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Mesomorphic Assemblies

Induction of Mesomorphism through Supramolecular Assembly
in Metal Coordination Compounds of “salphen”-Type Schiff
Bases: Photoluminescence and Solvatochromism
Sutapa Chakraborty,[a] Paritosh Mondal,[a] S. Krishna Prasad,[b] D. S. Shankar Rao,[b] and
Chira R. Bhattacharjee*[a]

Abstract: Mesomorphism induced by metal (VO2+, Ni2+, Cu2+

and Zn2+) coordination and its influence on the photophysical
properties of a new series of symmetric “salphen”-type N,N-
bis(4-n-alkoxysalicylidene)-4,5-dichloro-1,2-phenylenediamine
ligands (n = 12, 14, 16) bearing highly electronegative spacer
substituents and alkoxy arms of varied length have been inves-
tigated. The mesomorphism has been probed by polarizing op-
tical microscopy (POM), differential scanning calorimetry (DSC),
and variable-temperature powder X-ray diffraction (XRD). The
Schiff base ligands are non-mesomorphic; however, coordina-
tion to NiII and ZnII ions induces columnar mesomorphism, this

Introduction
Ligands based on the π-conjugated “salphen” framework have
attracted enormous attention in recent times, attributable pri-
marily to their interesting photophysical and supramolecular
properties and reactivity.[1] The extended conjugation offered
by the phenyl spacer in a salphen-ligated metal system offers
immense possibilities for the fabrication of photoresponsive
materials, supramolecular assemblies, nonlinear optical materi-
als, and liquid crystalline entities.[2–9] The electronic properties
and steric bulk of the ligand framework can be easily varied in
these systems by careful use of substituents to tune the overall
potential of the resulting salphen–metal complexes.[1,10–12]

Metal coordination often enhances the efficiency of salphen
ligands as effective catalysts in many homogeneous and heter-
ogeneous transformations including asymmetric ring-opening
of epoxides,[13] oxidation,[14,15] epoxidation of olefins,[16,17] po-
lymerization reactions,[18,19] carbonylation of aniline,[20] and de-
alkylation of organophosphates,[21] and also as Lewis acid acti-
vators in the synthesis of cyclic carbonates from terminal epox-
ides and carbon dioxide[22] etc.

Metallomesogens based on salphen ligands are yet another
major area of application of these systems, providing access to
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being stable down to room temperature in the latter case. Inter-
estingly, the complexes of CuII and VOIV did not show any meso-
morphism. The free ligands and the ZnII complexes are lumines-
cent both in the condensed state and in solution, with emission
maxima in the condensed state being significantly red-shifted
with respect to those in solution. The energy-optimized struc-
ture of a representative ZnII complex was ascertained to be dis-
torted square planar in a DFT study employing the GAUS-
SIAN 09 program. The ZnII and VOIV complexes exhibited solva-
tochromic effects, showing interesting aggregation behavior in
the former case.

exotic liquid crystalline materials.[8,9] The rigidity of the exten-
sively conjugated ligand offers the required anisotropy for the
construction of supramolecular structures favoring mesomor-
phism. Modification of components either in the salicyliden-
imine units or in the aryl bridging group often tunes the meso-
phases exhibited by these complexes, including disappearance
of the mesomorphism.[8,23] Incorporating metal in a square-pla-
nar geometry is another challenging aspect because tetrahedral
distortions away from planar geometry, in some cases, disrupt
the required anisotropy of the core, in turn frustrating meso-
morphism.[24] In the past few years, we have explored the me-
somorphism of salphen-based metal complexes with different
electron-donating or -withdrawing substituents across the
phenylene spacer and have studied the effects of the substitu-
ents and or the nature of the central metal ion on mesomor-
phism.[23,25–32]

It is pertinent to mention here that the unusual square-pla-
nar geometry around the ZnII center generated by the rigid
ligand framework in these complexes leaves a vacant axial coor-
dination site, leading to high Lewis acidity of the Zn2+ ion.[33]

