometer (Shimadzu, Asia
Pacific, Pte. Ltd., Singapore). The mass spectra were
recorded on JEOL SX102 FAB mass spectrome-
ter (JEOL, Japan) Photoluminescence spectra were
recorded on a Shimadzu RF-5301PC spectrophotome-
ter (Shimadzu, Asia Pacific, Pte. Ltd., Singapore). The
fluorescence quantum yields in dichloromethane were
determined by a dilution method using 9,10-diphenyl
anthracene as standard. IR spectra were recorded
on a Perkin-Elmer L 120-000A spectrometer (Perkin
Elmer, USA) on a KBr disc. The optical textures of
the different phases of the compounds were studied
using a polarising microscope (Nikon optiphot-2-
pol, Nikon Corporation, Tokyo, Japan) with an
Instec hot and cold stage HCS302 attached, with a
STC200 temperature controller of 0.1◦C accuracy.
The thermal behaviours of the compounds were
studied using a Perkin-Elmer differential scanning
calorimeter (Perkin Elmer International, Switzerland)
Pyris-1 spectrometer with a heating or cooling rate
of 5◦C/min. Quantum chemical calculations were
performed using DFT as implemented in the DMol3
package.

4.2 Materials
The materials were procured from Tokyo Kasei, Japan
and Lancaster Chemicals, USA. All solvents were
purified and dried using standard procedures. Silica
(60–120 mesh) from Spectrochem was used for chro-
matographic separation. Silica gel G (E-Merck, India)
was used for TLC (Thin Layer Chromatography).

4.3 Synthesis and analysis: Synthesis of
hexadecyloxysalicyldehyde

Alkoxysalicyldehyde derivatives were prepared fol-
lowing the general method reported in the literature
[7–11, 36]. 2, 4-Dihydroxybenzaldehyde (10 mmol,
1.38 g), KHCO3 (10 mmol, 1.5 g), KI (catalytic
amount) and 1-bromohexadecane (10cm3, 3g) were
mixed in 250 cm3 of dry acetone. The mixture was
heated under reflux for 24 h, and then filtered, while
hot, to remove any insoluble solids. Dilute HCl was
added to neutralise the solution, which was then
extracted with chloroform (100 cm3). The combined
chloroform extract was concentrated to give a purple
solid. The solid was purified by column chromatogra-
phy using a mixture of chloroform and hexane (v/v,
1/1) as eluent. Evaporation of the solvents afforded a
white solid product.

4.3.1. (E)-5-(hexadecyloxy)-2-((2-hydroxyethyl
imino) methyl) phenol (L)

An ethanolic solution of 2-hydroxy-(4-hexadecyloxy)-
salicylaldehyde (0.36 g, 1 mmol) was added to
an ethanol solution of 2-amino-1-ethanol (0.06 g,
1 mmol) The solution mixture was refluxed with a few
drops of acetic acid as catalyst for 3 h to yield the
yellow Schiff base. The compound was collected by
filtration and recrystallised from absolute ethanol to
obtain a pure compound.

Yield: 0.308 g (78%) yellow coloured solid; melt-
ing point (m.p.) 87◦C. Anal.: calc. for C25H43NO3

(405.6): C, 74.06; H, 10.69; N 3.45; found: C,
74.07; H, 10.67; N, 3.46%. 1H NMR (400 MHz,
CDCl3): δ 0.87 (t, J=6.4 Hz, -CH3, 3H), 1.27–1.83
(m, -CH2 of methylene proton in side chain), 3.60
(t, J=4.1Hz, -CH2N=C, 2H), 3.73 (t, J=4.0Hz, -
CH2OH, 2H), 3.91 (t, J=8.1Hz, -OCH2, 2H), 7.09
(d, J= 8.6Hz, -C6H4, 1H), 8.53 (s, -N=CH, 1H),
13.8 (s,1H, OH); 13C NMR (75.45 MHz; CDCl3;
Me4Si at 25◦C, ppm) δ= 161.3 (-C1), 101.3 (-C2),
161.9 (-C3), 116.6 (-C4), 107.3 (-C5), 132.7 (-C6),
162.1(-C7), 69.6 (-NCH2), 68.4 (-OCH2); FAB (m/e,
fragment): m/z: calc. 405.6; found: 406.6[M+H+];
IR (νmax, cm−1, KBr):3433(νOH), 2918(νas(C-H),
CH3), 2919(νas(C-H), CH2), 2849(νs(C-H), CH3),
2850(νas(C-H), CH2), 1626(νC=N), 1287(νC-O).

4.3.2. (E)-5-(hexadecyloxy)-2-((2-hydroxypropy
limino) methyl) phenol (L′)
Yield: 0.322 g (75%) yellow coloured solid; m.p. 88◦C.
Anal.: calc. for C26H45NO3 (419.3): C, 74.42; H, 10.81;
N 3.34; found: C, 74.41; H, 10.83; N, 3.33%. 1H NMR
(400 MHz, CDCl3): δ 0.89 (t, J=6.4Hz, -CH3, 3H),
1.28 (s, -CH3) 1.27–1.83 (m, -CH2 of methylene proton
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Liquid Crystals 645

in side chain), 3.62 (t, J=4.1Hz, -CH2N=C, 2H), 3.74
(t, J=4.0Hz, -CH2OH, 2H), 3.93 (t, J=8.1Hz, -OCH2,
2H), 7.08 (d, J= 8.6Hz, -C6H4, 1H), 8.51 (s, -N=CH,
1H), 13.7 (s,1H, OH); FAB (m/e, fragment): m/z:
calc. 419.3; found: 420.3[M+H+]; IR (νmax, cm−1,
KBr):3432(νOH), 2917(νas(C-H), CH3), 2916(νas

(C-H), CH2), 2845(νs(C-H), CH3), 2851(νas(C-H),
CH2), 1622(νC=N), 1283(νC-O).

4.3.3. Syntheses of the copper complexes

The ligand L (0.40 g, 1 mmol) or L′ (0.41 g, 1 mmol)
was dissolved in a minimum volume of absolute
ethanol. An equimolar amount of copper acetate
Cu(OAc)2. H2O (0.19 g, 1 mmol) in methanol was then
added slowly and stirred for 2 h at room temperature.
A greenish blue solid formed immediately and this was
filtered, washed with diethyl ether and recrystallised
from chloroform-ethanol (1:1).

4.3.4. Bis [N-(2-hydrooxyethyl)-4-hexadecyloxy
salicyldiminato] copper (II): Cu2L2

Yield=0.442 g, 75%. Anal.: calc. for C50H82Cu2N2O6:
C, 64.28; H, 8.85; N, 3.00; found: C, 64.27; H, 8.86;
N, 3.01%. IR (νmax, cm

−1, KBr): 2921(νas(C-H), CH3),
2851(νas(C-H), CH2), 1612(νC=N), 1252(νC-O, ether),
1148 (νC-O, phenolic); FAB (m/e, fragment): m/z: calc.
932.4; found: 933.5[M+H+].

4.3.5. Bis [N-(2- hydroxypropan-2-ylimino)-4-hexa
decyloxysalicyldiminato] copper (II): Cu2L′

2

Yield=0.446 g, 78%. Anal.: calc. for C52H86Cu2N2O6:
C, 64.90; H, 9.01; N, 2.91; found: C, 64.91; H, 9.02;
N, 2.92%. IR (νmax, cm

−1, KBr): 2922(νas(C-H), CH3),
2849(νas(C-H), CH2), 1613(νC=N), 1251(νC-O, ether),
1147 (νC-O, phenolic). FAB (m/e, fragment): m/z: calc.
962.5; found: 963.5[M+H+].
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Green emissive salicylaldimine-based polar Schiff bases with short alkoxy tails and their
copper(II)/oxovanadium(IV) complexes: synthesis and mesomorphism

Chira R. Bhattacharjee*, Chitraniva Datta, Gobinda Das and Paritosh Mondal

Department of Chemistry, Assam University, Assam, India

(Received 11 November 2011; final version received 19 December 2011)

A series of salicylaldimine-based copper(II) and oxovanadium(IV) complexes of the type [ML2] (M = Cu and VO,
L = N,N′-bis-(4-X-amino phenyl (4′-n-alkoxy)-salicylaldiminato), n = 4, 6; X = Cl, NO2) have been synthesised.
The mesomorphic behaviour of the ligands and their complexes was probed by polarising optical microscopy
and differential scanning calorimetry. The formation of mesophases was dependent not only on the electronic
or the steric factors of the substituents but also on metal centre. The ligands all showed a smectic or nematic
mesophase. However, nitro-substituted compounds with (n = 4) lacked any mesomorphism. Complexes (X = Cl,
NO2, n = 4, 6 and M = Cu) exhibited smectic A phases. The vanadyl complexes did not show any mesogenicity.
Variable temperature magnetic susceptibility measurements were carried out for the copper and vanadyl complexes.
The complexes obey the Curie–Weiss law. Cyclic voltammetry showed a single electron quasireversible response for
the complexes. Density functional theory analysis study revealed a distorted square planar and square pyramidal
geometry for the copper(II) and vanadyl complexes, respectively. At 330 nm excitation, the ligands showed green
emission in the solid state (∼ 516–559 nm, � = 12–9%) at room temperature.

Keywords: metallomesogen; copper; vanadium; photoluminescence; DFT

1. Introduction

The design and synthesis of paramagnetic com-
plexes associated with multifunctional properties such
as magnetic, electronic, mesogenic or photolumines-
cent properties desirable for technological applica-
tions is quite a challenging task for synthetic chemists
[1–5]. The research domain of metallomesogens has
expanded rapidly and received an enormous boost
over the last few decades [6–14]. Metal complexes
derived from Schiff base ligands feature amongst the
earliest and most widely studied classes of metal-
lomesogens [12–14]. The advantages of incorporating
the imine functionality lie in the diverse range of
potential structures and their ease of preparation.
The salicylaldimine fragment is well recognised as a
good liquid crystalline material because the azome-
thine linkage is stabilised by intramolecular hydrogen
bonding, and it has the ability to coordinate metals
[14, 15]. Moreover, if such materials emit light, they
could be used in electro-optical devices and organic
light-emitting diodes [16]. Compounds that combine
both luminescence and liquid crystallinity are fast
emerging as among the most promising candidates
for varied applications in materials science [16–22].
In an earlier report, we described the first exam-
ple of blue emissive one-ring salicylaldimine ligands
exhibiting smectic mesomorphism [18]. In the last few
years, a wide variety of metallomesogens have been

*Corresponding author. Email: crbhattacharjee@rediffmail.com

synthesised based on salicylaldimine ligands [15, 23].
Among the first row transition metals, metallomeso-
gens with copper(II)/VO(IV)/Ni(II) and Zn(II) ions
exhibiting various smectic, nematic and columnar liq-
uid crystalline phases have been prepared and studied
by our group recently [17, 19, 24–29]. Coordination
compounds of redox active metals that exhibit para-
magnetism can produce novel conductors, magneto-
optic data storage, and display devices [5, 30]. Unlike
other transition metals, the presence of dative bonding
between oxovanadium(IV) cores leads to a polymeric
V=O. . .V=O. . . chain formation. Oxovanadium com-
plexes are thus quite significant in the context of
novel ferroelectric/piezoelectric and non-linear optical
materials [30].

The liquid crystalline behaviour of an organic
compound is essentially dependent on its molecular
architecture, in which a slight change in its molec-
ular geometry brings about considerable variation
in its mesomorphic properties [31, 32]. The major-
ity of the metallomesogens based on salicylaldimine
fragments that have been reported so far possess an
alkyl or alkoxy tail on either side of the aromatic
rings [15, 27–29, 33–42]. However, metallomesogens
of salicylaldimine-type ligands with polar substituents
have not been adequately addressed [28, 43, 44]. The
effect of polar substituents in a variety of mesogenic
systems has been sporadically investigated during

ISSN 0267-8292 print/ISSN 1366-5855 online
© 2012 Taylor & Francis
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374 C.R. Bhattacharjee et al.

recent years. Introducing a lateral polar substituent at
the aromatic core plays key role in phase behaviour
[45–47]. Recently a systematic investigation on a vari-
ety of salicylaldimine-based oxovanadium(IV) com-
plexes, bearing both alkyl, alkoxy or polar substituent,
was reported by us [27–29]. All the compounds exhib-
ited different type of mesophases.

As a part of our systematic investigation, the
present article mainly focuses on the influence
of the aromatic substituents on the mesomorphic
and photophysical properties of the compounds.
Accordingly we wish to report here a series of newer
low molecular weight oxovanadium(IV) and cop-
per(II) complexes with lateral polar groups. It is
pertinent to mention here that the Schiff base
reported herein exhibited green emission, hitherto
unreported for such 4-substituted salicylaldimine
compounds.

2. Results and discussion

Synthesis of the compounds was carried out fol-
lowing a procedure (Scheme 1) similar to that
reported earlier for related systems by us [27–30]. The
ligands [N,N′-bis-(4-X-amino phenyl (4′-n-alkoxy)-
salicylaldiminato)] are hereafter abbreviated as n-X,
where n indicates the number of carbon atoms in
alkoxy chains, n = 4, 6; X=Cl, NO2 and their Cu(II),
VO(IV) complexes (Cu-n-X/ VO-n-X).

Infrared (IR) spectra of the complexes showed a
shift of νCN vibrational stretching frequency at ca.
1625 cm−1 to a lower wave number (�ν ∼30 cm−1)
and absence of νOH mode and phenolate oxygen
upon chelation, clearly suggesting the coordination
of azomethine-N and phenolate-O to the metal. The
νC=N stretching frequency is rather independent of
the length of alkoxy side chain in both ligands and
their complexes. The vanadyl(V=O) stretching at ca.

CHO

OH

HO i
CHO

OH

H2n + 1CnO

OH

H2n+1CnO

H2n+1CnO

N X

iiX = Cl, NO2

1 2

3 4

5

6 7

8 9

10

n = 4, 6

O

N X

O

OCnH2n + 1

NX

M

iii

M = Cu and VO.

H2N X+

Scheme 1. (i) CnH2n+1Br, KHCO3, KI, dry acetone, �, 40 h, and (ii) glacial AcOH, absolute EtOH �, 4 h (iii) Cu(OAc)2. H2O/
VOSO4.5H2O, MeOH, TEA. �, 1 h.
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980 cm−1 is suggestive of the absence of any inter-
molecular (. . .V=O. . .V=O. . .) interaction, indicating
the monomeric nature of the complexes. The pres-
ence of linear chain interactions usually cause νV=O

to shift to a lower wave number (ca. 870 cm−1). The
IR data also showed the V=O stretching frequency to
be insensitive to the length of the alkoxy side chain.
Moreover, two weak bands in the low-energy region
(400–600 cm−1) assignable to ν(M-N) and ν(M-O) pro-
vide compelling evidence for the coordinated metal
ion in the ligand framework. The redox behaviour
for Cu-6-NO2/VO-6-NO2 complexes was probed by
cyclic voltammetry in dichloromethane solution in
the potential range −4.0–1.4 V versus SCE electrode
at a scan rate of 0.05 V s−1. The voltammogram
(Figure 1) displayed a quasireversible (peak separa-
tion >100 mV) one-electron response. The peak sep-
aration (E1/2 = +0.453Ep

c = −0.485 V, Ep
a = -0.385 V,

�Ep = 0.100 V) is assigned to the Cu (II)/Cu (I) cou-
ple. The electrochemical behaviour of the vanadium
complex (VO-6-NO2) also displayed a quasireversible
(peak-to-peak separation >100 mV) cyclic voltam-
metric response due to the VO3+/VO2+ couple
at (E1/2 = +0.605 V, Ep

c = 0.391 V, Ep
a = 0.822 V,

�Ep = 0.431 V).
The effective magnetic moments of the complex

VO-6-NO2 and Cu-6-NO2 were found to be 1.72B.M
(d1) and 1.81B.M (d9), respectively. The inverse mag-
netic susceptibility for a representative complex, VO-6-
NO2, is plotted against temperature (Figure 2), satisfy-
ing the Curie–Weiss equation. The effective magnetic
moment did not vary appreciably in the range of
experimental temperature.

The ultraviolet–visible (UV-vis) absorption spec-
tra (Figure 3) of the ligands consists of an intense
band centred at ∼344–372 nm attributed to π–π∗
transitions of the azomethine group. Another weak
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Figure 1. Cyclic voltammogram of Cu-6-NO2.
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Figure 2. Variation of inverse magnetic susceptibility of
VO-6-NO2 with temperature.
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Figure 3. UV-visible spectra of 4-Cl and 4-NO2.

band (at 288–291 nm) in the higher energy region
was due to π–π∗ transitions of benzene rings. Upon
complexation these bands are red shifted (Figures 4
and 5). The UV-vis data are summarised in Table 1.
Photoluminescence studies of the compounds were
carried out at room temperature in the solid state
(Figure 6). The ligands emit green light at 538 nm
(�= 12%) for chloro-substituted compounds and at
559 nm (�= 9%) for the nitro-substituted ones when
excited at 330 nm. The solid state emission spectrum of
the complex was recorded by placing a uniform pow-
der sheet between two quartz plates. The λmax values
of all the nitro-substituted compounds are red shifted
owing to the electron-withdrawing nature of the –NO2

group. The Schiff bases exhibit fluorescence due to
intraligand (π–π∗) transitions [48]. Complexes did not
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Figure 4. UV-visible spectra of Cu-6-Cl and Cu-6-NO2.
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Figure 5. UV-visible spectra of VO-6-Cl and VO-6-NO2.

exhibit any emission, presumably because paramag-
netic ions quench the fluorescence of organic ligands
by enhancing the rate of non-radiative processes (inter-
system crossing, etc.) that compete with fluorescence
[49, 50]. It may be noted that quenching of fluo-
rescence of a ligand by paramagnetic metal ions on
complexation is a rather usual phenomenon which is
explained by processes such as magnetic perturbation,
redox-activity, electronic energy transfer, etc.

The mesomorphic properties of the compounds
were investigated using polarised optical microscopy
(POM) and differential scanning calorimetry (DSC).
The phase transitions and thermodynamic data are
summarised in Table 2. The formation of mesophases
is strongly dependent on the electronic and/or the
steric factors of the substituents. Compound 4-NO2

was found to be non-mesogenic. However, the 4-Cl

Table 1. UV-visible and photoluminescence data of ligands
and complexes.

Compounds π→π∗ (ε, l mol−1 cm−1) PL[a] (Solid)

4-Cl 290(11300) 538
342(14200)

VO-4-Cl 314(11200) −
358(14100)

Cu-4-Cl 305(12200) −
378(13200)

6-Cl 292(11400) 541
343(14300)

VO-6-Cl 313(12200) −
354(14100)

Cu-6-Cl 304(12400) −
377(13400)

4-NO2 294(4700) 554
374(14500)

VO-4-NO2 323(5200) −
379(5400)

Cu-4-NO2 312(14300) −
401(8100)

6-NO2 295(4600) 559
377(14400)

VO-6-NO2 326(5300) −
381(5200)

Cu-6-NO2 314(14200) −
406(8200)

[a] Photoluminescence data.
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Figure 6. Photoluminescence spectra of 4-Cl and 4-NO2.

compound showed an enantiotropic SmA mesophase.
The compound melts to an isotropic liquid at 118◦C.
Upon cooling the sample a highly birefringent fanlike
texture is formed, which is characteristic of the SmA
phase (Figure 7). The DSC trace (Figure 8) showed
three transitions in the heating cycle and two in the
cooling cycle. The compound is thermally quite sta-
ble. Although a crystal-to-crystal phase transition was
encountered in DSC, in the POM study this could
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Table 2. Phase transitions temperatures (T , ◦C), associated enthalpies (�H, kJ mol−1) of n-X and their complexes.

Compounds Heating Cooling

4-Cl Cr 93.2(7.5)Cr 96(12.8)SmA 118.7(3.8)I I 116.7(3.4)SmA71.8(6.0)Cr
4-NO2 Cr 116.7 (7.9) I I 56.8(8.5)Cr
6-Cl Cr 78.1 (15.6) SmA 122.6 (4.1) I I 121.4 (3.9) SmA 47.4 (14.5)
6-NO2 Cr 42.3(0.7)N92.6(0.7)I I 91.5(0.8)N41.7(0.5)Cr
Cu-4-Cl Cr 236.6(26.4) I I 198.2(5.3)SmA193.7(1.6)Cr
Cu-4-NO2 Cr 234.7(21.6) I Cr 45.8(9.6) I
Cu-6-Cl Cr 216.1(20.0) I I 208.6(1.7) SmA 176.0(20.8)
Cu-6-NO2 Cr 217.2(17.3)SmA227.0(71.2)I I 211.3(71.1)SmA201.4(4.7)Cr
VO-6-Cl Cr 182.2(21.4)I I68.1(14.2)Cr
VO-6-NO2 Cr 178.2(12.4)I I58.1(13.2)Cr

Figure 7. Fan-like texture of SmA phase(4-Cl).
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Figure 8. DSC thermogram of (4-Cl).

not be detected. A quite different trend, however, was
observed for the 6-Cl and 6-NO2 compounds. The
6-Cl compound exhibited a SmA phase over a wide

temperature range. Surprisingly, unlike the other com-
pounds being reported here, the compound 6-NO2

showed a nematic phase (N) (Figure 9) with a very low
enthalpy value (�H = 0.81 Kj mol−1). The DSC traces
(Figure 10) showed two transitions both in heating and
cooling cycles. We have no suitable explanation for

Figure 9. Schlieren texture of N phase (6-NO2).
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Figure 10. DSC thermogram of 6-NO2.
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this behaviour at this stage. For the ligands, both the
melting point and clearing point of chloro-substituted
compounds is about 30◦C higher than in the nitro-
substituted compound. In our previous report we also
noted similar behaviour; in addition, the nitro com-
pound with carbon chain length n = 10 and 18 dis-
played a SmA phase [28]. The melting temperatures
of the complexes were always substantially higher than
those of the ligands. When nitro substituted, the meso-
morphism was upset in complexes with a carbon chain
length n = 4. Copper complexes were all found to be
mesogenic and revealed a SmA phase (Figure 11) at
∼200–225◦C. Owing to the highly viscous nature of
the compound and the severe restriction in the molec-
ular mobility, a pronounced hysteresis in the transi-
tion temperature was noted. Among the whole series
of complexes, only Cu-6-NO2 exhibited enantiotropic
mesomorphism with high thermal stability. The com-
pounds Cu-4-Cl and Cu-6-Cl showed monotropic
mesomorphism. The DSC thermogram for the typical
compound Cu-6-NO2 is shown in Figure 12. None of
the vanadyl complexes showed any mesogenicity.

The first task for the density functional theory
(DFT) calculation is to determine the lowest energy
electronic structure of the representative compounds.
Geometry optimisations and energy calculations of
Cu-6-Cl (Figure 13), Cu-6-NO2 (Figure 14), VO-6-Cl
(Figure 15) and VO-6-NO2 (Figure 16) complexes
were performed using the unrestricted BLYP/DNP
methods without imposing any symmetry constraints.
The BLYP functional used comprises a hybrid
exchange functional as defined by Becke, and the
non-local Lee–Yang–Parr correlation functional [51].
The basis set chosen in this study is DNP, the double-
numerical atomic orbitals augmented by polarisation
functions. All calculations were performed with the

Figure 11. Focal conic texture of SmA phase. (Cu-6-NO2).
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Figure 12. DSC trace of Cu-6-NO2.

DMol3 program package [52]. The 3D iso-surface
plots of the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital
(HOMO) of copper and vanadium complexes are
shown in Figures 17–24. The analysis of the wave
function indicates that the electron absorption corre-
sponds to the transition from the ground to the first
excited state, and is mainly described by one-electron
excitation from the HOMO to the LUMO. In both the
copper complexes, the electron density of the HOMO
is localised mainly on the aromatic rings bearing
the alkoxy substituent, while the LUMO is localised
on and around the copper atom. The noticeable
differences in the distribution of electron densities
on the HOMO as well as LUMO of Cu-6-Cl and
Cu-6-NO2 complexes may be ascribed to the nature
of the different substituent on the aromatic rings. The
molecular orbital energies of HOMO and LUMO of
Cu-6-Cl are calculated as −5.149 eV and −4.044 eV,
respectively, �E = 1.105 eV. Corresponding ener-
gies for Cu-6-NO2 complex have been found to be
−5.563 eV and −4.471 eV, respectively, �E = 1.092 eV.
It is also noted, from Figures 21–24, in both vana-
dium complexes the electron density of HOMO is
localised on the vanadium atom. The LUMO of
VO-6-Cl is localised on the V–N bond along with the
C=N double bond, while the LUMO of VO-6-NO2

is concentrated mainly on the –NO2 substituent
containing the aromatic ring. The orbital energies of
HOMO and LUMO of the V-Cl complex were eval-
uated to be −5.134 eV and −3.244 eV, respectively,
�E = 1.890 eV. The corresponding energies for the
VO-6-NO2 complex have been calculated as −5.536 eV
and −3.769 eV, respectively, �E = 1.767 eV. A rela-
tively lower HOMO and LUMO energy gap for copper
and vanadium complexes explains the eventual charge
transfer interactions taking place within the molecule.
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Figure 13. Optimised structure of Cu-6-Cl.

Figure 14. Optimised structure of Cu-6-NO2.

Figure 15. Optimised structure of VO-6-Cl.

Figure 16. Optimised structure of VO-6-NO2.
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380 C.R. Bhattacharjee et al.

Figure 17. HOMO of Cu-6-Cl.

Figure 18. LUMO of Cu-6-Cl.

Figure 19. HOMO of Cu-6-NO2.

Figure 20. LUMO of Cu-6-NO2.
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Figure 21. HOMO of VO-6-Cl complex.

Figure 22. LUMO of VO-6-Cl complex.

Figure 23. HOMO of VO-6-NO2 complex.

The lower energy differences also reflect the chemi-
cal activity of these copper and vanadium complexes.
Hence, copper complexes are predictably more reac-
tive than vanadium complexes. The chemical hardness
values of Cu-6-Cl, Cu-6-NO2, V-6-Cl and V-6-NO2

complexes were evaluated as 0.553, 0.546, 0.945 and
0.884 eV, respectively, at BLYP/DNP level. The maxi-
mum hardness principle [53] states that the higher the
hardness, the higher is the stability, i.e. the lower is
the reactivity. It was also noted that the introduction

of the -NO2 substituent increases the reactivity of the
copper and vanadium complexes. Some of the signif-
icant geometric parameters of optimised copper and
vanadium complexes, evaluated by DFT calculation
at BLYP/DNP level, are shown in the Table 3 and
Table 4, respectively. The Cu–O1, Cu–O2, Cu–N1 and
Cu–N2 bond lengths of the Cu-6-Cl complex are
1.947, 1.946, 2.041 and 2.043 Å, respectively, imply-
ing the presence of regular σ and dative bonding. The
bond angles O1–Cu–O2, N1–Cu–N2, O1–Cu–N1 and
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382 C.R. Bhattacharjee et al.

Figure 24. LUMO of VO-6-NO2 complex.

Table 3. Selected bond lengths (Å) and bond angles (◦)
of Cu-6-Cl and Cu-6-NO2 complexes optimised at the
BLYP/DNP level.

Structure
parameter Cu-6-Cl Cu-6-NO2

Cu—O1 1.947 1.941
Cu—O2 1.946 1.939
Cu—N1 2.041 2.047
Cu—N2 2.043 2.052
O1—Cu—O2 151.4 154.5
N1—Cu—N2 147.7 150.7
O1—Cu—N1 93.0 92.7
O2—Cu—N2 93.0 92.7

Table 4. Selected bond lengths (Å) and bond angles (◦)
of VO-6-Cl and VO-6-NO2 complexes optimised at the
BLYP/DNP level.

Structure
parameter VO-6-Cl VO-6-NO2

V—O1 1.950 1.944
V—O2 1.950 1.944
V—O 1.623 1.622
V—N1 2.175 2.178
V—N2 1.177 2.178
O1—V—O2 127.6 127.7
N1—V—N2 163.4 162.6
O1—V—N1 86.5 86.4
O2—V—N2 86.4 86.4

O2–Cu–N2 around the Cu atom are calculated to
be 151.40◦, 147.70◦, 93.00◦ and 93.00◦, respectively,
suggested a slightly distorted square planar geome-
try. These geometrical parameters match well with
related structurally characterised square planar cop-
per complexes [54]. The bond angles of 127.60◦ and
163.40◦ for O1–V–O2 and N1–V–N2, respectively, in

complex VO-6-Cl, and 127.70◦ and 162.60◦ for O1–
V–O2 and N1–V–N2, respectively, in the VO-6-NO2

complex confirm a distorted square pyramidal geome-
try around the vanadyl(IV) centre.

3. Conclusion

Two series of oxovanadium(IV) and copper(II) salicy-
laldimine complexes bearing polar substituent on aro-
matic rings have been successfully synthesised. A lower
conductivity value confirms the non-electrolytic nature
of the complexes. The mesomorphic properties of the
compounds are strongly dependent on substituent as
well as on carbon chain length. The ligands are found
to exhibit smectic/nematic mesomorphism. However,
the nitro-substituent compound with a C4 tail lacks
any mesomorphism. None of the oxovanadium com-
plexes are found to be monogenic. Interestingly, the
copper complexes except the nitro-substituted one
(C4 tail) are mesogenic and showed smectic A phase
at >200◦C. A cyclic voltammetry study revealed a
quasireversible one-electron response for all the com-
plexes. Variable temperature magnetic susceptibility
studies suggested occurrence of isolated spin centres
with hardly any exchange interaction. The νV=O band
at ∼980 cm−1 also suggested the lack of any discernible
. . .V=O. . . V=O. . . interaction. Based on spectral and
DFT studies, a tentative five-coordinate square pyra-
midal structure for vanadium, and a square planar
structure for copper complexes have been proposed.

4. Experimental details

4.1 Physical measurements
The C, H and N analyses were carried out using
a PE2400 elemental analyser. The 1H-NMR spec-
tra were recorded on a Bruker DPX-400MHz spec-
trometer in CDCl3 (chemical shift in δ) solution
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with TMS as internal standard. UV-vis absorp-
tion spectra of the compounds in CH2Cl2 were
recorded on a Shimadzu UV-160PC spectrophotome-
ter. Photoluminescence spectra were recorded on a
Shimadzu RF-5301PC spectrophotometer. The fluo-
rescence quantum yield in dichloromethane was deter-
mined by using 9, 10-diphenyl anthracene as stan-
dard. IR spectra were recorded on a Perkin-Elmer
L 120-000A spectrometer on a KBr disc. Mass spec-
tra were recorded on a Jeol SX-102 spectrometer
with fast atom bombardment. The optical textures of
the different phase of the compounds were studied
using a polarising microscope (Nikon optiphot-2-pol)
attached with Instec hot and cold stage HCS302, with
STC200 temperature controller of 0.1◦C accuracy. The
thermal behaviour of the compounds was studied
using a Perkin-Elmer differential scanning calorimeter
Pyris-1 spectrometer with a heating or cooling rate of
5◦C min−1. Quantum chemical calculations on com-
plexes were carried out using DFT as implemented in
the DMol3 package.

4.2 Materials
The materials were procured from Tokyo Kasei and
Lancaster Chemicals. All solvents were purified and
dried using standard procedures. Silica (60–120 mesh)
from Spectrochem was used for chromatographic sep-
aration. Silica gel G (E-Merck, India) was used for
thin-layer chromatography.

4.3 Synthesis of 4-n-octadecyloxysalicylaldehyde
2,4-dihydroxybenzaldehyde (2.7 g, 20 mmol), potas-
sium bicarbonate (2 g, 20 mmol), potassium iodide
(catalytic amount) and 1-bromobutane (2.7 g,
20 mmol) or 1-bromohexane (3.2 g, 20 mmol) were
mixed in 400 cm3 dry acetone. The mixture was
refluxed for 40 h and filtered when hot to remove
insoluble solids. Dilute hydrochloric acid was added
to neutralise the warm solution, which was then
extracted twice with CHCl3. The combined CHCl3
extracts were concentrated to give a purple solid. The
solid was purified by column chromatography with
silica gel (100–200) mesh with a mixture of hexane:
CHCl3 (1:1). The solvent was evaporated to give a
white solid product.

4.4 Synthesis of the ligands
4.4.1 N-(4-n-butyloxysalicylidene)-4′-4-chlroaniline
(4-Cl)

An ethanolic solution of (4-n-hexcyloxy)-
salicyldehyde (0.19 g, 1 mmol) was added to an

ethanolic solution of 4-chloroaniline (0.12 g, 1 mmol).
The solution mixture was refluxed for 3 h with few
drops of acetic acid as catalyst to yield the Schiff base
N-(4-n-octadecyloxysalicylidene)-4′-n-chloroaniline.
The solid was collected by filtration and recrystallised
several times from absolute ethanol to give a pure
compound.

Yield: 0.23 g (75%); m.p., 118◦C. FAB Mass (m/e,
fragment): m/z: calc. 303.1; found: 304.1[M+H+];
Anal. Calc. for C17H18ClNO2 (303.1): C, 67.21; H,
5.97; N 4.61. Found: C, 67.22; H, 5.95; N, 4.62%. 1H
NMR (400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H,
CH3), 0.93–1.8 (m, 4H, (-CH2)2), 3.95 (t, J = 6.7 Hz,
2H, -OCH2), 6.49 (s, 1H, H1), 6.3 (d, J = 6.3, 1H, H2),
7.3 (d, J = 7.2, 1H, H3), 8.21 (s, 1H, CH=N), 13.7
(s, 1H, OH). IR (νmax, cm−1, KBr): 3435 (νOH), 2917
(νas(C-H), CH3), 2879 (νs(C-H), CH3), 1631 (νC=N),
1277 (νC-O).

4.4.2 N-(4-n-hexyloxysalicylidene)-4′-6-chlroaniline
(6-Cl)

Yield: 0.24 g (70%); m.p., 122◦C. FAB Mass (m/e, frag-
ment): m/z: calc. 331.1; found: 332.1 [M+H+]; Anal.
Calc. for C19H22ClNO2 (331.1): C, 68.77; H, 6.68; N
4.22. Found: C, 68.72; H, 6.65; N, 4.23%. 1H NMR
(400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H, CH3),
0.94–1.7 (m, 4H, (-CH2)4), 3.94 (t, J = 6.6 Hz, 2H,
-OCH2), 6.48 (s, 1H, H1), 6.4 (d, J = 6.2, 1H, H2),
7.4 (d, J = 7.1, 1H, H3), 8.22 (s, 1H, CH=N), 13.8
(s, 1H, OH). IR (νmax, cm−1, KBr): 3434 (νOH), 2918
(νas(C-H), CH3), 2874 (νs(C-H), CH3), 1632 (νC=N),
1276 (νC-O).

4.4.3 N-(4-n-butyloxysalicylidene)-4′-4-nitroaniline
(4-NO2)

Yield: 0.25 g (75%); m.p., 116◦C. FAB Mass (m/e, frag-
ment): m/z: calc. 314.1; found: 315.1 [M+H+]; Anal.
Calc. for C17H18N2O4 (314.1): C, 64.96; H, 5.77; N
8.91. Found: C, 64.95; H, 5.75; N, 8.92%. 1H NMR
(400 MHz, CDCl3): δ 0.96 (t, J = 6.8 Hz, 3H, CH3),
0.94–1.7 (m, 4H, (-CH2)2), 3.94 (t, J = 6.6 Hz, 2H,
-OCH2), 6.46 (s, 1H, H1), 6.4 (d, J = 6.2, 1H, H2),
7.4(d, J = 7.1, 1H, H3), 8.22 (s, 1H, CH = N), 13.8
(s, 1H, OH). IR (νmax, cm−1, KBr): 3434 (νOH), 2918
(νas(C-H), CH3), 2874 (νs(C-H), CH3), 1632 (νC=N),
1276 (νC-O), 1516 (νas(NO)), 1350 ((νs(NO)).

4.4.4 N-(4-n-hexyloxysalicylidene)-4′-6-nitroaniline
(6-NO2)

Yield: 0.25 g (75%); m.p., 122◦C. FAB Mass (m/e, frag-
ment): m/z: calc. 342.1; found: 343.1 [M+H+]; Anal.
Calc. for C19H22N2O4(342.1): C, 64.96; H, 5.77; N
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8.91. Found: C, 66.65; H, 6.48; N, 8.18%. 1H NMR
(400 MHz, CDCl3): δ 0.94 (t, J = 6.7 Hz, 3H, CH3),
0.92–1.8 (m, 4H, (-CH2)4), 3.93 (t, J = 6.5 Hz, 2H,
-OCH2), 6.44 (s, 1H, H1), 6.42 (d, J = 6.3, 1H, H2),
7.53 (d, J = 7.1, 1H, H3), 8.21 (s, 1H, CH=N), 13.8
(s, 1H, OH). IR (νmax, cm−1, KBr): 3434 (νOH), 2918
(νas(C-H), CH3), 2876 (νs(C-H), CH3), 1632 (νC=N),
1276 (νC-O), 1517 (νas(NO)), 1352 ((νs(NO)).

4.5 Synthesis of Cu(II) complexes (Cu-n-X, n = 4,
6 and X = Cl, NO2)
The ligand 4-Cl (0.30 g, 1 mmol) or 6-Cl (0.33 g,
1 mmol) or 4-NO2 (0.31 g, 1 mmol) or 6-NO2

(0.34 g, 1 mmol) was dissolved in a minimum vol-
ume of absolute ethanol and copper acetate Cu(OAc)2.
H2O (0.09 g, 0.5 mmol) in methanol was then added
slowly and stirred for 2 h at room temperature.
A pink solid, formed immediately, was filtered, washed
with diethyl ether and recrystallised from chloroform-
ethanol (1:1).

4.5.1 Cu-4-Cl

Yield: 0.29 g (75%); m.p., 237◦C. FAB Mass (m/e,
fragment): m/z: calc. 669.1; found: 670.1 [M+H+];
Anal. Calc. For C34Cl2H34CuN2O4 (669.1): C, 61.03;
H, 5.12; N 4.19. Found: C, 61.02; H, 5.13; N, 4.18%.
IR (νmax, cm−1, KBr): 2914 (νas(C-H), CH3), 2874
(νs(C-H), CH3), 1611 (νC=N), 1274 (νC-O).

4.5.2 Cu-6-Cl

Yield: 0.31 g (76%); m.p., 227◦C. FAB Mass (m/e, frag-
ment): m/z: calc. 725.1; found: 726.1 [M+H+]; Anal.
Calc. for C38H42Cl2CuN2O4 (725.1): C, 62.94; H, 5.84;
N 3.86. Found: C, 61.92; H, 5.83; N, 3.85%. IR (νmax,
cm−1, KBr): 2914 (νas(C-H), CH3), 2874 (νs(C-H),
CH3), 1612 (νC=N), 1274 (νC-O).