Bulky substituents at the 3,3′-positions of the salicyldehyde
fragments in these ligands are known to lead to the isolation
of unique square-planar complexes,[34] precluding chelation to
suitable Lewis bases/donor ligands or the formation of aggre-
gates/self-assembled structures.[1,33] The Lewis acidity of the
ZnII–salphen complexes also makes them versatile supramolec-
ular building blocks,[5] chromogenic and fluorogenic chemosen-
sors for detection of biologically relevant molecules,[35–37] se-
lective receptors for tertiary amines,[38] and catalysts,[22,39] and
has motivated exploration of their unique second-order nonlin-
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ear optical properties.[6,7] Further, the square-pyramidal geome-
try of the vanadyl ion in oxovanadium(IV)–salphen complexes
renders the coordination sphere unsaturated. The structure can
be related to an octahedron with an axial vacant site, which
can be filled quite readily through intermolecular dative interac-
tions or coordination to neutral or anionic donors or Lewis
bases.[24,40] Dative interactions are of particular interest in the
case of the square-pyramidal vanadyl complexes because they
produce linear chain-like structures, (···V=O···V=O···) creating a
polar order. This offers possibilities for the generation of new
ferroelectric/piezoelectric materials.[41]

Against this backdrop, we report a series of “salphen”-type
symmetric N,N-bis(4-n-alkoxysalicylidene)-4,5-dichloro-1,2-
phenylenediamine ligands (n = 12, 14, 16) and their complexes
with VOIV, NiII, CuII, and ZnII metal ions. The “dichloro-phenylene
spacer” was chosen in this work to allow exploration both of
the steric and the electronic effects of the two vicinal electro-
negative chloro groups on the overall mesomorphic and photo-
physical properties of the newly synthesized compounds. The
effects of metal coordination on mesomorphism and on the
photophysical properties of the salphen ligands have been in-
vestigated. Except in one instance, in which a long (C-12) alk-
oxy-substituted spacer has been employed to access some me-
somorphic MnIII complexes there appear to be no other exam-
ples of metallomesogens based on salphen systems with vicinal
disubstituted spacer groups in the literature.[8] The free ligands
are non-mesomorphic; however, coordination to NiII and ZnII

ions induces columnar mesomorphism in the resulting com-
plexes, although the VOIV and CuII complexes are non-meso-
morphic. Interestingly, for the ZnII complexes, the mesophase
formed is observed to be stable down to room temperature.
The free ligands and the ZnII complexes showed photolumines-
cence both in solution and in the condensed state. In addition,
the ZnII and VOIV complexes showed interesting solvatochro-
mism, with the former showing concomitant formation of ag-
gregates depending on the coordinating ability of the solvent.

Results and Discussion

Synthesis and Characterization

Condensation of 4-n-alkoxy-substituted salicylaldehydes with
4,5-dichlorobenzene-1,2-diamine afforded the corresponding
salphen ligands. Complexes were obtained by treatment of the
corresponding Schiff bases with vanadyl sulfate (VOSO4·H2O),
nickel acetate [Ni(OAc)2·2 H2O], copper acetate [Cu(OAc)2·
2 H2O], or zinc acetate [Zn(OAc)2·2 H2O] in 1:1 molar ratio. The
strategy implemented for the synthesis of ligands [N,N-bis(4-n-
alkoxysalicylidene)-4,5-dichloro-1,2-diaminobenzene], abbrevi-
ated as nc2pd (number of carbon atoms in alkyl chains n = 12,
14, and 16) and the mononuclear complexes (VO-nc2pd, Ni-
nc2pd, Cu-nc2pd, or Zn-nc2pd) is summarized in Scheme 1. The
structure of the ligands and the corresponding complexes were
ascertained by elemental analyses and UV/Visible, FTIR, and 1H
NMR (for ligands and NiII and ZnII complexes only) spectro-
scopy.
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Scheme 1. (i) CnH2n+1Br, KHCO3, KI, dry acetone, Δ, 24 h, (ii) glacial acetic
acid, absolute EtOH, Δ, 3 h, (iii) M(OAc)2·2 H2O (M = Ni, Cu, Zn)/VOSO4·H2O,
MeOH, stirring, 3 h.

The IR spectra of the ligands showed bands corresponding
to the νC=N and νO–H vibrations at ca. 1614 and 3436 cm–1,
respectively. For the corresponding metal complexes the νC=N

vibrations were observed at lower wavenumbers than for the
free ligands along with the absence of νO–H vibrations, suggest-
ing coordination of the imine nitrogen and phenolate oxygen
to the metal center. The VOIV complexes additionally showed
νV=O stretching at ca. 971 cm–1 indicating the absence of any
intermolecular (···V=O···V=O···) interaction, consistently with
the monomeric nature of the complexes.[25] The V=O stretching
frequency is an indicative test for oxygen bridging in five-coor-
dinate square-pyramidal vanadyl(IV) complexes. In general, for
polymeric complexes this band appears below 900 cm–1, due
to linear chain interactions, whereas for monomeric ones it is
located in the 900–1000 cm–1 region.[25,42]

The 1H NMR spectra of the ligands (nc2pd) showed charac-
teristic signals at δ = 13.17 ppm, corresponding to the OH pro-
tons, and ca. 8.52 ppm, for the symmetric imine protons. The
1H NMR spectra of the corresponding NiII and ZnII complexes
did not exhibit any signal for the phenolic –OH proton. How-
ever, upfield shifts in the peak positions of –N=CH protons with
respect to the free ligands were observed for both complexes,
confirming azomethine nitrogen coordination.

Liquid Crystalline Properties

The thermal behavior of the ligands and of the corresponding
metal complexes was investigated by polarizing optical micros-
copy (POM), differential scanning calorimetry (DSC), and varia-
ble-temperature powder X-ray diffraction (XRD). The ligands are
non-mesomorphic, melting directly to isotropic liquids at 80–
90 °C. However, coordination of the salphen ligands, particularly
to ZnII and NiII ions, conferred liquid crystalline properties on
the resulting complexes. The CuII complexes decomposed just
at the onset of melting at 120 °C. The VOIV analogues, on the
contrary, decomposed prior to melting at temperatures higher
than 280 °C, precluding any mesomorphic study. This unusual
thermal behavior of the VOIV and CuII complexes can be ex-
plained by invoking axial interaction for the stability of the
mesophase.
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Square-planar copper(II)–salen or –salphen complexes are
coordinatively unsaturated and the metal center usually
achieves full occupation through interaction with neighboring
molecules in the axial direction. This additional interaction fa-
vors the formation of a one-dimensional array of the mol-
ecules.[24] Tetrahedral distortions away from the square-planar
coordination in some cases prevent this axial interaction involv-
ing oxygen atoms of neighboring mesogens, preventing meso-
phase formation.[24,43] In the current salphen-CuII complexes,
the electron-withdrawing dichloro substitution on the phenyl-
ene spacer is considered to disturb the axial interaction, hence
resulting in decomposition of the complexes. Similar observa-
tions were noted earlier in the cases of analogous CuII–salphen
complexes with nitro-substituted phenylene spacers.[23]

The VOIV–salphen complexes, on the other hand, each adopt
a square-pyramidal geometry, which is nonplanar and less
anisotropic. The axial vanadyl oxygen atom is believed to form
a weak dative bond with the vanadium atom of a neighboring
mesogen, thus assembling the cores into an one-dimensional
array, favoring mesophase formation.[24] Again, too-rigid linear
V=O···V=O interactions may lead to polymeric complexes, caus-
ing loss of mesomorphism.[42] Therefore, the length of the V=O
bond (i.e., the extent of axial interaction) is crucial to the forma-
tion of mesophases. The relatively high temperatures of decom-
position of the VOIV complexes in this study can thus be ac-
counted for by invoking (i) the presence of the dichloro substit-
uents on the phenyl spacer, which might somewhat obscure
the extruding oxo group, or (ii) possible trigonal-bipyramidal
distortion in the metal coordination geometry.[24]

The complexes Ni-nc2pd and Zn-nc2pd exhibited enantio-
tropic mesomorphism (Table 1). The NiII complexes displayed a
somewhat atypical texture (Figure 1, a) at 150 °C upon slow
cooling from the isotropic melt. The ZnII complexes, on the
other hand, showed a broken fan-like texture characteristic of
columnar phases (Figure 1, b) at 160 °C.[44] The optical texture

Figure 1. POM photographs of (a) Ni-16c2pd at 150 °C and (b) Zn-16c2pd at
160 °C, on cooling.