4.6 Synthesis of oxovanadium (IV) complexes
(VO-n-X, n = 4, 6 and X = Cl, NO2)
The ligand 4-Cl (0.30 g, 1 mmol) or 6-Cl (0.33 g,
1 mmol) or 4-NO2 (0.31 g, 1 mmol) or 6-NO2 (0.34 g,
1 mmol) was dissolved in minimum volume of absolute
ethanol, and vanadyl sulphate, VOSO4.5H2O (0.12 g,
0.5 mmol) dissolved in methanol was added to it
followed by addition of triethylamine and reflux for
2 h. A greenish solid, formed immediately, was fil-
tered, washed with diethyl ether and recrystallised
from chloroform-ethanol.

4.6.1 VO-4-Cl

Yield: 0.31 g, 75%. Anal. Calc. for C34H34 Cl2N2O5V
(671.1): C, 60.72; H, 5.10; N, 4.17. Found: C, 60.71;
H, 5.11; N, 4.16%; FAB Mass (m/e, fragment): m/z:
calc. 671.1; found: 672.1[M+H+]. IR (νmax, cm−1,
KBr): 2912 (νas(C-H), CH3), 2873 (νs(C-H), CH3),
1612 (νC=N), 981 (νV=O).

VO-6-Cl

Yield: 0.31 g, 70%. Anal. Calc. for C38H42 Cl2N2O5V
(727.1): C, 62.64; H, 5.81; N, 3.84. Found: C, 62.63;
H, 5.82; N, 3.85%; FAB Mass (m/e, fragment): m/z:
calc. 727.1; found: 728.1[M+H+]. IR (νmax, cm−1,
KBr): 2916 (νas(C-H), CH3), 2877 (νs(C-H), CH3),
1615 (νC=N), 982 (νV=O).

4.6.2 VO-4-NO2

Yield: 0.32 g, 76%. Anal. Calc. for C34H34 N4O9V
(693.1): C, 58.88; H, 4.94; N, 8.08. Found: C, 58.86;
H, 4.93; N, 8.07%; FAB Mass (m/e, fragment): m/z:
calc. 693.1; found: 694.1[M+H+]. IR (νmax, cm−1,
KBr): 2917 (νas(C-H), CH3), 2876 (νs(C-H), CH3),
1613 (νC=N), 981 (νV=O).

4.6.3 VO-6-NO2

Yield: 0.34 g, 75%. Anal. Calc. for C38H42 N4O9V
(749.2): C, 60.88; H, 5.65; N, 7.47. Found: C, 60.87;
H, 5.64; N, 7.46%; FAB Mass (m/e, fragment): m/z:
calc. 749.2; found: 750.2[M+H+]. IR (νmax, cm−1,
KBr): 2918 (νas(C-H), CH3), 2876 (νs(C-H), CH3),
1610 (νC=N), 983 (νV=O).
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Induced columnar mesomorphism in non-discoid VO2+ salphen complexes: Transition between
two rectangular columnar phases
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(Received 29 February 2012; final version received 4 April 2012)

A new series of oxovanadium(IV) complexes of the type [VOL], L = N, N′-di-(4-n-alkoxysali-
cylidene)-4-Me-l,2-diamino-benzene (n = 14,16, 18) have been synthesised and their mesomorphic proper-
ties investigated. The compounds were characterised by Fourier transform infrared spectroscopy, 1H and 13C
nuclear magnetic resonance spectroscopy, ultraviolet–visible spectroscopy, elemental analyses, solution electri-
cal conductivity measurements and fast atom bombardment mass spectrometry. The phase behaviour of the
compounds was examined by differential scanning calorimetry and polarised optical microscopy. The ligands
are non-mesogenic, but upon coordination with vanadium(IV), exhibited enantiotropic rectangular columnar
mesomorphism. The mesophase symmetry and the molecular organisation in the mesophases were confirmed
by variable temperature powder X-ray diffraction study. An interesting phase behaviour exhibiting two types of
rectangular columnar phases (Colr1 to Colr2) was observed for the vanadyl complexes, the former (Colr1) being
stable down to room temperature. Solution electrical conductivity measurements showed non-electrolytic nature
of the complexes. Cyclic voltammetry revealed a single electron quasi-reversible response (VO2+/VO3+) for the
complexes. Density functional theory study carried out using the DMol3 program indicated a distorted square
pyramidal geometry for the complexes.

Keywords: vanadium; metallomesogen; columnar mesophase; density functional theory

1. Introduction

Oxovanadium(IV) salen type complexes have received
significant attention due to their interesting physico-
chemical properties, bioactivities and catalytic func-
tions in organic and inorganic transformations [1–8].
However, the design and synthesis of such materi-
als desirable for technological applications is fraught
with many challenges. In contrast to other transi-
tion metals, occurrence of weak intermolecular . . .

V=O . . . .V=O . . . non-polar interaction involv-
ing oxovanadium(IV) cores leads to a polymeric
chain formation which often frustrates the exhibi-
tion of mesogenic properties [1]. Oxovanadium com-
plexes are thus quite significant in the context of
novel ferroelectric/piezoelectric and non-linear optical
(NLO) materials [7].

Metal containing liquid crystals are the most
promising candidates for achieving such tuneable
multifunctional properties because of the combina-
tion of optical, electronic and magnetic character-
istics with those of anisotropic fluidity [9–11]. Due
to unusual geometries and paramagnetism, metal-
lomesogens incorporating VO(IV) metal ions con-
tinue to be a recurring theme of current research
[12–19]. A rather large number of liquid crystalline
vanadyl(IV) complexes have been reported [1, 20–26]
and metal-salen complexes with 5-substituted alkoxy

*Corresponding author. Email: crbhattacharjee@rediffmail.com

or alkyl chains exhibiting smectic mesomorphism are
well documented [3, 4, 6, 8]. The 4-substituted salen
type metallomesogens are, however, scanty. A series of
mesogenic salen- and salphen- vanadyl complexes con-
taining 4-substituted alkoxy tails on side aromatic ring
are on record [1, 2, 5].

Recently our group has developed a series
of structurally analogous 4-substituted zinc(II),
oxovanadium(IV), nickel(II) as well as some cop-
per(II) complexes using a cyclohexane/phenylene
diamine spacer that exhibited different type of colum-
nar phases [7, 20–25]. For non-discoid ligands, a
molecular shape with a reduced aspect ratio often
leads to the formation of discotic metallomesogens.
Compounds that form columnar discotic liquid-
crystalline mesophases with axially linked discs are of
particular interest as potential one-dimensional pho-
toconductors, semiconductors, organic light emitting
diodes (OLEDs) and photovoltaic cells [27–36].

As a part of our continued efforts [7, 20–25]
towards discotic metallomesogen, in this article we
describe the synthesis and mesomorphic properties
of a series of hemi-disc shaped oxovanadium(IV)–
salphen complexes bearing a methyl-substituted aro-
matic spacer. Though the ligands are non-mesogenic,
incorporation of vanadyl(IV) induced a very inter-
esting mesomorphic behaviour. Pertinent here is to

ISSN 0267-8292 print/ISSN 1366-5855 online
© 2012 Taylor & Francis
http://dx.doi.org/10.1080/02678292.2012.684074
http://www.tandfonline.com
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mention that analogous oxovanadium(IV) complexes
dealt with in our earlier reports containing differently
substituent aromatic spacer showed different phase
transition behaviour [20–25].

2. Results and discussion

Synthesis of the compounds was achieved through a
facile and straightforward procedure [7]. The synthetic
strategy for the ligands [(L=N, N′-bis(4-(4′-n-alkoxy)
salicylidene)1, 2-phenylenediamine), hereafter abbre-
viated as nmpd, where n indicates the number of car-
bon atoms in alkyl chains, n = 14, 16, 18 and mpd = 4-
Me-1, 2-phenylenediamine] and the oxovanadium(IV)
complexes (VO-nmpd) are presented in Scheme 1.

The mononuclear oxovanadium(IV) complexes,
VO-nmpd (n = 14,16,18), were prepared by the
reaction of the appropriate ligand with vanadyl
sulphate (1:1 molar ratio) and recrystallised from
methanol/dichloromethane; the complexes were iso-
lated as greenish yellow solids in good yields. The
compounds were characterised by elemental analy-
ses, Fourier transform infra-red (FT-IR) spectroscopy,
ultraviolet–visible (UV-vis) spectroscopy, 1H and 13C
nuclear magnetic resonance (NMR) and mass spec-
trometry.

The analytical and spectral data of the compounds
are in good agreement with the proposed formulae.
A weak broad band in the region 3250–3350 cm−1

due to a hydrogen bonded -OH group in the free
Schiff base ligand was not observed in the IR spectra
of the complexes, indicating that the phenolic oxy-
gen is deprotonated and coordinated in the com-
plexes. A strong ν(C=N) band appearing in the range
1612–1610 cm−1 for the complexes is considerably
red shifted compared to that of the free Schiff base
ligands (∼1,629 cm−1), indicating coordination of
the azomethine nitrogen to the metal. Observance
of the vanadyl(V=O) stretching mode at a relatively
higher wave number (∼980 cm−1) is suggestive of the
absence of any intermolecular ( . . . V=O . . . V=O
. . . ) interaction, indicating the monomeric nature of
the complexes [37–39]. Such linear chain interactions
usually cause νV=O to shift to lower wave number
(∼870 cm−1). 1H NMR spectra of the ligands showed
signals at δ = 13.4–13.8 ppm and 8.5 ppm, correspond-
ing to the OH-proton and imine proton, respectively.
The fast atom bombardment (FAB) mass spectra of
the vanadyl(IV) complexes are concordant with their
formula weights. The solution electrical conductiv-
ity of the complexes recorded in dichloromethane
(10−3M) was found to be < 10 �−1cm−1mol−1, much
lower than expected for a 1:1 electrolyte, thus confirm-
ing the non-electrolytic nature of the complex.

The electronic absorption spectrum (see Figure S1
in the supplementary material which is available via
the multimedia link on the online article webpage) of
ligand 16-mpd showed two bands at ∼290 nm and

i

ii

n = 14,16,18

iii
V

CHOCHO

OH

H2n+1CnO

H2n+1CnO

H2n+1CnO

OCnH2n+1

OCnH2n+1

H2N NH2

CH3

CH3

CH3

NN

OH HO

HO

OH

OO

ON N

H

Scheme 1. (i) CnH2n+1Br, KHCO3, KI, dry acetone, �, 40 h. (ii) Glacial AcOH, absolute EtOH, �, 4 h. (iii) VOSO4.5H2O,
MeOH, TEA. �, 1 h.
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∼326 nm attributed, respectively, to a π–π∗ transition
localised on the aromatic rings and a third intense
peak at ∼364 for n–π∗ transition of the imine chro-
mophore. Upon complexation with VO(IV), these
bands are red shifted to a longer wavelength (Table 1).
The complexes exhibited a strong band at ∼401 nm,
due to a ligand-to-metal charge-transfer (LMCT)
transition. A similar observation was noted for all
other compounds (Table 1).

The redox behaviour for a typical complex
(VO-16mpd) was probed by cyclic voltammetry in
dichloromethane solution in the potential range
–1.0 to 1.4 V versus saturated calomel electrode
(SCE) at a scan rate of 0.05 Vs−1. The voltammo-
gram (Figure 1) displayed a quasi-reversible (peak
separation ∼82 mV) one-electron response at (Epc =
0.64 V, Epa = 0.86 V, �Ep = 0.22 V) assigned to a
VO(V)/VO(IV) couple.

The mesomorphic behaviour of the complexes was
investigated by polarising optical microscopy (POM)

Table 1. UV-visible spectal data of ligands (n-mpd ) and
complexes (VO-nmpd).

λmax(nm)

Compound π→π∗ ( ε, l mol−1 cm−1) LMCT ( ε, l mol−1 cm−1)

18-mpd 288 (13000) −
326 (15900)
364 (22400)

VO-18mpd 325 (26300) 401 (29100)
16-mpd 290 (12900) −

326 (15900)
362 (22200)

VO-16mpd 326 (26400) 400 (29100)
14-mpd 290 (12900) −

334 (16000)
364 (22400)

VO-14mpd 325 (26300) 402 (29100)

–1.0 –0.8 –0.6 –0.4 –0.2 0.0

–0.000010

–0.000008

–0.000006

–0.000004
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Figure 1. Cyclic voltamogram of VO-16mpd.

Table 2. DSC data of the complexes.

Compounds Heating (�H, kJmol−1) Cooling (�H, kJmol−1)

VO-18mpd Colr1 50.3(14.3) Colr2 I179.6(14.7)Colr246.7(14.1)
193.0(14.9) I Colr1

VO-16mpd Colr1 54.5(13.9) Colr2 I184.7(14.1)Colr249.3(13.8)
194.3(14.7) I Colr1

VO-14mpd Colr1 56.7(14.4) Colr2 I189.6(14.3)Colr252.1(14.4)
196.0(14.6) I Colr1

and differential scanning calorimetry (DSC). The lig-
ands did not show liquid crystallinity, but the com-
plexes exhibited enantiotropic columnar mesophases.
Table 2 summarises the phase behaviour of these com-
pounds. In the POM study, the sample transformed to
the isotropic liquid at ∼192◦C.

Upon cooling, a typical broken mosaic texture is
observed at ∼185◦C (Figure 2). This is a very char-
acteristic feature of rectangular columnar mesophase.
On further cooling, the texture of this phase trans-
formed to another pattern with focal conic texture
at ∼40◦C. Interestingly, this optical texture remained
unaltered till room temperature (Figure 2). The DSC
traces obtained at a rate of 5◦C min−1 (Figure 2)
showed two transitions in the heating cycle and two
in the cooling cycle. All the compounds possessed
excellent thermal stability. The reversibility of the ther-
mal behaviour was confirmed by DSC on subsequent
heating–cooling runs. The formation of mesophases
was dependent on the carbon length of terminal
chains. The clearing temperatures slightly increased
with a reduction in the carbon chain length of termi-
nal alkoxy groups. The Col-I/I-Col phase transition
enthalpy is found to be (∼�H = 14.3–14.9 kJmol−1).

50
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at 40°C at 185°C

35
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Figure 2. Combined DSC curve and POM texture of VO-
16mpd.

D
ow

nl
oa

de
d 

by
 [

A
ss

am
 U

ni
ve

rs
ity

, S
ilc

ha
r]

 a
t 2

2:
55

 1
8 

M
ar

ch
 2

01
3 



822 C.R. Bhattacharjee et al.

The relatively high enthalpy value is ascribed to the
increased mesophase order caused by rather large van
der Waal’s interactions between the core groups of
the neighbouring molecules in the two-dimensional
(2D) rectangular mesophase relative to that of the
one-dimensional (1D) mesophase.

The columnar phase transformation from one rect-
angular type (Colr1) to another (Colr2), as observed
in the POM and DSC study, was confirmed by the
X-ray diffraction (XRD) study. It is argued that this
behaviour originated from an increase in the inter-
columnar distance concomitant with closer packing
of the discs within the same column. The Colr1

mesophase formed showed marked stability and did
not crystallise even at room temperature, as evidenced
by DSC and POM study.

Such columnar phase transformation behaviour
between two rectangular columnar mesophase is
uncommon but not unprecedented [40]. The meso-
morphic properties of such ‘salphen’ type complexes
appear to be strongly dependent on the aromatic
spacer and metal ions. In earlier reports, we found
that the analogous oxovanadium complexes without
any substituent in the aromatic spacer group showed
lamellar columnar mesomorphism [7]. Interestingly,
complexes of other metal ions such as Zn(II) and
Ni(II) of ‘salphen’ type ligands with similar spacer
group showed Colh and Colr mesophases, respectively
[20, 25]. The mesophase structures were also con-
firmed by variable temperature powder XRD exper-
iments, performed on a representative compound
VO-16mpd (Table 3). At 40◦C, in the small-angle
region, several sharp Bragg reflections were observed
(Figure 3) which could be indexed to rectangular 2D
lattices of the Colr phase [41–44]. In the wide angle
region, diffuse reflections corresponding to a spacing
of ∼4.5 Å can be attributed to the average distance
between the liquid-like (molten) aliphatic side chains.
A less intense peak at ca.7.1 Å indicates dimeric inter-
action of the hemi-disc shaped molecules along the
columnar axis (Figure 5).

Quite a different diffractogram (Figure 4) is
obtained for VO-16mpd at 190◦C. In this case, two
fundamental sharp reflections were observed in the
low angle region, which can be indexed as the (20) and
(11) reflections of a rectangular lattice. Scattering cen-
tred around 4.5 Å in the wide angle region relates to
the liquid-like order of the peripheral tails. Notably
in both cases, in the absence of any hk pairs with
h + k = 2n + 1, the symmetry of the lattice can
be further assigned to a c2mm plane group [41–44].
Moreover the XRD pattern did not show any reflec-
tions around 3.0–3.5Å, clearly suggesting lack of any
kind of long-range order between molecules due to
π–π intermolecular interactions within the columns.

Table 3. Powder XRD data of VO-16mpd.

Compound dobs (Å)a dcalc (Å)b hkc Parametersd

VO-16mpd
at 40◦C

18.78 18.76 20 a = 37.56 Å

14.12 14.14 11 b = 15.24 Å
13.05 13.07 31 S = 572.41 Å2

9.71 9.73 40 Scol = 286.20
7.13 7.15 Vm = 1663.49 A3

4.51 4.53 –
VO-16mpd

at 190◦C
17.50 17.52 20 a = 35Å, b = 13.86 Å

12.83 12.82 11 S = 485.1 Å2

6.52 6.54 Scol = 242.55
4.96 4.97 Vm = 1483.05 Å3

adobs and bdcalc are experimentally and theoretically measured
diffraction spacings at 190◦C. [hk]c are indexation of the reflections.
Mesophase parameters d, molecular volume Vm is calculated using
the formula: Vm = M/λρNA where M is the molecular weight of
the compound, NA is the Avogadro number, ρ is the volume mass
(≈1 g cm−3), and λ(T) is a temperature correction coefficient at
the temperature of the experiment (T), λ= VCH2 (T0)/VCH2 (T),
T0 = 25◦C.VCH2 (T) = 26.5616 + 0.02023.T , h is the inter-
molecular repeating distance deduced directly from the measured
molecular volume and the lattice area according to h = Vm/S. For
the Colr phase, the lattice parameters a and b are deduced from the
mathematical expression: a = 2d20 and 1/dhk = √h2/a2+k2/b2,
where a, b are the parameters of the Colr phase, S is the lattice area
and Scol is the columnar cross-section (S = ab, Scol = S/2).
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Figure 3. Powder XRD pattern of VO-16mpd at 40◦C.

The lattice constant ‘a’ in both cases is larger than the
radius of the half disc so the two half disc molecules
organise themselves in head-to-head fashion, to form
a discoid shell (Figure 5). This observation, coupled
with the findings of the POM and DSC study, clearly
confirmed the existence of two rectangular columnar
phases.
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Figure 4. Powder XRD pattern of VO-16mpd at 190◦C.
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Figure 5. Dimeric interactions of half disc shaped molecules
in the column.

Despite several efforts, an X-ray quality single
crystal could not been grown, so density functional
theory (DFT) studies were undertaken to ascertain
the optimised geometry of the VO-16mpd complex
molecule (Figure 6). The ground state geometries in
the gas phase of the complex were fully optimised

Figure 6. Optimised structure of VO-16mpd.

using the unrestricted BLYP/DNP methods without
imposing any symmetry constrain. The BLYP func-
tional, used throughout this study, comprises of a
hybrid exchange functional as defined by Becke and
the non-local Lee–Yang–Parr correlation functional
[45–48]. The basis set chosen is DNP, the double-
numerical atomic orbitals augmented by polarisation
functions. Relativistic effects were taken into account
with an all-electron scalar relativistic method based
on the Douglas–Kroll–Hess (DKH) transformation.
All calculations were performed with the DMol3 pro-
gram package. It has been found that the average
V–O and V–N bond lengths are 2.0 and 2.1Å, respec-
tively, which matched quite well with the other related
vanadium salphen complexes [7]. The bond angles
86.79◦ and 86.85◦ for O–V–O and N–V–N, respec-
tively, revealed a distorted square pyramidal geometry
around the vanadyl centre. Highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) diagrams of the complex are shown
in Figures S2 and Figure S3 in the supplementary
material which is available via the multimedia link on
the online article webpage. The HOMO and LUMO
energies of the complex are calculated to be −4.9eV
and −3.1 eV, respectively, �E = 1.8 eV. The electron
density of the LUMO is scattered over the C–N bonds
and the phenyl rings of the ligand, while the HOMO
is localised primarily on the vanadyl centre. Some of
the selective geometric parameters of the optimised
complex, VO-16mpd are shown in Table 4.