Table 1. Thermodynamic data for the NiII and ZnII complexes. Transition temperatures are given in °C, and the corresponding enthalpy changes are in
parentheses (ΔH, J g–1). Cr, Cr1, and Cr2 refer to phases that are crystalline or solid. Colo: oblique columnar phase. Colr: rectangular columnar phase.

Heating cycle[a] Cooling cycle[a]

Ni-12c2pd Cr 105(1.3) Colo 192(21.3) I I 185(22.9) Colr 99(1.3) Cr
Ni-14c2pd Cr 98(59.3) Colo 184.5(9.9) I I 172(25.1) Colo 79(3.5) Cr
Ni-16c2pd[b] Cr 75.7(20.5) Cr1 100.6(6.9) Cr2 128(45.7) Colo 167(6.8)I I 127(12.3) Colo 104(1.3) Cr2 73(13.3) Cr1 68(5.5) Cr
Ni-16c2pd[c] Cr 81.6(20.4) Cr1 98.3(–3.7) Cr2 128(29.8) Colo 169(7.4)I I 127(11.5) Colo 103(1.6) Cr2 73.2(13.1) Cr1 68(5.3) Cr
Zn-12c2pd Cr 144(15.4) Colr 253(1.4) I I 247.3[d] (–) Colr
Zn-14c2pd Cr 122(20.6) Colr 235(1.7) I I 225.4[d] (–) Colr
Zn-16c2pd Cr 111(23.2) Colr 183(1.2) I I 177.2[d] (–) Colr

[a] DSC peak temperature. [b] First heating. [c] Second heating. [d] Optical microscopy data.
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of the Zn-nc2pd complexes remained unaltered down to room
temperature.

The DSC thermogram of Ni-16c2pd displayed four endother-
mic peaks in the first heating cycle, due to two crystal–crystal
transitions, one crystal–mesophase transition, and one meso-
phase–isotropic liquid transition (Figure 2, a). In the cooling
cycle, four exothermic peaks were observed, corresponding to

Figure 2. DSC thermogram of (a) Ni-16c2pd during first and second heating
and cooling cycles, and (b) Zn-16c2pd during first heating and cooling cycles.
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isotropic liquid–mesophase, mesophase–crystal, and two crys-
tal–crystal transitions. The endothermic peak observed at
101 °C in the first heating run appeared as an exothermic peak
at 98 °C in the second heating run (Figure 2, a). This is surmised
to be originating from a low-energy crystal packing at higher
temperatures.[45] The DSC traces for Ni-12c2pd and Ni-14c2pd,
however, each consisted of only two peaks both in the heating
and in the cooling cycle (Figures S1 and S2 in the Supporting
Information and Table 1). The DSC thermogram of Zn-nc2pd
with n = 12 (Figure S3 in the Supporting Information), 14 (Fig-
ure S4 in the Supporting Information), and 16 (Figure 2, b) each
displayed two endothermic peaks in the heating cycle, corre-
sponding to crystal–mesophase and mesophase–isotropic liq-
uid transitions. In the cooling cycle, the isotropic liquid–meso-
phase transition as observed in the POM could not be identified
by DSC. The absence of this peak in the cooling cycle of the
DSC thermogram, accompanied by the low enthalpy value for
the mesophase–isotropic liquid transition in the heating scan,
suggests that the mesophase is highly disordered.[46] A gradual
decrease in the clearing temperature was noted on increasing
the number of carbon atoms in the alkoxy arms. The isotropic
liquid-to-mesophase transition temperature also displayed simi-
lar trends with increasing chain length. The reversibility of the
thermal behavior was verified by DSC in subsequent heating/
cooling cycles.

The XRD pattern of Ni-16c2pd at 126 °C (Figure 3) consisted
of a number of Bragg diffraction peaks in the small-angle re-
gion. In addition, two diffuse halos were observed in the wide-
angle region: a broad one at 4.7 Å for the lateral short-range
order of molten alkyl chains and another, less broad halo at
3.7 Å, probably due to the liquid-like correlation between adja-
cent cores. X-ray diffraction profiles obtained over a wide tem-
perature range (126–80 °C) were very similar (Figures S5 and S6
in the Supporting Information). Profile fitting of the data
matched well with those for a two-dimensional oblique colum-
nar phase (Colo) with a p1 space group.[47,48] The lattice parame-
ters a, b, and γ were found to be 57.39 Å, 99.38 Å, and 69.8°,
respectively (Table 2). In a columnar oblique phase, the elemen-
tary cell is made up of two columns (Figure 5a, below).[47,48] If
a density of 1 g cm–3 is assumed for these half-discoid mol-
ecules[48] and a periodic stacking value of 3.7 Å of the molecular
cores within the column is estimated, we can infer that the

Figure 3. X-ray diffraction pattern of Ni-16c2pd at 126 °C.
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columnar cross-section is made up of six molecules (Ncol = 6).
To account for the supramolecular organization in the meso-
phase, it is assumed that the molecules of the nickel complexes
self-assemble into dimers in an antiparallel fashion (Figure 5, c,
below).[8,23] Three such dimers stack side by side to cover the
surface area of a thin slice of a disk.[8] The lattice constant a in
this case is considerably greater than the DFT-optimized radius
of a fully extended molecule (vide infra), thus further support-
ing the proposed arrangement.

Table 2. X-ray diffraction data for Ni-16c2pd and Zn-16c2pd.

Temp. dmeas. dcalcd. Miller Mesophase
[°C] [Å][a,b] [Å][a] indices parameters[d]

(hkl)[c]

Ni-16c2pd 126 39.59s 39.59 110 Colo, p1
22.92s 22.92 130 ao = 57.32 Å
19.80s 19.80 100 bo = 99.38 Å
16.21s 16.21 250 γ = 69.8°
13.17s 13.20 330 So = 5346.05 Å2

11.96s 12.13 450 Vcell = 20052.23 Å3

11.41s 11.44 030 Scol = 2673.03 Å2

10.63s 10.72 570 Vmol = 1629.86 Å3

9.92s 9.90 200 Ncell = 12.3, Ncol =
6.15

9.58s 9.54 380
8.87m 8.73 270
8.44m 8.58 680
8.08m 8.08 430
7.77m 7.77 2̄10
6.90m 6.86 050
5.80m 5.77 530
4.74d 4.67 –
4.01 4.01 620
3.75 – –

Zn-16c2pd 140 44.78s 45.83 100 highly disordered LC
4.5d – –

25 52.12s 51.35 100 Colr, p2mm
30.97s 31.00 010 ar = 51.35 Å
24.56s 25.67 200 br = 31.0 Å
16.47m 17.12 300 Sr = 1591.85 Å2

15.56m 15.50 020 Vcell = 6717.6 Å3

4.22d – – Vmol = 1543.20 Å3

Ncell/Ncol = 4.35

[a] dmeas. and dcalcd. are the experimentally measured and calculated diffrac-
tion spacings. [b] Intensities of the reflections, s: sharp, m: medium, d: diffuse.
The distances are given in Å. [c] [hkl] are the Miller indices of the reflections.
[d] Phase parameters, Colo phase: 1/dhk = 1/sinγ √[(h/ao)2 + (k/bo)2 – (2hk
cosγ/aobo)], γ is columnar tilt angle; lattice area, So = aobosinγ; columnar
cross-section, Scol = aobo/2; Colr phase: ar = d10; 1/dhk = √[(h/ar)2 + (k/br)2];
columnar cross-section in the rectangular cell, Sr = arbr. Vcell, volume of an
elementary cell: Colo phase, Vcell = aobosinγ × h; Colr phase, Vcell = arbr×h,
where h is intracolumnar repeating distance. Vmol (molecular volume) is deter-
mined by considering a density of 1 g cm–3 according to the relationship
MW/λρNA, where MW is the molecular weight, NA is the Avogadro number,
and λ(T) is a temperature correction coefficient at the temperature of the
experiment (T), λ(T) = VCH2