3. Conclusions

A series of new VO2+(IV)-salphen complexes bear-
ing methyl substituted aromatic spacer have been
successfully synthesised. A rare columnar phase
transformation behaviour between two rectangular
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824 C.R. Bhattacharjee et al.

Table 4. Selected bond length and bond angles of VO-
16mpd, from DFT study.

Structure parameter Distance (Å)/Bond angles (◦)

V-N 2.1
V-O 1.9
V=O 1.6
N-V-O 86.8
O-V-O 86.7
N-V-N 76.7

phase both belonging to c2mm symmetry is observed
upon coordination of the [N2O2]-donor Schiff base
ligand with the metal ion. Two half disc shaped
molecules with long alkoxy tail organise themselves
in the mesophase via VO. . . . . . VO. . .. dimeric inter-
action forming a disc-like shape. An alkoxy chain
length dependant marginal variation in the mesomor-
phic transition and isotropisation temperature was
noted. Analogous oxovanadium complexes without
any substituent in the aromatic spacer group have
been previously shown to exhibit lamellar colum-
nar mesomorphism [7]. It would be quite interest-
ing to assess vanadyl complexes with a differently
substituted ‘salphen’ type framework and to explore
their mesomorphic behaviour. Cyclic voltammetry dis-
played a quasi-reversible one-electron response for the
VO2+/VO3+ redox couple. Based on the spectral and
density functional calculations study, a square pyra-
midal five-coordinate geometry around the VO2+(IV)
centre is conjectured. The work demonstrates that
coordination to a vanadyl centre not only induces liq-
uid crystallinity in a non-mesomorphic ‘salphen’ type
ligand bearing long alkoxy tail, but that slight modi-
fication in the ‘salphen’ core can also lead to a quite
different mesomorphism furnishing a synthetic handle
to tune such properties.

4. Experimental section

4.1. Physical measurements
The C, H and N analyses were carried out using
PE2400 elemental analyser (Perkin Elmer, USA).
The 1H-NMR spectra were recorded on Bruker
DPX-400MHz spectrometer (Bruker AXS, India) in
CDCl3 (chemical shift in δ) solution with tetram-
ethylsilane (TMS) as internal standard. Molar con-
ductance of the compounds was determined in
dichloromethane (∼10−3 mol L−1) at room tempera-
ture using MAC-554 conductometer (Macroscientific
Works, India). Ultraviolet–visible absorption spec-
tra of the compounds in dichloromethane were
recorded on a Shimadzu UV-160PC spectrophotome-
ter (Shimadzu, Asia Pacific, Pte. Ltd, Singapore).

Electrochemical measurements were performed using
computer-controlled CHI −660C electrochemical
workstation (CH-Instrument Inc., USA) with Pt-
disk electrodes. All measurements were carried out
under nitrogen environment at 298K with reference
to SCE in acetonitrile using [nBu4N][ClO4] as sup-
porting electrolyte. Infrared spectra were recorded
on a Perkin-Elmer L 120-000A spectrometer (Perkin
Elmer, USA) on a KBr disc. Mass spectra were
recorded on a JEOL SX-102 spectrometer (JEOL,
Japan) with fast atom bombardment. The optical
textures of the different phase of the compounds
were studied using a polarising microscope (Nikon
optiphot-2-pol, Nikon Corporation, Tokyo, Japan)
attached to a Instec hot and cold stage HCS302,
with STC200 temperature controller of 0.1◦C accu-
racy. The thermal behaviour of the compounds were
studied using a Perkin-Elmer differential scanning
calorimeter (DSC) Pyris-1 spectrometer (Perkin Elmer
International, Switzerland) with a heating or cooling
rate of 5◦C/min. Variable temperature powder X-ray
diffraction (PXRD) of the samples were recorded on
a Bruker D8 Discover instrument (Germany) using
Cu-Kα radiation. Quantum chemical calculation on
VO-16mpd was carried out using density functional
theory (DFT) as implemented in the DMol3 package.

4.2. Materials
The materials were procured from Tokyo Kasei, Japan,
and Lancaster Chemicals, USA. All solvents were
purified and dried using standard procedures. Silica
(60–120 mesh) from Spectrochem was used for chro-
matographic separation. Silica gel G (E-Merck, India)
was used for thin layer chromatography (TLC).

4.3. Synthesis and analysis
The synthesis of the ligands are described in our earlier
report [20].

4.3.1. Synthesis of oxovanadium(IV) complexes
(VO-nmpd)

The ligand 18-mpd (0.086g, 0.1mmol) or 16-mpd
(0.081g, 0.1mmol) or 14-mpd (0.075g, 0.1mmol)
was dissolved in a minimum volume of absolute
ethanol. An equimolar amount of vanadyl sulphate,
VOSO4.5H2O (0.02g, 0.1mmol) in methanol was
then added slowly followed by the addition of tri-
ethylamine and refluxed for 2 h. A greenish yel-
low solid formed immediately. This was filtered,
washed with diethyl ether and recrystallised from
methanol/dichloromethane (1:1).
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4.3.2. VO-18mpd

Yield: 0.139 g, 75%. FAB mass (m/e, fragment): m/z:
calc. 931.61; found: 932.61[M+H+]; Analysis calcu-
lated for C57H88N2O5V (932.61): C, 73.44; H, 9.51;
N 3.0. Found: C, 73.41; H, 9.52; N, 3.11%. IR (νmax,
cm−1, KBr): 2920 (νas(C-H), CH3), 2850 (νs(C-H),
CH3), 1612 (νC=N), 981 (νV=O).

4.3.3. VO-16mpd

Yield: 0.126 g, 70%. FAB mass (m/e, fragment): m/z:
calc. 875.55; found: 876.55[M+H+]; Analysis calcu-
lated for C53H80N2O5V (876.55): C, 72.65; H, 9.20; N
3.20. Found: C, 72.64; H, 9.22; N, 3.21%. IR (νmax,
cm−1, KBr): 2924 (νas(C-H), CH3), 2852 (νs(C-H),
CH3), 1611 (νC=N), 982 (νV=O).

4.3.4. VO-14mpd

Yield: 0.131 g, 75%. FAB mass (m/e, fragment): m/z:
calculated 819.49; found: 820.49 [M+H+]; Analysis
calculated for C49H72N2O5V (820.49): C, 71.77; H,
8.85; N 3.42. Found: C, 71.75; H, 8.82; N, 3.41%.
IR (νmax, cm−1, KBr): 2923 (νas(C-H), CH3), 2851
(νs(C-H), CH3), 1609 (νC=N), 984 (νV=O).
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Oxovanadium (IV) complexes of bidentate [N,O] donor Schiff-base

ligands: synthesis and mesomorphism
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A series of new oxovanadium(IV) Schiff-base complexes of the type [VO(L)2],
[L¼N-(4-n-alkoxysalicylaldimine)-40-dodecyloxyaniline, n¼ 6, 8, 16, and 18]
have been synthesized. The compounds were characterized by FT-IR, 1H-NMR,
13C-NMR, UV-Vis, FAB-mass, and magnetic susceptibility measurements. The
mesomorphic behavior of the compounds was studied by polarized optical
microscopy and differential scanning calorimetry. The compounds are all highly
thermally stable exhibiting smectic mesomorphism. Non-electrolytic nature of the
complexes was ascertained by solution electrical conductance measurements.
Cyclic voltammetry revealed a quasireversible single-electron response for
VO(V)/VO(IV) couple. A �V¼O stretching mode at �970 cm�1 indicates absence
of any intermolecular V¼O � � �V¼O interactions. Density functional theory study
was carried out using DMol3 at BLYP/DNP level to determine energy optimized
structure revealed a distorted square pyramidal geometry for the vanadyl
complexes.

Keywords: metallomesogen; vanadium; smectic mesomorphism; density
functional theory

1. Introduction

Schiff bases have continued to play a key role as chelating ligands in main group and
transition metal coordination chemistry, due to their ease of synthesis, stability under a
variety of oxidative and reductive conditions, and their structural versatility associated
with their diverse applications [1–6]. Among the first row transition metal complexes,
oxovanadium(IV) Schiff-base complexes have received significant attention owing to their
promising physico-chemical properties, bioactivities and catalytic properties in organic
and inorganic transformations [7–12]. Vanadyl(IV) complexes also serve as interesting
models for the clarification of several biochemical processes such as haloperoxidation
[13,14], nitrogen fixation [15], phosphorylation [16], glycogen metabolism [17–19], and
insulin mimicking [20,21]. Recognition of great potential of metallomesogens as advanced
molecular materials led to a steady increase in interest toward liquid crystals incorporating
transition metal elements [22–35]. A large number of salicylaldiminato complexes, have
been synthesized using different metal ions such as copper(II), nickel(II), palladium(II),
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vanadium(IV), and iron [36–44]. Owing to unusual geometries and paramagnetism leading

to unique functional behaviors, metallomesogens incorporating VO(IV) metal ions is a
focal theme of current research [45–51]. Mesophase formation depends mainly on the

intermolecular interactions between ligand groups and their arrangements around metal
ions [52]. Oxovanadium(IV) complexes owing to the presence of axial coordinative

interaction have provided an additional control on the liquid crystalline behavior over and
above the variation in the flexibility of ligand tails [44,47,50]. Liquid crystals with

transition metal core groups such as VO(IV) are a fascinating branch of material science,
because the self-assemblies of coordinated metal complexes with new functionalities widen

the range of potential applications [51]. Very recently, we have reported a series of
oxovanadium(IV) salicylaldimine complexes bearing alkoxy and polar substituent

exhibiting smectic mesomorphism [52,53].
As a part of our systematic investigation [44,52–54] on mesomorphic, and thermal

properties of oxovanadium(IV) complexes with ‘salen’ type Schiff bases, we report herein

synthesis and liquid crystalline behavior of a series of new oxovanadium(IV) Schiff base
complexes containing both shorter as well as longer alkoxy substituent on either side of the

ligand.

2. Experimental

2.1. Materials

All solvents were purified and dried using standard procedures. The materials were

procured from Tokyo Kasei, Japan and Lancaster Chemicals, USA. Silica (60–120 mesh)
from Spectrochem was used for chromatographic separation. Silica gel G (E-Merck, India)

was used for thin layer chromatography.

2.2. Techniques

The C, H, and N analyses were carried out using PE2400 elemental analyzer. Molar

conductance of the compounds was determined in CH2Cl2 (ca 10�3mol L�1) at room
temperature using MAC-554 conductometer. The 1H-NMR spectra were recorded on a

Bruker DPX-300 spectrometer in CDCl3 solution with TMS as internal standard. UV-Vis
absorption spectra of the compounds in CH2Cl2 were recorded on a Shimadzu UV-160PC

spectrophotometer. Infrared spectra were recorded on a Perkin Elmer L 120-000A
spectrometer on KBr disks. The mesomorphic texture of the compounds was studied using

a polarizing microscope (Nikon optiphot-2-pol) attached with Instec hot and cold stage

HCS302, STC200 temperature controller configured for HCS302. The accuracies in
temperatures are 0.10�C. The thermal behavior of the compounds was studied using a

Perkin Elmer differential scanning calorimeter (DSC) Pyris-1 spectrometer with a heating
or cooling rate of 50�Cmin�1. The DC magnetic susceptibility data were collected on a

Vibrating Sample Magnetometer, Physical Property Measurement System (Quantum
Design, USA) in the temperature range 2.5–300K with applied field of 100Oe.

Electrochemical measurements were performed using computer-controlled CHI 66�C
electrochemical workstation with Pt-disk electrodes. All measurements were carried out

under nitrogen environment at 298K with reference to saturated calomel electrode (SCE)
in acetonitrile using [nBu4N][ClO4] as supporting electrolyte.
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2.3. Synthesis and analyses

The general preparative route for alkoxy salicylaldehydes is presented in Scheme 1. The
Schiff base ligands were synthesized by condensation of the appropriate aldehyde with the
C12-alkoxyaniline following literature procedures [28,29]. The vanadyl (IV) complexes,
VOL2 (L¼ salicylaldimines) were synthesized by the interaction of hot ethanolic solution
of the ligands and vanadyl sulfate in the presence of triethylamine under reflux (Scheme 2).
The bidentate [N,O] donor Schiff base ligands, are abbreviated as 4-n-OC12H25 and their
complexes as VO-n-OC12H25 (n¼ 6, 8, 16, and 18).

2.3.1. Synthesis of n-alkoxysalicyldehyde (n¼ 6, 8, 16, and 18)

Alkoxysalicyldehyde derivatives were prepared following the general method described in
literature [47,48]. 2,4-Dihydroxybenzaldehyde (10mmol, 1.38 g), KHCO3 (10mmol, 1 g),
KI (catalytic amount) and 1-bromohexane (10mmol, 1.6 g), 1-bromoctane (10mmol,
1.9 g), 1-bromohexadecane (10mmol, 3.0 g) or 1-bromo-octadecane (10mmol, 3.3 g) were
mixed in 250mL of dry acetone. The mixture was heated under reflux for 24 h, and then
filtered, while hot, to remove any insoluble solids. Dilute HCl was added to neutralize the
warm solution, which was then extracted with chloroform (100mL). The combined
chloroform extract was concentrated to give a purple solid. The solid was purified by
column chromatography using a mixture of chloroform and hexane (v/v, 1/1) as eluent.
Evaporation of the solvents afforded a white solid product.

2.3.2. Synthesis of hexadecyloxyaniline

p-Hydroxy acetanilide (5 g, 0.03mol) is refluxed with equimolar amount of hexadecyl
bromide (10.9 g, 0.03mol for 36 h in dry acetone using K2CO3 4.6 g) as the base and KI as
the catalyst acetone was then dried off and the product was dissolved in CH2Cl2 and the
solution was washed with saturated NaCl solution. The solution was then treated with
Na2SO4 to absorb the moisture present in the solution. CH2Cl2 was then distilled off to
obtain the crude 4-dodecyloxy acetanilide. 4-Dodecyloxy acetanilide was then hydrolysed
for 4 h with 35% HCl in ethanol. The solution was then treated with 2mol dm�3 of NaOH
solution and a large amount of water upto pH¼ 12. The product was then filtered,
recystallised with alcohol using animal charcoal to remove any colored impurity present.
The synthetic route is shown in Scheme 2.

2.3.3. 4-n-Octaadecyloxysalicylaldehyde

Yield: 5 g, 88%. Anal. for C25H42O3: FAB mass (m/e, fragment): m/z: calcd 390.3;
found: 391[MþHþ]. 1H-NMR (400MHz, CDCl3): 0.99(t, J¼ 5.7, 6H, CH3), 1.22–1.71
(m, 30H, (CH2)15), 3.95(t, J¼ 5.9, 2H, OCH2), 7.41–7.42(m, 7-Ar H), 5.88(s, 1H, OH),

CHO

OH

HO i
CHO

OH

H2n+1CnO

Scheme 1. i. CnH2nþ 1Br, KHCO3, KI, dry acetone, D, 40 h.
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and 11.2(s, 1H, �CHO); 13C-NMR (75.45MHz; CDCl3; Me4Si at 25�C, ppm) �¼ 105.3
(�C1), 132.1 (�C2), 103.9 (�C3), 164.6 (�C4), and 188.8(�C10). IR (�max, cm

�1, KBr):

3423(�OH), 2914(�as(C–H), CH2), 2865(�s(C–H), CH2), 1622(�CH¼0), and 1278(�C–O).

2.3.4. 4-n-Hexaadecyloxysalicylaldehyde

Yield: 5 g, 88%. Anal. for C23H38O3: FAB mass (m/e, fragment): m/z: calcd 362.5; found:

363[MþHþ]. 1H-NMR (400MHz, CDCl3): 0.97(t, J¼ 5.7, 6H, CH3), 1.23–1.71 (m, 26H,
(CH2)13), 3.94(t, J¼ 5.9, 2H, OCH2), 7.42–7.44(m, 7-ArH), 5.82(s, 1H, OH), and

11.4(s, 1H, �CHO); 13C-NMR (75.45MHz; CDCl3; Me4Si at 25�C, ppm) �¼ 106.3

NHAcHO + C12H25Br C12H25O NHAc

OC12H25H2N+CHO

OH

H2n+1CnO

n=6, 8, 16, 18

OH

H2n+1CnO

N OC12H25

O

H2n+1CnO

N OC12H25

O

OCnH2n+1

NC12H25O

V

O

iv

i

iii

ii

2 3

1

4 5

67

Scheme 2. 1. i. Dry K2CO3, Dry acetone, KI(Cat), ii. Hþ/H2O, EtOH, iii. Glacial acetic acid(cat),
EtOH, reflux, 2 h, and iv. VOSO4.2H2O, TEA, Methanol reflux 1 h.
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(�C1), 131.1 (�C2), 102.9 (�C3), 165.6 (�C4), and 187.8(�C10). IR (�max, cm
�1, KBr):

3423(�OH), 2914(�as(C–H), CH2), 2866(�s(C–H), CH2), 1623(�CH¼0), and 1278(�C–O).

2.3.5. 4-n-Octyloxysalicylaldehyde

Yield: 5 g, 80%. Anal. for C15H22O3: FAB mass (m/e, fragment): m/z: calcd 250.1; found:
251[MþHþ]. 1H-NMR (400MHz, CDCl3): 0.96(t, J¼ 5.7, 6H, CH3), 1.21–1.74 (m, 30H,
(CH2)7), 3.97(t, J¼ 5.9, 2H, OCH2), 7.41–7.42(m, 7-ArH), 5.9(s, 1H, OH), 10.6(s, 1H,
�CHO); 13C-NMR (75.45MHz; CDCl3; Me4Si at 250�C, ppm) �¼ 107.4 (�C1), 131.1
(�C2), 103.7 (�C3), and 165.6 (�C4), 188.8(�C10). IR (�max, cm

�1, KBr): 3424(�OH),
2913(�as(C–H), CH2), 2866(�s(C–H), CH2), 1624(�CH¼0), and 1277(�C–O).

2.3.6. 4-n-Hexyloxysalicylaldehyde

Yield: 5 g, 86%. Anal. for C13H18O3: FAB mass (m/e, fragment): m/z: calcd 222.1; found:
223[MþHþ]. 1H-NMR (400MHz, CDCl3): 0.94(t, J¼ 5.6, 6H, CH3), 1.23–1.73 (m, 8H,
(CH2)4), 3.97(t, J¼ 5.9, 2H, OCH2), 7.41–7.42(m, 7-ArH), 5.9(s, 1H, OH), 10.6(s, 1H,
�CHO); 13C-NMR (75.45MHz; CDCl3; Me4Si at 25�C, ppm) �¼ 107.3 (�C1), 131.3
(�C2), 103.7 (�C3), 165.5 (�C4), and 188.7(�C10). IR (�max, cm

�1, KBr): 3423(�OH),
2912(�as(C–H), CH3), 2913(�as(C–H), CH2), 2846(�s(C–H), CH2), 1624(�CH¼0), and
1279(�C–O).