(To)/VCH2
(T), where VCH2

(T) = 26.5616 + 0.02023 T
is the volume of a methylene group (in Å3) at a given temperature (in °C),
and T° = 25 °C. Ncell is the number of molecules per unit cell, and Ncol is the
number of molecules per columnar cross-section.

The X-ray diffractogram of Zn-16c2pd at 140 °C (Figure 4, a)
consisted of a single diffraction maximum at low angles that
corresponds to Miller index (100). At wide angles, a broad halo
was observed at 4.6 Å, corresponding to liquid-like correlation
of the molten alkyl chains. The absence of additional character-
istic features in the diffraction pattern precluded unambiguous
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assignment of the mesophase at higher temperatures. The dif-
fraction pattern at 25 °C (Figure 4, b), however, consisted of five
reflections in the small-angle region, at 52.12, 30.97, 24.56,
16.47, and 15.56 Å (Table 2). In fact, spacing for the second
reflection, from the lowest-angle side, is far from being a sec-
ond harmonic of the first peak. Thus, a lamellar structure is
ruled out. Accordingly, these were assigned as (100), (010),
(200), (300), and (020) reflections of a two-dimensional rectan-
gular lattice. Application of extinction rules to the estimated
indexations excluded the possibility of the c2mm and p2gg
plane groups (for c2mm, hk: h + k = 2n, h0: h = 2n, 0k: k = 2n;
for p2gg, hk: no conditions, h0: h = 2n, 0k: k = 2n) that are
commonly observed.[44,49] Also, the absence of reflections with
a set of restrictions; hk: no conditions, h0: no conditions, 0k:
k = 2n, ruled out the possibility of p2mg symmetry.[44,49] In this
scenario, because no specific symmetry rules are followed it is
presumed that the columns are packed in accordance with an
overall p2mm symmetry (Figure 5, b).[49] In addition to the
small-angle reflections, a broad halo was observed in the wide-
angle region at 4.2 Å, corresponding to the liquid-like nature of
molten alkyl chains. However, no second diffuse peak such as
would be expected for intracolumnar stacking was observed,
thus suggesting high disorder along each column, which would
also justify small enthalpy values associated with the clearing
process.[46] If a stacking periodicity of 4.2 Å for the molecular
cores is assumed, it could be deduced that the columnar cross-

Figure 4. X-ray diffraction pattern of Zn-16c2pd: (a) at 140 °C, and (b) at room
temperature (25 °C).

Figure 5. Schematic illustration of (a) unit cell of a two-dimensional columnar
oblique lattice (p1), (b) unit cell of a two-dimensional rectangular columnar
p2mm lattice, and (c) model for dimeric association of the molecules and
molecular organization in the mesophase.
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section is formed by four molecules. In this case, the columnar
cross-section is formed by lateral arrangement of two dimers
(Figure 5, c). The lattice parameter ar (51.35 Å) in this case is
smaller than that of the NiII complex, consistently with the pro-
posed organization. Also, the columnar mesophase of the ZnII

complex is rather disordered at high temperatures, relative to
the NiII complexes, so indexation of the PXRD pattern was only
possible at room temperature, in a frozen state. Size of the
metal ion, in addition to the geometry of the core, is therefore
an important factor and any significant variation in the ionic
radii also affects the thermal stability of the resulting com-
plexes.[50]