2.3.7. N-(4-n-octadecyloxysalicylidene)-4
0

-n-dodecyloxy aniline (4-18-OC12H25)

An ethanolic solution of (4-n-octadecyloxy)-salicyaldehyde (0.3 g, 1mmol) was added to
an ethanolic solution of 4-dodecyloxy aniline (0.2 g, 1mmol). The solution mixture
was refluxed with few drops of acetic acid as catalyst for 3 h to yield the Schiff base
N-(4-n-octadecyloxysalicylidene)-40-n-dodecyloxy aniline. The solid was collected by
filtration and recrystallised several times from absolute ethanol to give a pure compound.

Yield: 0.37 g, 75%. Anal. Calcd for C43H71NO3: C, 79.4; H, 11.0; and N, 2.1. Found:
C, 79.5%; H, 11.1%; and N, 2.2%; FAB mass (m/e, fragment): m/z: calcd 649.5; found:
650[MþHþ]; 1H-NMR (400MHZ, CDCl3): 0.87(t, J¼ 6.3Hz, 6H, �CH3), 1.2–1.5
(m, 52H, (CH2)26), 3.9(q, J¼ 6.3, 4H, OCH2), 6.4(s,1H), 6.4(d, 8.4Hz,2H), 6.9(d, 8.7Hz,
5, 6H), 7.2(d, 8.7Hz, 3H), 7.2(d, 8.7Hz, 4, 7H), 8.5(s, 1H, CH¼N), and 13.9(s, 1H, OH);
13C-NMR (75.45MHz; CDCl3; Me4Si at 25

�C, ppm) �¼ 102.4 (�C1), 107.2 (�C2), 132.4
(�C3), 122.5 (�C4), 115.8 (�C5), 115.8 (�C6), 122.5(�C7); IR (�max, cm�1,
KBr):3435(�OH), 2917(�as(C–H), CH3), 2919(�as(C–H), CH2), 2869(�s(C–H), CH3),
2845(�as(C–H), CH2), 1630(�C¼N), and 1278(�C–O).

2.3.8. N-(4-n-hexadecyloxysalicylidene)-4
0

-n-dodecyloxy aniline (4-16-OC12H25)

Yield: 0.38 g, 76%. Anal. Calcd for C41H67NO3: C, 79.1; H, 10.8; and N, 2.2. Found: C,
79.2%; H, 10.7%; and N, 2.1%; FAB mass (m/e, fragment): m/z: calcd 621.5; found:
622[MþHþ]; 1H-NMR (400MHZ, CDCl3): 0.89(t, J¼ 6.3Hz, 6H, �CH3), 1.2–1.5
(m, 48H, (CH2)24), 3.8(q, J¼ 6.3, 4H, OCH2), 6.5(s,1H), 6.4(d, 8.4Hz, 2H), 6.9(d, 8.7Hz,
5,6H), 7.2(d, 8.7Hz, 3H), 7.6(d, 8.7Hz, 4, 7H), 8.5(s, 1H, CH¼N), and 13.9(s, 1H, OH);
13C-NMR (75.45MHz; CDCl3; Me4Si at 25

�C, ppm) �¼ 102.4 (�C1), 107.2 (�C2), 133.4
(�C3), 121.5 (�C4), 115.8 (�C5), 115.8 (�C6), 122.5(�C7); IR (�max, cm�1,
KBr):3435(�OH), 2917(�as(C–H), CH3), 2919(�as(C–H), CH2), 2868(�s(C–H), CH3),
2842(�as(C–H), CH2), 1631(�C¼N), and 1278(�C–O).
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2.3.9. N-(4-n-octayloxysalicylidene)-40-n-dodecyloxy aniline (4-8-OC12H25)

Yield: 0.33 g, 75%. Anal. Calcd for C33H51NO3: C, 77.7; H, 10.0; and N, 2.7. Found: C,
77.6%; H, 10.1%; and N, 2.6%; FAB mass (m/e, fragment): m/z: calcd 509.3; found:
510[MþHþ]; 1H-NMR (400MHZ, CDCl3): 0.89(t, J¼ 6.3Hz, 6H, �CH3), 1.2–1.4 (m,
32H, (CH2)16), 3.8(q, J¼ 6.3, 4H, OCH2), 6.5(s,1H), 6.4(d, 8.4Hz,2H), 6.9(d, 8.7Hz,
5,6H), 7.2(d, 8.7Hz, 3H), 7.5(d, 8.7Hz, 4, 7H), 8.4(s, 1H, CH¼N), 13.9(s, 1H, OH);
13C-NMR (75.45MHz; CDCl3; Me4Si at 25�C, ppm) �¼ 102.4 (�C1), 107.2 (�C2),
133.4 (�C3), 121.5 (�C4), 115.8 (�C5), 115.8 (�C6), 122.5(�C7); IR (�max, cm�1,
KBr):3435(�OH), 2917(�as(C–H), CH3), 2919(�as(C–H), CH2), 2868(�s(C–H), CH3),
2842(�as(C–H), CH2), 1631(�C¼N), and 1277(�C–O).

2.3.10. N-(4-n-hexyloxysalicylidene)-4/-n-dodecyloxy aniline (4-6-OC12H25)

Yield: 0.33 g, 75%. Anal. Calcd for C31H47NO3: C, 77.2; H, 9.8; and N, 2.9. Found: C,
77.3%; H, 9.7%; and N, 2.8%; FAB mass (m/e, fragment): m/z: calcd 481.3; found:
482[MþHþ]; 1H-NMR (400MHZ, CDCl3): 0.91(t, J¼ 6.3Hz, 6H, �CH3), 1.2–1.4 (m,
28H, (CH2)14), 3.7(q, J¼ 6.3, 4H, OCH2), 6.5(s,1H), 6.5(d, 8.4Hz,2H), 6.9(d, 8.7Hz,
5,6H), 7.3(d, 8.7Hz, 3H), 7.5(d, 8.7Hz, 4, 7H), 8.4(s, 1H, CH¼N), and 13.9(s, 1H, OH);
13C-NMR (75.45MHz; CDCl3; Me4Si at 25

�C, ppm) �¼ 102.4 (�C1), 107.2 (�C2), 133.4
(�C3), 121.5 (�C4), 115.8 (�C5), 115.8 (�C6), and 122.5(�C7); IR (�max, cm�1,
KBr):3435(�OH), 2917(�as(C–H), CH3), 2918(�as(C–H), CH2), 2867(�s(C–H), CH3),
2842(�as(C–H), CH2), 1632(�C¼N), and 1277(�C–O).

2.4. Synthesis of oxovanadium (IV) complexes

To the ligand 4-18-OC12H25 (0.64 g, 1mmol) or 4-16-OC12H25 (0.62 g, 1mmol) or 4-8-
OC12H25 (0.50 g, 1mmol) and 4-6-OC12H25 (0.48 g, 1mmol) dissolved in minimum volume
of absolute ethanol vanadyl sulfate VOSO4�5H2O�2H2O (0.11 g, 0.5mmol) in methanol
was added followed by addition of triethylamine and refluxed for 2 h. A greenish solid
formed immediately was filtered, washed with diethyl ether and recrystallised from
chloroform–ethanol.

2.4.1. Oxovanadium(IV) complex, (VO-18-OC12H25)

Yield: 0.56 g (75%) Anal. Calcd for C86H140N2O7V: C, 75.6; H, 10.3; and N, 2.0. Found:
C, 75.5%; H, 10.4%; and N, 2.1%; FAB mass (m/e, fragment): m/z: calcd 1364.0; found:
1365[MþHþ]; IR (KBr, cm�1): 1616(�C¼N), 1132 (�C–O, phenolic), and 970(�V¼O).

2.4.2. Oxovanadium(IV) complex, (VO-16-OC12H25)

Yield: 0.56 g (78%) Anal. Calcd for C82H132N2O7V: C, 75.2; H, 10.1; and N, 2.1. Found:
C, 75.1%; H, 10.2%; and N, 2.0%; FAB mass (m/e, fragment): m/z: calcd 1307.0; found:
1308[MþHþ]; IR (KBr, cm�1): 1612(�C¼N), 1135 (�C–O, phenolic), and 969(�V¼O).

2.4.3. Oxovanadium(IV) complex, (VO-8-OC12H25)

Yield: 0.45 g (76%) Anal. Calcd for C66H100N2O7V: C, 73.1; H, 9.2; and N, 2.5. Found: C,
73.2%; H, 9.3%; and N, 2.4%; FAB mass (m/e, fragment): m/z: calcd 1083.7; found:
1084[MþHþ]; IR (KBr, cm�1): 1611(�C¼N), 1134 (�C–O, phenolic), and 970(�V¼O).
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2.4.4. Oxovanadium(IV) complex, (VO-6-OC12H25)

Yield: 0.44 g (75%) Anal. Calcd for C62H92N2O7V: C, 72.4; H, 9.0; and N, 2.7. Found: C,
72.3%; H, 9.1%; and N, 2.6%; FAB mass (m/e, fragment): m/z: calcd 1027.6; found:
1028[MþHþ]; IR (KBr, cm�1): 1614(�C¼N), 1133(�C–O, phenolic), and 971(�V¼O).

3. Result and discussion

3.1. Spectral investigation

The characterization of the compounds was made by elemental analyses, FT-IR, UV-vis,
1H-NMR, and mass spectrometry. The analytical data are in good agreement with the
proposed formulae. A strong band observed at �1622–1624 cm�1, in the IR spectrum is
assigned to �(C¼O). The IR spectra of the free ligands exhibit the characteristic bands of
imine(C¼N), which appear at �1630 cm�1. In metal complexes, the �(CN) band is generally
shifted to lower wave numbers relative to the free ligand, indicating a decrease in the C¼N
bond order due to the coordination of the imine nitrogen to the metal and back bonding
from the VO(IV) center to the �* orbital of the azomethine group [41]. Moreover, the
absence of �OH mode at �3155 cm�1, indicated its coordination to VO(IV) center. The
�C¼N stretching is rather independent of the length of alkoxy side chain. Occurrence of
vanadyl (V¼O) stretching mode at ca 970 cm�1 evidenced the absence of any
intermolecular (� � �V¼O � � �V¼O � � �) interaction attesting the monomeric nature of the
complexes [25,26]. Appearance of additional bands at �450–480 and �527–549 cm–1 in the
spectra of the complexes assigned to the V–O and V–N stretching vibrations that are not
observed in the spectra of the ligands furnished evidence for [N,O] binding mode of the
ligand. The 1H-NMR spectra of liganads showed signal at 13.4–13.8 ppm, corresponding
to the proton of the OH group. The imine group appears at 8.5 ppm. The FAB-mass
spectra of the vanadyl(IV) complexes are concordant with their formula weights. The
electronic spectra (Figure 1) of the ligands and their complexes were recorded in
dichloromethane (Table 1). The ligand exhibited two absorption bands centered at �285
and �350 nm, attributed to �–�* transition localized on the aromatic rings.

300 400 500
0.0
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2. VO-6-OC6H13
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In
te

ns
ity

Wavelength (nm)

Figure 1. UV-Vis spectra of 4-6-OC12H25 and VO-6-OC12H25.
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Upon complexation, these bands are red shifted to �315, and �385 nm. In addition,
complexes displayed a band at �466 nm, owing to the LMCT transition [43].

3.2. Variable temperature magnetic susceptibility study

The temperature dependence of the magnetic susceptibilities is carried out for VO-18-
OC12H25 in the temperature range 2.5–300K under a 1 kOe applied field. The effective
magnetic moment for a typical complex VO-18-OC12H25 is found to be 1.73 B.M. The ��1M

versus T-plot is almost linear down to 30K and then decreases with increase of temperature.
The inverse of the susceptibility plotted against temperature (Figure 2), satisfies the Curie–
Weiss equation. The strength of efficient superexchange path is presumably hindered by
coordinating ability of the metal ion. The vanadium complexes can thus be considered as
magnetically isolated spin (d1) centers. Absence of any maximum in �M versus T indicated
nonexistence of strong exchange interactions between the spin centers.

3.3. Electrochemical behavior

The redox behavior of a representative VO-16-OC12H25 complex was probed by cyclic
voltammetry in dichloromethane solution in the potential range –4.0 to 1.4V versus SCE

Table 1. Spectral data of the compounds.

Compounds

UV-Vis, �max (nm)
(”, mol L�1 cm�1)

(transition) IR (cm�1) FAB mass

C43H71NO3 (4-18-OC12H25) 286(1360) (�!�*) 1630(�C¼N) 650
349(2530) (�!�*) 3431(�OH)

C86H140N2O7V (VO-18-OC12H25) 315(2750) (�!�*) 1616(�C¼N) 622
385(3590) (�!�*) 970(�V¼O)
446(1800) (LMCT) 532(�M–N)

461(�M–O)

C41H67NO3 (4-16-OC12H25) 284(1350) (�!�*) 1631(�C¼N) 510
350(2530) (�!�*) 3433(�OH)

C82H132N2O7V (VO-16-OC12H25) 315(2745) 1612(�C¼N) 482
381(2750) (�!�*) 970(�V¼O)
441(1950) (LMCT) 531(�M–N)

457(�M–O)

C33H51NO3 (4-8-OC12H25) 282(1350) (�!�*) 1632(�C¼N) 1365
352(2730) (�!�*) 3432(�OH)

C66H100N2O7V (VO-8-OC12H25) 317(2550) (�!�*) 1611(�C¼N) 1308
379(1750) (�!�*) 969(�V¼O)
438(1640) (LMCT) 532(�M–N)

458(�M–O)

C31H47NO3 (4-6-OC12H25) 285(1350) (�!�*) 1632(�C¼N) 1084
350(2630) (�!�*) 3431(�OH)

C62H92N2O7V (VO-6-OC12H25) 315(2450) (�!�*) 1614(�C¼N) 1228
385(1450) (�!�*) 971(�V¼O)
446(1560) (LMCT) 531(�M–N)

453(�M–O)
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at a scan rate of 0.05Vs�1. The voltammogram (Figure 3) displayed a quasireversible
(peak separation 4100mV) one-electron response. The peak separation (E1/2¼þ0.57,
Epc¼�0.14V, Ep

a
¼ 1.0V, DEp¼ 0.86V) is assigned to VO3þ/VO2þ couple. On scanning

to negative potential, no response is observed implying redox innocent characteristics of
the ligand, supported also by the free ligand cyclic voltammetry.

3.4. Mesomorphic behavior: polarising optical microscopy and DSC studies

The liquid crystalline behavior of all the compounds was monitored by DSC studies and
polarizing optical microscopy (POM). The phase transitions and thermodynamic data are
summarized in Table 2. The compounds are all found to be mesomorphic. All the ligands
exhibited enantiotropic phase transitions. Upon cooling the sample from isotropic liquid,

Figure 3. Cyclic voltammogram of VO-16-OC12H25.

Figure 2. Variation of magnetic susceptibility of VO-18-OC12H25 with temperature.
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a schlieren texture of SmC phase (Figure 4) with four brush defect at 110–125�C was
observed. The DSC trace for the lower homologues (6-OC12H25 and 8-OC12H25) showed
two transitions in heating and two in cooling cycle. However, in case of higher homologues
(16-OC12H25 and 18-OC12H25), in addition to smectic mesophase, a crystal to crystal
transition is observed in heating cycles (Figure 5) which could not be detected in POM
study. The mesophase to isotropic transition temperature decreases with increase in chain
length. The variation of carbon chain length with transition temperature is shown in
Figure 6. The oxovanadium (IV) complexes showed SmA/SmX phases. In polarizing
optical microscopic study, cooling the samples from isotropic liquid, typical batonnets are
formed which coalesce to give rise to a highly birefringent fanlike texture, characteristic of
the smectic A phase (Figure 7). On further cooling, the sample an arced like texture
observed for all the complexes were diagnostic of unidentified SmX phase (Figure 8). The
DSC trace (Figure 9) for a representative compound VO-18-OC12H25 exhibited two
transitions both in heating and cooling cycles. Moreover at 73�C, a glass transition could
be observed for the complex in heating run. The high-ordered SmX phase transition could

Table 2. Phase transitions temperatures (T, �C), associated enthalpies (DH, kJmol�1) of the
compounds.

Compounds Heating Cooling

4-6-OC12H25 Cr 77.0(40.2)SmC126.1(6.7)I I 123.8(6.0)SmC42.6(15.6)Cr
4-8-OC12H25 Cr 76.5(49.0) SmC 125.6(7.9)I I122.9(7.5)SmC44.5(23.8)Cr
4-16-OC12H25 Cr 58.2(2.1) Cr1 89.7(71.2)

SmC118.1(6.6)I
I112.5(4.8) SmC70.0(47.7)Cr

4-18-OC12H25 Cr59.3(1.9) Cr1 91.0(74.6)
SmC 114.2(6.3)I

I110.4(4.3) SmC 66.8(71.4)Cr

VO-6-OC12H25 Cr68.1(2.9)SmX127(4.3)
SmA167.9(5.9)I

I167.5(3.9)SmA97.7(4.9)Cr

VO-8-OC12H25 Cr72.6(2.2)SmX134.2(5.3)
SmA168.7(5.4)I

I164.5(4.6)SmA96.5(4.2)Cr

VO-16-OC12H25 Cr87.3(16.7)SmX127.9(15.5)
SmA146.5(11.6)I

I143.6(9.5)SmA93.9(20.9)
SmX69.0(6.6)Cr

VO-18-OC12H25 Cr86.6(61.8)SmA129.5(11.8)I I129.2(14.0)SmA54.9(31.2)Cr

Figure 4. Schlieren texture of SmC phase.
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Figure 5. DSC thermogram of 4-16-OC12H25.

Figure 7. Fanlike texture of SmA phase.
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Figure 6. Variation of carbon chain length with transition temperature in ligand.
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not be detected in DSC for VO-18-OC12H25. The variations in transition temperatures as a
function of carbon chain length are depicted in Figure 10. No definitive trend was found to
emerge as a function of carbon chain length variation. The isotropisation temperatures
were, however, mostly decreased with increasing carbon chain length.

3.5. Density functional theory study

As X-ray quality crystals could not be grown, density functional theory (DFT) studies
were carried out to ascertain the energy optimized structures. Geometry optimization of a
representative complex, VO-6-OC12H25 (Figure 11) has been performed without applying
any symmetry constrain within the generalized gradient approximation level using the
Becke–Lee–Yang–Parr (BLYP) [55] exchange and correlation functional implemented in
the DMol3 [56]. The DNP basis set chosen in this study is a double-numerical atomic
orbital augmented by polarization functions [57]. The DNP basis set is comparable to
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Figure 9. DSC thermogram of VO-18-OC12H25.

Figure 8. Unidentified SmX phase.
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6-31G** Gaussian basis sets with a better accuracy for a similar basis set size due to core
electron inclusion. The global cut off radius is set to be 5.0 Å. The convergence criteria for
energy, force, and displacement were 1� 10�5 hartree, 2� 10�3 hartree/Å, and 5� 10�3 Å,
respectively. The 3-D isosurface plots of the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) of the complex are shown in
Figures 12 and 13. The energies of the HOMO and LUMO of the VO(IV) complex derived
from DFT are found to be �3.887 and �2.310 eV, respectively (DE¼ 1.577 eV). The
electron density of the LUMO is localized mainly on the C–N bonds while the HOMO is a
predominantly C–O bond orbitals. Geometric parameters of the optimized VO(IV)
complex are furnished in Table 3. The average V–O and V–N bond lengths are 1.95 and
2.18 Å, respectively. The bond length between oxido ligand and vanadium is evaluated to
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Figure 10. Variation of carbon chain length with transition temperature in complexes.

Figure 12. HOMO energy diagram of VO-6-OC12H25.

Figure 11. Optimized structure of VO-6-OC12H25.
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be 1.623 Å. The bond angles varied from 86.2� to 161.7�, respectively, suggesting a
distorted square pyramidal geometry around the vanadyl(IV) center.

4. Conclusions

Successful synthesis of a series of new oxovanadium(IV) complexes bearing long as well as
short alkoxy tail on both side of aromatic ring has been demonstrated. All the compounds
are found to exhibit smectic mesomorphism. No definitive trends were noted as a function
of carbon chain lengths of alkoxy tails both for the ligands and complexes. Cyclic
voltammetry study revealed a quasireversible one-electron response for the VO(V)/VO(IV)
redox couple. The compounds are all found to be thermally quite stable. Based on DFT,
spectral and magnetic studies, a distorted square pyramidal five-coordinate structure have
been proposed. The synthetic strategy adopted herein can be effectively employed to access
newer mesogenic vanadyl complexes.
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Table 3. Selected bond lengths (Å) and bond
angles (�) of VO-6-OC12H25 complex optimized at
the BLYP/DNP level of theory.

Structure parameter VO-6-OC12H25

V–O(1) 1.952
V–O(2) 1.956
V–O(3) 1.622
V–N(1) 2.182
V–N(2) 2.181

O(1)–V–O(2) 130.4
N(1)–V–N(2) 161.7
N(1)–V–O(2) 86.2
O(1)–V–N(1) 84.1
O(1)–V–N(2) 86.1
N(2)–V–O(2) 86.4

Figure 13. LUMO energy diagram of VO-6-OC12H25.
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A new zinc(II) bimetallomesogenic complex, [Zn2L2], of tridentate [ONO]-donor Schiff base ligand (L =
N-(2-hydroxyethyl)-4-hexadecyloxysalicylaldimines) was synthesised and their mesomorphic and photo-
luminescence properties were investigated. The compounds were characterised by Fourier transform infrared
spectroscopy (FTIR), 1H and 13C nuclear magnetic resonance (NMR), ultraviolet-visible spectroscopy (UV-Vis)
spectroscopy, elemental analyses and fast atom bombardment (FAB) mass spectrometry. The mesomorphic
behaviour of the complex was investigated by polarised optical microscopy, differential scanning calorimetry
and X-ray diffraction (XRD) study. A rectangular or oblique columnar mesophase is conjectured on the basis
of powder X-ray diffraction (PXRD) study. The complex is found to be blue light emitter in solution, in solid
and in condensed states with broad emission maxima at ∼427–464 nm. The density functional theory (DFT) cal-
culations revealed a distorted square planar structure around each zinc(II) centre in the dinuclear framework.
Time-dependent DFT spectral correlative study was undertaken to account for the electronic transition.

Keywords: Zinc; bimetallomesogen; columnar mesophase; photoluminescent; density functional theory

1. Introduction

Luminescent liquid crystalline materials have attracted
increasing attention as functional materials owing to
their versatile exploration of display devices, solar
cells, information storage system and sensors.[1–3]
Besides the well-known display applications of
luminescent liquid crystals (LCs), their synthesis is
still challenging. Most of the molecular emitters
are highly emissive in solution and in solid states;
however, luminescent properties in the mesomorphic
states are quite rare.[4–6] Since the discovery and
advancement of light-emitting devices, zinc complexes
have received significant attention because of their
interesting photoluminescent properties, high thermal,
redox stability and great diversity of tunable elec-
tronic properties.[7–11] Design and planned synthesis
of zinc(II) complexes with demanding requirements
such as anisotropic fluidity, improved charge transport
ability, changes in molecular organisation in response
to external stimuli, light-emitting efficiency simulta-
neously open up new possibilities for their use in
high-tech applications.[2,7–11] Discotic LCs are ideal
materials for such multifunctional materials.[12–15]
In columnar discotic phases, the high charge carrier
mobility along the one-dimensional (1D) aromatic
π–π stacked self-assembled columns in discotic
LCs has been recognised as a desirable property
for applications in photovoltaic cells, light-emitting

*Corresponding author. Email: crbhattacharjee@rediffmail.com

diodes and field-effect transistors.[12–15] In this con-
text, comprehensive research effort has been invested
from our group recently in the design of metal-
containing LCs with the aim of combining the
unique properties of anisotropic fluids with the spe-
cific luminescent properties.[16–20] The molecular
shape has a dominant control on the mesomorphic
behaviour. A number of mononuclear salicylaldimine
complexes have been documented;[21–23] however,
very few examples of bi-metallomesogen are reported
so far.[24–27] A binuclear zinc(II) tetradentate Schiff
base showing smectic A phase was recorded.[24]
Recently, we reported a new low-molecular-weight
smectogenic one-ring tridentate [ONO]-donor Schiff
base ligand.[28, 29] With lanthanides, the ligand
occurring in zwitterionic form coordinated through
phenolate-O donor site only,[28] while bi-metallic
copper complexes were obtained from the triden-
tate binding of the same ligand.[29] The com-
plexes exhibited smectic mesomorphism in both
the cases. A non-mesogenic binuclear zinc com-
plex with tetradentate ‘salen’-type compartmental
Schiff base ligand has been reported by us very
recently.[30] In the present work, we intended to
exploit a tridentate ligand for complexation with
Zn2+(d10) to explore the possibility of generating
luminescent bimetallomesogens. Interestingly, the
complex showed rectangular (/oblique) columnar

© 2013 Taylor & Francis
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mesomorphism alongside intense emissive property.
Pertinent here is to mention that until now there
appears to be no record of bimetallic zinc complex
exhibiting columnar mesomorphism.

2. Experimental section

2.1 Physical measurements
C, H and N analyses were carried out using
PE2400 elemental analyser. 1H-NMR spectra were
recorded on Bruker DPX-400 MHz spectrometer
in CDCl3 (chemical shift in δ) solution with tetra-
methylsilane (TMS) as internal standard. 13C nuclear
magnetic resonance (NMR) spectra were recorded on
a JEOL AL300 FT NMR spectrometer. Ultraviolet-
visible absorption spectra of the compounds in
CH2Cl2 were recorded on a Shimadzu UV-1601PC
spectrophotometer. Photoluminescence spectra were
recorded on a Shimadzu RF-5301PC spectrophotome-
ter. Fluorescence quantum yield in dichloromethane
was determined by dilution method using 9,10-
diphenyl anthracene as standard. Infrared spectra
were recorded on a Perkin-Elmer L 120-000A spec-
trometer on KBr disc. Mass spectra were recorded on
a Jeol SX-102 spectrometer with fast atom bombard-
ment (FAB). Optical textures of the different phase of
the compounds were studied using a polarising micro-
scope (Nikon optiphot-2-pol) attached with Instec
hot and cold stage HCS302, with STC200 tempera-
ture controller of 0.10C accuracy. Thermal behaviour
of the compounds was studied using a Perkin-Elmer
Pyris-1 differential scanning calorimeter (DSC) with
a heating or cooling rate of 5

◦
C/min. X-ray diffrac-

tion (XRD) studies were carried out using samples
filled in Lindemann capillaries. The apparatus essen-
tially involved a high-resolution X-ray powder diffrac-
tometer (PANalytical X’Pert PRO) equipped with
a high-resolution fast detector PIXCEL. Quantum
chemical calculation on Zn2L2 was carried out using
density functional theory (DFT) as implemented in
GAUSSIAN 09 package.

2.2 Materials
The materials were procured from Tokyo Kasei and
Lancaster Chemicals. All solvents were purified and
dried using standard procedures. Silica (60–120 mesh)
obtained from Spectrochem was used for chromato-
graphic Separation. Silica gel G (E-Merck, India) was
used for TLC.

2.3 Synthesis of ligand
Synthesis of the ligand was given in our earlier
report.[28]

2.4 Synthesis of zinc(II) complex
The ligand L (0.40 g, 1 mmol) was dissolved in
minimum volume of dry dichloromethane. To this,
an equimolar amount of zinc acetate Zn(OAc)2.
2H2O (0.22 g, 1 mmol) in methanol was then added
slowly and stirred for 6 h at room temperature.
A white solid formed immediately was filtered, washed
with diethyl ether and recrystallised from chloroform-
ethanol (1:1).

Yield: 0.45 g (75%) white-coloured solid. Anal.
Calc. for C50H82N2O6Zn2 (936.47): C, 64.02; H, 8.81;
N 2.99. Found: C, 64.07; H, 8.82; N, 2.96%. 1H
NMR (400 MHz, CDCl3): δ 0.89 (t, J = 6.4 Hz,
–CH3, 3H), 1.29–1.87 (m, –CH2 of methylene
proton in side chain), 3.70 (t, J = 4.1 Hz,
–CH2N=C, 2H), 4.01 (t, J = 8.1 Hz, –OCH2,
2H), 7.13 (d, J = 8.4 Hz, –C6H4, 1H), 8.59 (s,
–N=CH, 1H). FAB Mass (m/e, fragment): m/z: calc.
936.47; found: 937.47[M + H+]; IR (νmax, cm−1,
KBr): 2922(νas(C–H), CH3), 2824(νs(C–H), CH3),
1612(νC=N), 1287(νC–O), 535(νM-N), 486(νM–O).

3. Results and discussion

The Schiff base ligand [L = (E)-5-(hexadecyloxy)-2-
((2-hydroxyethylimino) methyl) phenol] has been syn-
thesised following reported method.[28] The reaction
of the ligand with an equimolar amount of zinc acetate
in dichloromethane/methanol mixture under stirring
condition leads to the formation of cream-coloured
product of Zn2L2 in good yield (Scheme 1). Ligand-
to-metal (1:1) stoichiometric ratio and purity of the
compounds were confirmed by elemental analysis, IR,
1H NMR and 13C NMR spectroscopy. In particular,
evidence for coordination of the Schiff base ligand to
the Zn(II) ion was obtained from the IR spectrum by
the disappearance of the OH signal and shift of the –
CN stretching band to lower wave number (1612 cm−1)
relative to the free ligand. The absence of –OH signal
in the 1H NMR spectrum and the upfield shift of the
iminic hydrogen signal lend further credence to the
coordination of the Schiff base ligand.

The absorption spectra of Schiff base ligand and
its zinc complex were recorded at room temperature
(298 K) in dichloromethane solvent (the supplemen-
tary material for this article is available online at http://
dx.doi.org/XXXX., Figure S1). The electronic spec-
trum of the ligand showed two strong bands one at
∼280 nm owing to the π–π∗ transition of the aro-
matic ring and another at ∼308 nm due to the π–π∗
transition of the C=N fragment. The complex showed
four bands at ∼289, ∼292, ∼297 and ∼350 nm,
respectively, which may arise from metal-perturbed
ligand-centred transition.
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Scheme 1. (i) C16H33Br, KHCO3, KI, dry acetone, �, 40 h, (ii) glacial AcOH, absolute EtOH, �, 4 h and (iii) Zn(OAc)2.H2O,
MeOH, stir, 6 h.
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Figure 1. (colour online) Photoluminescence spectra of zinc
complex.

The luminescent property of the ligand was
described in our earlier report.[28] The complex
is found to be emissive in solution, solid and
mesomorphic states. The luminescence spectra
(Figure 1) in the solid state were recorded by placing
the compound in between two quartz plates. The
emission maxima is red shifted from solution state
(420 nm, � = 15%) to mesomorphic state (432 nm,
� = 7%) and to the solid state (464 nm, � = 11%).
The presence of stronger aggregation tendency in solid
or mesomorphic state gives rise to a larger electronic
delocalisation, resulting in an energy lowering of the
electronic states.

The ligand showed a monotropic SmA phase.
The detail mesomorphic behaviour of the ligand was
reported in our earlier paper.[28] Quite interestingly,
the complex showed enantiotropic columnar phase.
During slow cooling of the zinc complex from clearing
point, a spherulitic growth appeared from dark

Figure 2. (colour online) POM texure of zinc complex.

90 105 120 135

25

30

35

40

H
e
a
t 
fl
o
w

 e
n
d
o
 u

p
 (

m
W

)

Temperature (°C)

Figure 3. DSC thermogram of zinc complex.

background of isotropic melt, which coalesce to a fan-
like texture (Figure 2) at ∼130.8

◦
C revealing a typical

columnar mesophase. DSC thermogram (Figure 3) for
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Table 1. Thermal data of the Zn2L2 complex.

Compounds T (
◦
C)a Transitionb

�H
(kJ mol−1)

Zn complex 121 Cr–Cr1 (heating) 13.3
131.8 Cr1–Colr/o (heating) 34.2
133.3 Colr/o–I (heating) 1.4
131.7 I-Colr/o (cooling) 1.7
97 Colr/o–Cr (cooling) 90.9

Notes: aTemperature at onset of peak. bCr, crystal; Colr/Colo,
columnar rectangular or oblique phase.

zinc complex exhibits three endothermic peaks and
two exothermic peaks. A crystal to crystal transition
was observed in DSC; thermal microscopy did not
show any such type of transition. A very low enthalpy
value (Table 1) for columnar to isotropisation and vice
versa were noted for the complex. Analogous copper
complex reported by us showed an enantiotropic SmA
phase.[29] We do not have clear explanation for the
formation of different mesophases upon changing the
metal ion at this stage.

To get information on the structural aspects, XRD
measurements were carried out in the mesophase.
XRD pattern (Figure 4) shows intensity versus 2θ

profile at T = 125
◦
C. The broad and diffuse peak

in the high-angle region (inset in the figure) corre-
sponding to a spacing of 4.44 Å reflects the liquid
like ordering of the molecules within the columns.
In the low-angle region, seven sharp peaks were seen.
These peaks are indexed to a columnar phase with
two-dimensional rectangular lattice, with lattice spac-
ing being a = 43.2 Å and b = 34.9 Å. The data
could as well be indexed to an oblique columnar phase
(Colob) with a slightly better statistical error; in this
case, the lattice parameters remain identical to that for
the rectangular lattice with tilt of columns θ = 2.5◦

Table 2. XRD data of the Zn2L2 complex.

Indexed to a rectangular
lattice (Colr)

Indexed to a oblique
lattice (Colob)

dmeas dcalc (hk) dcalc (hk)

43.3 43.2 (10) 43.2 (10)
34.9 34.9 (01) 34.9 (01)
21.4 21.6 (20) 21.6 (20)
17.2 17.4 (02) 17.4 (02)
14.2 14.4 (30) 14.4 (30)
10.8 10.8 (40) 10.8 (40)

8.2 8.1 (24) 8.2 (24)
4.4

Cumulative error 0.161 Cumulative error 0.145
a = 43.2 a = 43.2
b = 34.9 b = 34.9

Tilt angle θ = 2.5
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Figure 4. (colour online) X-ray diffraction pattern of Zn2L2
complex at 125

◦
C.

(Table 2). Moreover, the radius of the non-discoid
molecule (∼27 Å) smaller than both the lattice con-
stants (a = 43.2 Å and b = 34.9 Å). Therefore, a
criss-cross arrangement of the molecules in perpen-
dicular fashion, one on top of other (Figure 5), is
contemplated to form the discoid shell.[4]

We have performed DFT calculations to determine
the electronic structure of binuclear zinc complex.
Time-dependent DFT (TD-DFT) calculations are car-
ried out to study the electronic transitions observed
in the experimental ultraviolet-visible spectroscopy
(UV−Vis) spectra.[31]

DFT has become a very important tool as it allows
considerable insight into the electronic structures of
transition metal complexes. The GAUSSIAN 09 pro-
gram package [32] was employed to carry out DFT

N

O

C16H33O

O

N

O

OC16H33

O
Zn Zn

Figure 5. Molecular organisation in discoid shell.
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calculations at the Becke’s three-parameter functional
and Lee–Yang–Parr functional (B3LYP) levels [33,34]
of calculation. The 6-311G++ (d, p) basis set [35] for
all atoms except for the zinc atoms, which has been
described by the effective core potential of Wadt and
Hay (Los Alamos ECP) included in the LanL2DZ
basis set [36] was used for ground state geometry opti-
misation and frequency calculations. The gas-phase
ground-state geometries of the binuclear zinc complex
has been fully optimised using the restricted B3LYP
methods without imposing any symmetry constrain
with tight convergence criteria. Appropriate structure
of the complex was confirmed as energy minima by
calculating the vibrational frequency and confirming
the absence of any imaginary frequencies. Based on
the optimised geometry of the binuclear zinc complex,
TD-DFT calculations were performed at the B3LYP
level to study the spectroscopic and electronic prop-
erties of the title complex as an isolated molecule.
As the spectroscopic experiment is performed in the
dichloromethane as solvent, the solvent effects have
been taken into account in the theoretical calculations.
A solvation method of the polarisable continuum
model (PCM) [37] using the integral equation formal-
ism (IEF) variant [38] were considered in calculations.
GAUSSSUM [39] program was used to calculate the
fractional contributions of various groups to each
molecular orbital.

Some of the important geometric parameters of the
optimised binuclear zinc complex, evaluated by DFT
calculation at B3LYP level, are reported in Table 3.
From DFT data, it is noticed that the complex has
an average Zn–O and Zn–N bond lengths in the
range of 1.954–2.083 and 2.074–2.025 Å, respectively.
The distance between the bridging oxygen atoms and
zinc atoms are found slightly larger than the normal
Zn–O bond lengths. The O1–Zn1–O3 and N1–Zn1–
O2 bond angles are 147.8◦ and 136.6◦, respectively,

Table 3. Selected bond lengths (Å) and angles (◦) for the
binuclear zinc complex evaluated at B3LYP level.

Structural
parameter Complex

Structural
parameter Complex

Zn1–O1 2.080 Zn2–O1 1.975
Zn1–O2 1.975 Zn2–O2 2.083
Zn1–O3 1.954 Zn2–O4 1.954
Zn1–N1 2.074 Zn2–N2 2.075
O1–Zn1–O3 147.8 O2–Zn2–O4 148.3
N1–Zn1–O2 136.6 N2–Zn2–O1 136.2
N1–Zn1–O1 80.6 N2–Zn2–O2 80.5
O2–Zn1–O3 121.1 O1–Zn2–O4 121.1
N1–Zn1–O3 92.3 N2–Zn2–O4 92.3
O1–Zn1–O2 82.6 O1–Zn2–O2 83.2
N1–O3–O2–O1 −39.3 N2–O4–O1–O2 39.2

N1
N2

Zn1

Zn2

O3

O2

O4
O1

Figure 6. (colour online) Optimised structure of binuclear
zinc complex.

while O2–Zn2–O4 and N2–Zn2–O1 bond angles are
found to be 148.3◦ and 136.2◦, respectively. The bond
angels 80.6◦, 121.1◦, 92.3◦ and 82.6◦ are for N1–
Zn1–O1, O3–Zn1–O3, N1–Zn1–O3 and O1–Zn1–O2,
whereas the bond angles 80.5◦, 121.1◦, 92.3◦ and 83.2◦
are evaluated to be for N2–Zn2–O2, O1–Zn2–O4,
N2–Zn2–O4 and O1–Zn2–O2, respectively, around
the zinc atoms indicating distorted square planar
geometry (Figure 6). The dihedral angles N1–O3–O2–
O1 and N2–O4–O1–O2 as computed from DFT are
found to be –39.3◦ and 39.2◦, respectively (Table 3),
reflecting a deviation from planarity.