A rich mesomorphic diversity has also been found in struc-
turally related salphen systems containing unsubstituted or
monosubstituted phenylenediamine spacers, containing either
electron-donating methyl or electron-withdrawing chloro or
nitro substituents. A critical comparison of the metal complexes
of all such ligand systems with regard to mesomorphism is pre-
sented in Table 3. In cases of salphen systems with unsubsti-
tuted or electron-donating methyl-substituted spacers, al-
though the complexes are all mesomorphic, the thermal stabil-
ity and/or the nature of the two-dimensional packing of the
columns in the lattices are quite different.[23,25,26,29,31,32] For

Table 3. Mesomorphism and photoluminescence of metal complexes with
different “salphen” spacer substituents (PL: photoluminescence, +: PL-active.
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nitro-substituted salphen ligands, whereas the NiII complexes
are mesomorphic, the CuII complexes undergo decomposi-
tion.[23,26] Similar behavior has been noted for the CuII com-
plexes studied here. CuII complexes of unsubstituted or methyl-
substituted ligands were, however, mesomorphic, displaying
Colrp or Colr phase, respectively.[23]

The previously reported NiII complexes all exhibited rectan-
gular columnar mesophases (c2 mm), though the phase transi-
tion is monotropic for nitro- and methyl-substituted derivatives
and enantiotropic for unsubstituted ones.[26] The NiII complexes
currently under study, however, show enantiotropic oblique co-
lumnar phases.

Of the differently substituted ZnII complexes, those without
any substituent or with an electron-donating methyl group in
the spacer displayed monotropic columnar mesomorphism.
Mesophases exhibited by these complexes were either rectan-
gular/oblique columnar (P222/P112) or hexagonal columnar of
varied symmetries.[31,32] In contrast, with the electron-withdraw-
ing Cl substituent in the spacer, enantiotropic phase behavior
is observed for the chloro-substituted ZnII complexes, which
exhibit rectangular columnar phases with p2gg symmetry.[27]

In the case of VOIV complexes, whereas the unsubstituted
ones exhibited columnar lamellar mesomorphism, a cross-over
between two rectangular columnar phases has been observed
in the methyl-substituted representatives.[25,29] In each case the
mesophase is stable down to room temperature and the nature
of the phase transition is enantiotropic. The VOIV complexes
under investigation here, however, undergo high-temperature
decomposition, frustrating mesomorphism in turn.

Thus, a minor modification of the steric or electronic proper-
ties in the spacer can have a major influence on the thermal
properties of the salphen systems and the resulting complexes.
The role of the metal center is also crucial. A subtle interplay of
electronic factors originating from the phenylene spacer and
distortions in coordination geometry associated with the nature
of metal ions might therefore be responsible for the observed
mesomorphic diversity.

Photophysical Properties

The photophysical properties of the salphen ligands nc2pd and
their corresponding metal complexes – VO-nc2pd, Ni-nc2pd,
Cu-nc2pd, and Zn-nc2pd – were recorded in dichloromethane
solution (conc. 10–5 M) and in the solid state at 298 K (Figures 6
and 7). The spectroscopic data for the compounds are listed in
Table 4.

The salphen ligands each exhibited two broad absorption
bands with maxima at 300 nm and 336 nm and a shoulder at
355 nm corresponding to π–π* transitions of the aromatic rings
and the imine unit (Figure 6). After coordination, all the absorp-
tion bands were shifted significantly to longer wavelengths,
with the longer-wavelength feature acquiring substantial
charge-transfer character. For CuII complexes, an additional
peak was observed at 350 nm in each case. For NiII complexes,
the higher-wavelength feature at 475 nm (Figure 6) is believed
to be of charge-transfer character. This is ascribed to the excita-
tion of filled d orbital electrons into the empty antibonding π
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Figure 6. UV/Visible spectra of 16c2pd and its metal complexes in dichloro-
methane solution (1 × 10–5 M, room temp.).