Figures 7 and 8 demonstrate the energy and atomic
orbital composition of the highest occupied molec-
ular orbitals (HOMOs) and the lowest unoccupied
molecular orbitals (LUMOs) for the zinc complex.
It is noticed from Figure 7 that HOMO of the zinc
complex is composed of a mixture of 2% Zn dπ

orbital and 98% pπ orbitals of the ligand. The cal-
culated LUMO and HOMO energies are –1.33 and
–5.66 eV, respectively. The energy difference (δE) of
the complex has been found to be 4.33 eV matches
quite well with experimental value (∼4.02 eV). High
LUMO–HOMO energy gap implies the stability of
the complex. HOMO–1, HOMO–2, HOMO–3 and
HOMO–4 orbitals in the complex have a sizeable
contribution from ligand pπ orbital, while HOMO–
1 and HOMO–4 have also very little contribution from
metal-bonding (dπ ) orbitals. The electron densities
LUMO, LUMO+1 and LUMO+3 orbitals in the title
complex are localised across the ligand pπ∗ orbitals
as well as zinc p orbitals. In contrast, LUMO+2 and
LUMO+4 is mainly located on the metal and the
ligand pπ∗ orbital. TD-DFT data suggested that the
HOMO of the complexes comprises mainly ligand
pi orbitals (98–100%). To explain the assignment of
bands in the UV region, TD-DFT calculations have
been carried out for ligand and its binuclear zinc com-
plex. The calculated absorption bands in their ground
state, their oscillator strength (f ), energies and the
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HOMO, E = –5.66 eV
Zn = 2%, Ligand = 98%

HOMO–1, E = –5.67 eV
Zn = 1%, Ligand = 99%

HOMO–2, E = –6.18 eV
Zn = 0%, Ligand = 1000%

HOMO–3, E = –6.18 eV
Zn = 0%, Ligand = 100%

LUMO+1, E = –1.31 eV
Zn = 1%, Ligand = 99%

LUMO, E = –1.33 eV 
Zn = 1%, Ligand = 99%

LUMO+2, E = 0.17 eV
Zn = 11%, Ligand = 89%

LUMO+3, E = 0.18 eV
Zn = 2%, Ligand = 98%

LUMO+4, E = 0.28 eV
Zn = 34%, Ligand = 66%

HOMO–4, E = –6.76 eV
Zn = 7%, Ligand = 93%

Figure 7. Contour plots of some selected molecular orbitals.
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Figure 8. (colour online) Energy level diagram of MO.

band assignments are presented in Tables 4 and 5. The
surface of each peak in the spectra is proportional to
oscillator strength (f ), which also reveals the proba-
bility of electronic transition. The electronic excita-
tions with the highest oscillator strengths, the orbitals
involved in these transitions with the percentage
of contribution to each transition are presented in
Tables 4 and 5.

The ligand shows two absorption band of elec-
tronic transitions at 294 and 269 nm. The band
at 294 nm corresponds to HOMO→LUMO elec-
tronic transition owing to the L(π )→L(π∗), where
HOMO corresponds to π bonding orbitals of
C=N bond of the ligand while LUMO corre-
sponds to π∗ (anti-bonding) orbitals of the C=N
(intra-ligand charge transfer). This transition is con-
sistent with the experimental value of 308 nm.

Another absorption band at 269 nm corresponds to
HOMO→LMO+1 electronic transition due to the
L(π ) →L(π∗) transition of aromatic rings in the
ligand.

The lower energy absorption band of zinc com-
plex occurs at 329 nm, which could be assigned to
either HOMO→LUMO+1 or HOMO–1→LUMO
electronic transition predominantly due to an
intra-ligand (π→π∗) charge transfer. This transi-
tion resembles the experimental value of 350 nm,
ε = 16,320 lmol−1 cm−1. The absorption at 283 nm
region is from HOMO–2→LUMO transition is of
intra-ligand (π→π∗) charge transfer type which
is comparable with the experimental transition at
297 nm. The sharp peak at 277 nm (experimental
value 293 nm) is caused by electron transfer from
HOMO–4→LUMO+1 transition which is mainly
due to M(dxy→L(π∗)/L(π→π∗). The relatively
high energy absorption band occurring at 271 nm
is assigned to HOMO–3 to LUMO+1 electronic
transition comparable to the experimental result of
289 nm.

The results indicate that the UV-absorption spectra
of the ligand and the bimetallic zinc complex calcu-
lated by the TD-DFT method are in good agreement
with the experimental data. TD-DFT data indicate
that the absorption maxima are at low energy in
both ligand and complex which comprised mainly of
ligand-based π→π∗ transition with marginal contri-
bution of metal-to-ligand charge transfer transition.

4. Conclusion

A novel bimetallic zinc complex has been prepared.
Quite interestingly the complex is found to be meso-
genic as well as luminescent. The complex exhibits
blue emission in solution, in solid and in mesomorphic
state. A rectangular (/oblique) columnar mesomor-
phism induced in the complex is evident from the
POM, DSC and powder X-ray diffraction (PXRD)
measurements. The complex reported here is believed
to be the first example of edge-shared bimetallic zinc
complex that showed columnar mesophase. A criss-
cross arrangement of one molecule on top of the other
with the flexible alkoxy arms spread out at 90◦ apart
relative to each other has been proposed to explain

Table 4. The experimental absorption bands and the electronic transitions calculated with TD-DFT/B3LYP method for the
ligand.

Key transition Character λ (nm) E (eV)
f Osc.

strength Assignment
λexp (nm) ε

(lmol−1 cm−1)

(72%) HOMO→LUMO L(π ) →L(π∗) 294 4.213 0.261 IL (C=N) 308/10794
(72%) HOMO→LUMO+1 L(π ) →L(π∗) 269 5.392 0.124 IL (aromatic ring) 280/14137
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Table 5. The experimental absorption bands and the electronic transitions calculated with TD-DFT/B3LYP method for
binuclear zinc complex.

Key transition Character λ (nm) E (eV)
f Osc.

strength Assignment
λexp (nm) ε

(lmol−1 cm−1)

(48%) HOMO–1→LUMO/

(44%) HOMO →LUMO+1
L(π )→L(π∗)/

L(π )→L(π∗)
329 3.768 0.320 IL 350 (16,320)

(28%) HOMO–2→LUMO/

(16%) HOMO–2→LUMO+1 /

(15%) HOMO–3→LUMO+1

L(π )→L(π∗)/
L(π )→L(π∗)/
L(π )→L(π∗)

283 4.381 0.816 IL 297 (32,739)

(26%) HOMO–4→LUMO+1/

(12%) HOMO–2→LUMO
M(dxy)→L(π∗)/

L(π )→L(π∗)
L(π )→L(π∗)

277 4.469 0.433 MLCT/IL 293 (33,604)

(50%) HOMO–3→LUMO+1/

(35%) HOMO–3→LUMO
L(π )→L(π∗)/

L(π )→L(π∗)
271 4.556 0.018 IL 289 (32,936)

their discotic character. A distorted square planar
geometry is conjectured on the basis of DFT study.
TD-DFT-computed electronic transition data matche
well with the experimental results. The synthetic strat-
egy may serve as paradigm to access multifunctional
bimetallic complexes utilising tridentate donors.
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Influence of spacer group substituent on mesomorphism in copper complexes of ‘salen’ type Schiff
bases bearing long alkoxy arm

Chitraniva Datta, Rupam Chakrabarty, Gobinda Das, Chira R. Bhattacharjee* and Paritosh Mondal

Department of Chemistry, Assam University, Silchar 788011, Assam, India

(Received 21 November 2012; accepted 31 October 2013)

Novel four-coordinate copper(II) complexes of the type [CuL], L = N, N′-di-(4-hexadecyloxysalicylidene)-4-
substituted(X)l,2-diamino-benzene (X = H, CH3, NO2) were synthesised. The compounds were characterised by
elemental analyses, Fourier transform infrared spectroscopy, 1H, 13C nuclear magnetic resonance, ultraviolet–
visible spectroscopy and fast atom bombardment mass spectrometry. The liquid crystalline properties were
ascertained using polarised optical microscopy, differential scanning calorimetry and powder X-ray diffraction
technique. The ligands are non-mesomorphic, but the complexes with methyl (CH3) or no substituent on the
aromatic spacer showed rectangular columnar (Colr) mesophase and rectangular plastic columnar (Colrp) phase,
respectively. An antiparallel dimeric association of half-disc shaped molecule forming a disc-like arrangement in
the mesophase is proposed on the basis of X-ray diffraction study. The complex with nitro (NO2) substituent in
the spacer linkage decomposes before melting precluding any mesomorphic study. The density functional theory
calculations carried out using Gaussian 09 program at B3LYP level revealed distorted square planar geometry
around the metal centre. The natural charges and electronic configuration of the atoms of the complexes and free
ligand were evaluated by natural bond orbital analysis.

Keywords: salen; copper; mesomorphism; DFT

1. Introduction

‘Salen’ type fragment as core unit in metal containing
liquid crystals have drawn significant attention owing
to the possibility of combining optical, electronic and
magnetic characteristics with those of anisotropic
fluidity.[1–6] Metal complexes of salicylidene-type
Schiff base ligands are of immense interests owing to
their facile synthesis, chemical stability, interesting
broad range catalytic activity, and photophysical
properties.[1–7] Complexes of paramagnetic metal
ion, in particular, are quite significant in the context
of novel ferroelectric/piezoelectric and non-linear opti-
cal (NLO) materials as they can be switched by weak
external magnetic fields.[8–17] The liquid crystalline
behaviour can be modulated by suitably chosen metal
ions, long flexible alkoxy arms as well as spacers
grafted on rigid aromatic core.[3–5] Coordination to
metal ions can even induce mesomorphism from non-
mesomorphic ligands.[5] Even minor alteration in the
spacer linkage can lead to substantial changes in self-
assembly pattern of molecules and in turn meso-
morphic behaviour. A half-discoid ligand with a
short range intermolecular correlation between periph-
eral aliphatic chains appended to an aromatic core
upon coordination to metal ions often lead to discotic
metallomesogens.[3–6, 18] The overlapping π-orbitals

in a columnar stack of disc-like liquid crystals results in
potential components for one-dimensional semicon-
ductors, organic light emitting diodes, photovoltaic
cells and field effect transistors.[19–29] A series of
one-dimensional rod-like metallomesogenic salicyli-
dene complexes based on 5-substituted long alkyl or
alkoxy arms on aromatic rings exhibiting smectic
mesomorphism are on record.[30–34] In contrast,
there are only handful of documented examples invol-
ving 4-substituted ‘salen’ type metallomesogens.[3–
6,35,36] Recently, a variety of structurally analogous
4-substituted zinc(II), oxovanadium(IV), nickel(II)
using phenylene/cyclohexane diamine spacer exhibit-
ing different types of columnar phases have been
reported by us.[37–44] Quite surprisingly, liquid crys-
talline copper(II)-salen complexes bearing aromatic
spacer, affording columnar mesophases have not yet
been reported. Pertinent here is to mention that copper
(II) complexes with cyclohexane diamine spacer have
been reported to show rectangular columnar meso-
phase.[39] Set in this backdrop we embarked on the
synthesis of copper(II) complexes of ‘salen’ type Schiff
base ligand with different substituent on aromatic
spacer group and explore their mesomorphic beha-
viour and collate with related reported [37–44] ligand
systems with different divalent metal ions.
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2. Results and discussion

The ligands [(L = N, N′-bis (4-(4′-n-hexadecyloxy)-
salicylidene)1, 2-phenylenediamine/4-Me-1, 2-phenyle-
nediamine/4-NO2-1, 2-phenylenediamine), abbreviated
as 16-opd/16-mpd/16-npd] could be accessed through a
facile and straightforward procedure as reported in
our earlier paper.[42] The complexes (Cu-16opd/Cu-
16mpd/Cu-16npd), were prepared by the reaction of
appropriate ligand with copper acetate (1:1 molar
ratio) in methanol (Scheme 1). Isolated as brown
coloured solids in good yields, the complexes were
recrystallised from methanol/dicholoromethane. The
compounds were characterised by elemental analyses,
1H and 13C nuclear magnetic resonance (NMR)
(ligands only), Fourier transform infrared spectro-
scopy and ultraviolet–visible (UV–Vis) spectroscopy.
From the infrared spectra, it was observed that the
position of νC=N band of the free ligands appeared at
1610–1621 cm−1, which shifted to lower frequencies at
1603–1606 cm−1, respectively, upon complexation
indicating azomethine nitrogen coordination with the
metal. Moreover, absence of νOH mode of the ligands
in the spectra of copper complexes further attests the
coordination of phenolate oxygen atom to the metal
ion. The fast atom bombardment (FAB)-mass spectra
of the compounds matched well with their formula
weights. Solution electrical conductivity of complexes
recorded in dichloromethane (10−3M) was found to
be <10 Ω−1 cm−1 mol−1, much lower than is expected
for a 1:1 electrolyte, thus confirming the non-electro-
lytic nature of the complexes. The 1H NMR spectra of
ligands is described in our earlier reports.[42] The
electronic spectra of compounds were recorded in
dichloromethane solution (Table 1). The absorption
spectra of Schiff base ligands are described in our
earlier report.[42] In copper complexes the absorption

bands appearing at ~265, ~319, ~350 and ~398 nm are
attributed to the intraligand π→π* electronic transi-
tions (Figure 1). In comparison to the free ligands, the
absorption maxima undergoes a red shift in the com-
plexes may be due to the metal-perturbed ligand-
centred transition. In addition, a weak band appeared
as shoulder at ~419–474 nm in the complexes, which
may have arisen due to Jahn–Teller distortion in cop-
per (d9) system.[45] The spectrum for nitro-substituted

Scheme 1.

Table 1. UV-visible spectral data of ligands and copper
complexes.

λmax (nm)

Compound π→π* (ε, l mol−1 cm−1) LMCT (ε, l mol−1 cm−1)

16-opd 292 (22000) –

329 (26800)
363 (18981)

Cu-16opd 265 (69944) 422 (67865)
320 (76966)
345 (61235)
393 (94831)

16-mpd 289 (19300) –

330 (23100)
365 (18110)

Cu-16mpd 264 (54213) 420 (55955)
320 (60842)
344 (50730)
392 (68202)

16-npd 295 (13400) –

335 (16851)
367 (21850)

Cu-16npd 264 (34269) 474 (24101)
331 (43033)
358 (40561)
412 (46179)

542 C. Datta et al.
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ligand and its copper complex slightly differs from the
rest, which may be due to the strong electron with-
drawing effect of the chromophoric nitro group in the
aromatic spacer. The presence of nitro group in Cu-
16npd complex increases the degree of conjugation
reducing the energy gap thus shifting the absorption
maxima to lower energy.[46]

The liquid crystalline properties of the complexes
were investigated by polarised optical microscopy
(POM), differential scanning calorimetry (DSC) and
X-ray diffraction (XRD) technique. The thermal data
are summarised in Table 2. The ligands are found to
be non-mesomorphic. However, the complexes Cu-
16opd and Cu-16mpd showed columnar mesomorph-
ism but the mesomorphic behaviour of nitro-substi-
tuted complex, Cu-16npd could not be detected as it
decomposes at ~225°C. While electronic effects

associated with nitro (NO2) and methyl (CH3) sub-
stituent in the spacer group might be important, it is
difficult to draw a structure–mesomorphism correla-
tion. We surmise that a tetrahedral methyl substituent
in the spacer force the neighbouring molecules above
and below the plane sustaining weak intermolecular
interactions. In POM study, upon cooling the sample
from isotropic melt in particular, the complex Cu-
16opd showed a typical mosaic texture (Figure 2) at
~100°C.The mesophase was later confirmed to be
rectangular plastic columnar, Colrp by XRD study.
In DSC experiments, three transitions both in heating
and cooling cycle were observed for the complex
(Figure 3). The crystal to crystal transition observed
at 53.7°C, could not be detected in POM study.
Due to high viscous nature of the compound, a

300 400 500 600
0.0

0.5

1.0

1. Cu-16opd
2. Cu-16mpd
3. Cu-16npd

3

2
1

A
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ba
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Figure 1. (colour online) Absorption spectra of complexes
(dichloromethane; 10−5M).

Table 2. Transition temperature (°C), enthalpy (kJ mol–1)
and entropy values (ΔS, JK–1 mol–1) of compounds accord-
ing to the DSC measurements.

Compounds Transition

Peak
temperature

(onset
temperature)

Enthalpy
(ΔH,

kJ mol–1)
Entropy (ΔS,
JK–1 mol–1)

Cu-16opd Cr–Cr1 57.8 (54.1) 3.2 0.055
Cr1–Colrp 93.9 (92) 6.0 0.063
Colrp–I 132.9 (126) 22.4 0.168
I–Colrp 100.2 (101) 23.8 0.237
Colrp–Cr 67.5 (69) 8.5 0.125
Cr–Cr1 53.7 (56) 2.6 0.048

Cu-16mpd Cr–Colr 90.4 (88.5) 13.9 0.038
Colr–I 165.7 (163.5) 12.7 0.028
I–Colr 152.6 (153.7) 11.6 0.027
Colr–Cr 69.4 (70.1) 2.5 0.007

Figure 2. (colour online) POM texture of Cu-16opd com-
plex at 100°C (20× magnification).
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Figure 3. DSC thermogram of Cu-16opd complex at
10°C min−1 (N2 atmosphere).
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pronounced hysteresis in transition temperature is
observed. High enthalpy values from isotropic to
mesophase and vice versa clearly suggested that the
mesophase is highly ordered. For Cu-16mpd, a typi-
cal broken fan-like texture (Figure 4) with some
homeotropic region is formed on cooling from the
isotropic liquid phase. In DSC (Figure 5), two peaks
each for exothermic and endothermic transitions were
found with low enthalpies, we have no suitable expla-
nation for this behaviour at the moment. The nitro-
substituted copper complex, Cu-16npd decomposed
before melting precluding any POM study to ascer-
tain the mesomorphic behaviour. Mesophase beha-
viour is thus appearing to be strongly dependent on
the nature of metal ions as well as spacer linkage. A
comparative assessment with previously reported

related complexes is summarised in Chart 1. In our
earlier work, we found VO-16opd complex showing
lamello-columnar mesomorphism, ColL [43] and VO-
n-mpd (n = 14, 16, 18) exhibited rectangular colum-
nar mesomorphism, Colr.[44] The nickel complexes,
Ni-16opd/Ni-16mpd/Ni-16npd all showed rectangular
columnar mesomorphism.[42] As for zinc, the com-
plexes, Zn-16opd and Zn-16mpd were earlier shown
to exhibit rectangular and hexagonal columnar
mesomorphism, respectively.[37, 38] Other than the
oxovanadium complex which is square pyramidal,
rest all complexes reported previously by us and the
present copper complexes possess distorted square
planar structure. While we obtained predominantly
columnar phases (rectangular columnar Colr, rectan-
gular plastic columnar Colrp, hexagonal columnar
Colh, oblique columnar Colo, lamello columnar
ColL) in all structures, no specific trend was noticed
regarding the nature of the phases. In addition to the
local geometry around the metal ion the length of the
flexible alkyl/alkoxy arm or nature of the spacer could
as well be important to control the molecular assem-
bly leading to a specific liquid crystalline phase.
Temperature-dependent XRD studies were carried
out for the Cu-16opd and Cu-16mpd complexes to
confirm the mesophases. The powder X-ray diffrac-
tion (PXRD) pattern (Table 3) for Cu-16opd at 130°
C in the low angle region consists of numbers of
multiple peaks (Figure 6) In the wide angle region, a

Figure 4. (colour online) POM texture of Cu-16mpd
complex at 152°C (10× magnification).
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Figure 5. DSC thermogram of Cu-16mpd complex at
10°C min−1 (N2 atmosphere).

O

N

X Y

N

O

M

C16H33O
OC16H33

X-Y M Mesophase Symmetry Reference

Cu Colrp c2mm Present work

VO ColL - [43]

Ni Colr c2mm [42]

Zn Colo↔Colr P112/P222 [37]

Cu Colr - Present work

VO Colr1↔Colr2 c2mm [44]

Ni Colr c2mm [42]

Zn Colh - [38]

NO2
Cu Nonmesogenic - Present work

ColrNi c2mm [42]

Chart 1.
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diffuse peak is observed at 4.3 Å with a rather narrow
width indicating partial melting of the aliphatic arms.
The most important feature is the presence of twin
peaks at 2θ ~ 20° and a sharp peak in the wide angle
region generally observed in columnar plastic phase.
[40,47] Occurrence of columnar plastic phase, denoted
as Colp, has been identified recently in discotic liquid
crystals. The motional freedom of discs around the
columnar axis in plastic phase is restricted.[48] The
spacings of the first three reflections can be indexed to
a rectangular lattice. For Cu-16mpd complex, in the
small-angle region, a series of sharp Bragg peaks were
present (Figure 7). The first two fundamental reflec-
tions can be indexed as the 11 and 20 reflections of a
2D rectangular lattice. Moreover, absence of any
reflections with hk pairs (h + k = 2n + 1) in the
diffractogram, suggest the mesophase symmetry to
be c2mm plane group. Furthermore, a diffuse reflec-
tion at 4.8 Å in the wide angle region confirms the
liquid like nature of the molten alkyl chain.[18] If the
arbitrarily considered periodicity (h) along the col-
umn and the average thickness of the molecular
equivalents corresponding to the signal in the diffrac-
togram is in the range of 10 to 13 Å, the dimeric
interaction is expected to be preserved in the meso-
phase.[49,50] The reflection at 10.33 Å for Cu-16opd
and at 11.49 Å for Cu-16mpd conveys the periodicity
for the existence of dimeric interaction between the
half-disc shaped molecules. This is also indicated
from the less broad peak at ~7.6 Å in the wide angle
region for both Cu-16opd and Cu-16mpd. For a cor-
responding average thickness along the column cho-
sen arbitrarily for comparison sake and from
measured molecular volume, the two complexes
form a dimer per periodic stack of the columnar
cross-section and four molecules (i.e. two dimers)

Table 3. XRD data of copper complexes.

Compound dobs (Å)a dcalc (Å)b hkc Parametersd

Cu-16opd 19.01 19.02 20 Colrp
13.91 13.92 11 a = 38.04Å
12.41 12.43 31 b = 15.05Å
10.33 10.32 40 S = 572.20Å2

9.11 9.12 01 Vm = 1573.44Å3

8.19 8.18 42 N = 4

7.6 7.5 h = 10.33
4.32 4.31 – Scol = 286.10Å2

Cu-16mpd 17.32 17.31 20 Colr – c2mm
12.72 12.73 11 a = 34.64 Å
11.49 11.48 31 b = 13.68 Å
8.41 8.42 40 S = 473.87 Å2

7.5 7.4
6.44 6.45 – Vm = 1685.76 Å3

5.72 5.73 N = 4
4.87 4.88 h = 11.49

Scol = 236.93 Å2

Notes: adobs and bdcalc are experimentally and theoretically mea-
sured diffraction spacings. [hk]c are indexation of the reflections.
Mesophase parametersd and molecular volume Vm is calculated
using the formula: Vm = M/λρNA where M is the molecular weight
of the compound, NA is the Avogadro number, ρ is the volume
mass (≈1 g cm−3) and λ(T) is a temperature correction coefficient at
the temperature of the experimerient (T). λ = VCH2(T

0)/VCH2(T),
T0 = 25°C. VCH2(T) = 26.5616 + 0.02023.T. For the Colr phase, the
lattice parameters a and b are deduced from the mathematical
expression: a = 2d20 and 1/dhk = √h2/a2 + k2/b2, where a and b are
the parameters of the Colr phase, S is the lattice area, Scol is the
columnar cross-section (S = ab, Scol = S/2). The repeating colum-
nar unit h is related to the molecular volume and the cross-section
columnar area by the relationship N × Vmol/S, where N is the
number of molecular equivalent per repeat unit (in this case, to
maintain the density along the column constant, N must be an
integer or half-integer). Number of dimers constituting the rectan-
gular disc, ND = N/2.
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Figure 6. XRD pattern of Cu-16opd complex at 130°C.
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Figure 7. (colour online) XRD pattern of Cu-16mpd com-
plex at 160°C.
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pave the surface area of the rectangular lattice to
make a repeating rectangular cell of ~10 Å thick
(Figure 8). The radius of the semi-disc shaped mole-
cule (~20.2 Å) as computed from density functional
theory (DFT) study is almost half the lattice spacing
(a = 38.04 Å) for Cu-16opd suggesting a face to face
‘anti-parallel’ assembly of the hemi-disc molecules in
the columnar mesophase.[42]

DFT has become a readily available tool which
allows considerable insight into the nature and electro-
nic structures of transition metal complexes. The geo-
metrical optimisations of all the copper complexes were
performed using Becke’s three-parameter non-local
hybrid exchange potential and the nonlocal correlation
functional of Lee, Yang, and Parr21 (B3LYP) with the
6-31G (d) basis set for all atoms except for copper,
which has been described by the effective core potential
of Wadt and Hay (Los Alamos ECP) included in the
LanL2DZ basis set. The gas phase ground state geome-
tries of the copper complexes were fully optimised using
the unrestricted B3LYP methods without imposing any
symmetry constrain with tight convergence criteria.
Appropriate structures were confirmed as energy
minima by calculating the vibrational frequencies
using second derivative analytic methods, and confirm-
ing the absence of any imaginary frequencies.[51] For
Cu2+ complexes, which are open-shell systems, the
expectation value showed that the spin contamination
of the unrestricted wave function was always very small.
[52] All DFT calculations were carried out with the
Gaussian 09 programs.[53] Natural charges were
obtained from the natural bond orbital (NBO) popula-
tion analysis.

Some of the significant geometric parameters of
the optimised hydrogen-, methyl- and nitro-substi-
tuted copper complexes, evaluated by DFT calcula-
tion at B3LYP level are displayed in Table 4. The
complexes have an average Cu–O and Cu–N bond
lengths in the range of 1.911–1.916 and 1.986–
1.993 Å, respectively. The average bond angles are

in the range of 89.8–89.9° and 83.1–83.2° for O1–Cu–
O2 and N1–Cu–N2, respectively, while, O1–Cu–N2
and O2–Cu–N2 bond angles are calculated to be
176.5–176.6° and 176.4–176.6°, respectively, around
the copper atom indicating slight distortion of square
planar geometry (Figure 9). The dihedral angles O(1)
O(2)N(1)N(2) and N(1)O(1)O(2)N(2) as computed
from DFT are found to lie in the range 1.18–1.30°
(Table 4) reflecting slight deviation from planarity. A
strained conformation of the [N2O2]-donor tetraden-
tate ligand with long pendant alkyl side chains is
believed to have caused little deviation from planar
symmetry. The molecular length of the complexes
based on the fully extended structure is found to be
around 42.76 Å (measured from the two terminal end

b = 13.68A°

a = 34.64A°

h = 11.49A°

Figure 8. (colour online) Dimeric interactions of the half disc shaped molecules forming a disc-like shape.

Table 4. Selected bond (Å) and angles (°) and other related
parameters of Cu(II) complexes evaluated at B3LYP level.

Structure parameters Cu-16opd Cu-16mpd Cu-16npd

Cu―O1 1.915 1.915 1.911
Cu―O2 1.914 1.914 1.916
Cu―N1 1.991 1.992 1.986
Cu―N2 1.991 1.990 1.993
C1―N1 1.313 1.313 1.316
C2―N2 1.313 1.313 1.319
CAR1―O1 1.291 1.292 1.292
CAR2―O2 1.291 1.292 1.289
O1―Cu―O2 89.8 89.8 89.9
N1―Cu―N2 83.2 83.2 83.1
O1―Cu―N1 93.6 93.5 93.6
O2―Cu―N2 93.6 93.5 93.4
O1―Cu―N2 176.6 176.6 176.5
O2―Cu―N1 176.6 176.6 176.4
O(1)O(2)N(2)N(1) 1.30 1.27 1.27
N(1)O(1)O(2)N(2) −1.21 −1.18 −1.17
LUMO (eV) −1.785 –1.847 −2.587
HOMO (eV) −5.261 −5.161 −5.591
ΔE (eV) 3.476 3.314 3.004
Dipole moment (D) 3.224 3.844 4.174
Chemical hardness (eV) 1.738 1.657 1.502
Molecular length (Å) 42.76 42.76 42.75
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of the side alkyl chain), indicating no substituent
effect on the molecular length. The optimised geome-
try also revealed that the oxygen and aromatic carbon
(O–Car) distance increases from 1.271 in free ligand to
1.292 Å on complexation with copper. The O–Car

bond is weakened upon formation of complex, imply-
ing that oxygen atom acts as a donor atom.

DFT has emerged as a practical and effective
computational tool with which electronic structure
of transition metal complexes can be studied easily.
DFT with NBO analysis allows considerable insight
into the nature of metal–ligand bonding. The natural
charges and electronic configuration of the atoms of
the complexes and free ligand evaluated by NBO
analysis are summarised in Table 5. The calculated
natural charges on the copper ions are considerably
lower than the formal charge, +2. The electronic
population on px, py and pz orbitals of copper atom
in its hydrogen-, methyl- and nitro-substituted ligands
are found to be (0.1186, 0.1164 and 0.0937), (0.1186,
0.1145 and 0.0910) and (0.1183, 0.1162 and 0.0934),

respectively. However, occupancy at the dxy, dxz, dyz,
dx

2
–y

2 and dz
2 orbitals of copper atoms in their com-

plexes with hydrogen, methyl and nitro containing
ligands are (1.4205, 1.9964, 1.9846, 1.9960 and
1.9686), (1.4328, 1.9948, 1.9838, 1.9957 and 1.9712)
and (1.4190, 1.9961, 1.9847, 1.9969, 1.9689), respec-
tively. All the d-orbitals are occupied by more than
1.96 e- except the dxy (~1.42 e-) orbitals. Comparing
the atomic charges in the free ligands and their com-
plexes with copper, it can be seen that the atomic
charge redistribution occur on all the atoms in the
complexes. The calculated natural atomic charges on
copper atoms in its complexes with hydrogen-,
methyl- and nitro-substituted ligands are found to be
+0.964, +0.963 and +0.968, respectively, attesting
ligand-to-metal charge transfer in all the complexes.
According to the NBO analysis, the electronic config-
uration of Cu in Cu-16opd complex is: [core]
4S 0.343d 9.374p 0.33, which corresponds to 18 core
electrons, 9.71 valence electrons (on 4S and 3d atomic
orbitals) and 0.33 Rydberg electrons (mainly on 4p

Figure 9. Optimised structure of Cu-16opd.

Table 5. Natural atomic charges and natural electron configuration of the ligands and their complexes with Cu2+ evaluated at
B3LYP level.

16-opd 16-mpd 16-npd

Atoms Charge Configuration Charge Configuration Charge Configuration

Ligand O1 −0.675 [core]2S1.702p4.963d0.01 −0.670 [core]2S1.702p4.963d0.01 −0.667 [core]2S1.702p4.953d0.01

O2 −0.675 [core]2S1.702p4.963d0.01 −0.669 [core]2S1.702p4.963d0.01 −0.656 [core]2S1.702p4.943d0.01

N1 −0.436 [core]2S1.342p4.073p0.013d0.01 −0.436 [core]2S1.342p4.083p0.013d0.01 −0.446 [core]2S1.342p4.093p0.013d0.01

N2 −0.436 [core]2S1.342p4.073p0.013d0.01 −0.434 [core]2S1.322p4.093p0.013d0.01 −0.422 [core]2S1.322p4.083p0.013d0.01

Complex O1 −0.669 [core]2S1.662p5.003p0.01 −0.671 [core]2S1.672p4.993p0.01 −0.663 [core]2S1.662p4.993p0.01

O2 −0.669 [core]2S1.662p5.003p0.01 −0.671 [core]2S1.672p4.993p0.01 −0.666 [core]2S1.662p4.993p0.01

N1 −0.571 [core]2S1.302p4.263p0.01 −0.573 [core]2S1.312p4.253p0.01 −0.578 [core]2S1.302p4.273p0.01

N2 −0.571 [core]2S1.302p4.263p0.01 −0.573 [core]2S1.312p4.253p0.01 −0.578 [core]2S1.302p4.263p0.01

Cu 0.964 [core]4S0.343d9.374p0.33 0.963 [core]4S0.333d9.384p0.32 0.968 [core]4S0.343d9.364p0.33
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orbital) give the 28.04 electrons. This is consistent
with the calculated natural atomic charge on copper
atom (+0.968e) in Cu-16opd complex. The natural
atomic charge on oxygen atoms of the ligands hardly
changes on complexation with copper ion. However,
while, the atomic charges on nitrogen atom of the
ligands changes significantly on complexation from
–0.436 and –0.436 to –0.571 and –0.571, –0.436 and
0.434 to –0.573 and –0.573 and from –0.446 and –

0.422 to –0.578 and –0.578, respectively, on com-
plexation of hydrogen-, methyl- and nitro-containing
ligands with copper ions (Table 5).

Frontier molecular orbital plays an important
role in determining the electronic properties of mole-
cules.[54] Lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital
(HOMO) energies of the complexes with 16-opd,
16-mpd and 16-npd ligands are calculated to be –

1.785 eV and –5.261eV, –1.847 eV and –5.161 eV
and –2.587 eV and –5.591 eV, respectively. The cor-
responding energy differences (ΔE) of the complexes
are found to be 3.476 eV, 3.314 eV and 3.004 eV,
respectively. The LUMO and HOMO energy as well
as their energy differences of the complexes depend
on the electronic nature of the substituents. The
energy differences decrease in the order of 16-
opd > 16-mpd > 16-npd. The HOMO–LUMO
energy differences evaluated from the lowest energy
UV–Vis band for Cu-16opd, Cu-16mpd and Cu-
16npd is 2.93 eV, 2.96 eV and 2.62 eV, respectively,
are somewhat lower than that obtained from DFT
studies. This can be accounted by considering exten-
sive intermolecular interactions in the solution phase
(UV–Vis study) in comparison to free gaseous mole-
cule in DFT study. A low HOMO–LUMO energy
gap implies a low kinetic stability and high chemical
reactivity, because it is energetically favourable to
add electrons to LUMO or to extract electrons
from a HOMO. We further calculated the chemical
hardness values of hydrogen-, methyl- and nitro-sub-
stituted copper complexes from their LUMO and
HOMO energy difference. The chemical hardness
values of hydrogen-, methyl- and nitro-substituted
complexes are found to be 1.738, 1.657 and
1.502 eV, respectively. According to maximum hard-
ness principle [55] higher hardness value indicates
higher stability. Hence, lower chemical hardness
value obtained for nitro-substituted complex indi-
cated lower stability of the complex compared to
the unsubstituted and methyl substituted complex.

3. Conclusion

A series of copper-salen complexes with different sub-
stituent on the spacer group have been successfully

synthesised and their mesomorphic behaviour were
investigated. The phase transition behaviour of the
compounds as a function of the spacer group substi-
tuent and divalent metal ions has been quite reward-
ing to explore. The ligands are found to be non-
mesomorphic, but their complexes were found to
exhibit columnar mesomorphism. The mesophase for-
mation has been shown to be strongly dependant on
the substituent of the spacer linkage in salphen group.
The copper complex with methyl substituted salen
group showed rectangular columnar mesophase
(Colr) and without methyl group showed rectangular
columnar plastic mesophase (Colrp). Quite surpris-
ingly the –NO2 substituted salen complex lacks any
mesomorphism. A distorted square planar four coor-
dinate geometry for the newly synthesised complex is
proposed on the basis of DFT study.

4. Experimental section

4.1 Physical measurements

The C, H and N analyses were carried out using Carlo
Erba 1108 elemental analyser (Waltham, MA, USA).
Molar conductance of the compounds was determined
in dichloromethane (ca 10−3 mol L−1) at room tempera-
ture using MAC-554 conductometer (Macroscientific
Works, New Delhi, India). The 1H and 13C NMR
spectra were recorded on Bruker Advance 400 MHz
(Bruker, Kolkata, India) spectrometer in CDCl3 (che-
mical shift in δ) solution with Tetramethylsilane (TMS)
as internal standard. UV–Vis absorption spectra of the
compounds in dichloromethane were recorded on a
Shimadzu UV-1601 PC spectrophotometer (Shimadzu,
Asia pacific, Pte. Ltd., Singapore). Mass spectra were
recorded on a JEOL SX-102 (JEOL, Tokyo, Japan)
spectrometer with FAB. The optical textures of the
different phase of the compounds were studied using a
polarising microscope (Nikon optiphot-2-pol, Nikon
Corporation, Tokyo, Japan) attached with Instec
(Boulder, CO, USA) hot and cold stage HCS302, with
STC200 temperature controller of 0.1°C accuracy. The
thermal behaviour of the compounds were studied using
a Perkin-Elmer DSC (Perkin Elmer International,
Schwerzenbach, Switzerland) Pyris-1 spectrometer
with a heating or cooling rate of 10°C/min. Variable
temperature PXRD of the samples were recorded on a
Bruker D8Discover instrument usingCu–Kα radiation.
Quantum chemical calculations on Cu-16opd/Cu-
16mpd/Cu-16npd were carried out using DFT as imple-
mented using Gaussian 09 program at B3LYP level.

4.2 Materials

The materials were procured from Tokyo Kasei,
Japan, and Lancaster Chemicals, USA. All solvents
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were purified and dried using standard procedures.
Silica (60–120 mesh) from Spectrochem was used for
chromatographic separation. Silica gel G (E-Merck,
India) was used for thin layer chromatography.

4.3 Synthesis and analysis

The synthesis of the ligands are described in our ear-
lier report.[40]

4.3.1 Synthesis of copper (II) complexes

General procedure: The ligand 16-opd (0.079 g,
0.1 mmol) or 16-mpd (0.081 g, 0.1 mmol) or 16-npd
(0.084 g, 0.1 mmol) was dissolved in minimum
volume of absolute methanol. To this, an equimolar
amount of copper acetate Cu (OAc)2.2H2O (0.019 g,
0.1 mmol) in methanol was then added slowly and
stirred for 2 h at room temperature. A brown solid
formed immediately was filtered, washed with diethyl
ether and recrystallised from dichloromethane–
methanol (1:1).

4.3.2 Cu-16opd

Yield = 0.073 g, 75%. FAB Mass (m/e, fragment): m/
z: calc. 857.5; found: 858.5[M + H+]; Anal. Calc. for
C52H78N2O4Cu: C, 72.7; H, 9.2; N 3.26. Found: C,
72.72; H, 9.1; N, 3.2%. IR (νmax, cm

−1, KBr): 2921
(νas(C–H), CH3), 2860 (νs(C–H), CH3), 2848 (νas(C–
H), CH2), 1611 (νC=N).

4.3.3 Cu-16mpd

Yield = 0.065g, 65%. FAB Mass (m/e, fragment): m/
z: calc. 871.5; found: 872.5 [M + H+]; Anal. Calc. for
C53H80N2O4Cu : C, 72.9; H, 9.2; N 3.2. Found: C,
73; H, 9.3; N, 3.1%. IR (νmax, cm

−1, KBr): 2921 (νas
(C–H), CH3), 2860 (νs(C–H),CH3), 2848 (νas(C–H),
CH2), 1613 (νC=N).

4.3.4 Cu-16npd

Yield = 0.072 g, 70%. FAB Mass (m/e, fragment): m/
z: calc. 902.5; found: 903.5 [M + H+]; Anal. Calc. for
C52H77N3O6Cu : C, 69.1; H, 8.6; N 4.6. Found: C,
69.2; H, 8.5; N, 4.5%. IR (νmax, cm

−1, KBr): 2921 (νas
(C–H),CH3), 2860 (νs(C–H), CH3), 2848 (νas(C–H),
CH2), 1615 (νC=N).
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