Figure 7. (a) Absorption (left) and normalized fluorescence emission (right)
spectra of 16c2pd, and (b) absorption (left) and normalized fluorescence
emission (right) spectra of Zn-16c2pd in dichloromethane (1 × 10–5 M, room
temp.) solution (–), solid state (----) and mesophase (···). Side panels show
photoluminescence pictures of solution (top), solid state (middle), and meso-
phase [bottom, (b) only], respectively, as seen after irradiation with 366 nm
light.

orbitals (d→π*) of the salphen ligand.[51,52] Moreover, the alkyl
chain length variation had virtually no effect on the spectral
behavior in all cases.
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Table 4. Absorption data for the ligands (n = 12, 14, 16) and their metal complexes in various solvents, molar absorption coefficient (ε) in M–1 cm–1, and
photoluminescence data for ligands and ZnII complexes in solution and the solid state at 298 K. (-do- stands for a value similar to that of the preceding data
in the column.)

Solvent λabs(ε/104) nm [a]λem
max [nm] [b]λem

max [nm] [c]ΦF(solution)
[d]ΦF(solid)

(solution) (solid)

12c2pd CH2Cl2 300(2.2), 336(2.9), 358(2.5) 460 538 0.09 0.04
14c2pd -do- 300(2.2), 336(3.1), 358(2.4) -do- -do- 0.10 0.03
16c2pd -do- 300(2.3), 336(3.0), 358(2.5) -do- -do- 0.10 0.04
VO-12c2pd -do- 334(2.8), 410(3.1), 427sh (2.6) – – – –
VO-14c2pd -do- 334(2.7), 410(3.1), 427sh (2.5)
VO-16c2pd -do- 334(2.8), 410(3.2), 427sh (2.6)
Ni-12c2pd -do- 317(2.5), 396(2.9), 475 (1.4) – – – –
Ni-14c2pd -do- 317(2.7), 396(3.0), 475 (1.7)
Ni-16c2pd -do- 317(2.6), 396(2.9), 475 (1.5)
Cu-12c2pd -do- 328(2.2), 350(1.9), 407 (3.2) 433sh (2.4) – – – –
Cu-14c2pd -do- 328(2.3), 350(1.8), 407 (3.2) 433sh (2.3)
Cu-16c2pd -do- 328(2.3), 350(1.8), 407 (3.1) 433sh (2.3)
Zn-12c2pd -do- 327(3.2), 386(2.5), 411sh (2.1) 468 504 0.19 0.07
Zn-14c2pd -do- 327(3.4), 386(2.6), 411sh (2.3) -do- -do- 0.19 0.07
Zn-16c2pd CH2Cl2 327(3.3), 386(2.6), 411sh (2.2) 468 -do- 0.20 0.08

CHCl3 327(3.5), 386(2.8), 413sh (2.3) 468 0.20
toluene 327(3.3), 391(2.9), 415sh (2.4) 468 0.21

THF 323(3.5), 403(3.4), 426sh (2.6) 469 0.30

[a] λex = 336 nm (ligand), 320 nm (Zn complex). [b] λex = 386 nm (ligand), 320 nm (Zn complex). [c] Estimated error: ± 5 %. [d] Estimated error: ± 10 %.

Photoluminescence study of the compounds was carried out
in dichloromethane solution (conc. 10–5 M) and in the solid state
at room temperature. Emission spectra in the solid state were
recorded by placing a uniform powder sheet of the sample be-
tween two quartz plates. The ligands and the ZnII complexes
are luminescent. As a representative example, Figure 7 shows
the photoluminescence spectra of 16c2pd and Zn-16c2pd, re-
spectively. Emission spectra of the ligands in dichloromethane
solution each consisted of a broad band with maxima at ca.
460 nm associated with intraligand π–π* electronic transitions.
Previously reported unsubstituted or monosubstituted ligands
were however, nonluminescent.[26,27,31,32] Further, whereas the
corresponding NiII complexes were both photoluminescent, the
NiII complexes with the dichloro-substituted phenylenediamine
spacer currently under investigation are not (Table 4). The emis-
sion maxima for the corresponding ZnII complexes were batho-
chromically shifted (ca. 8 nm) relative to the free ligands. The
observed fluorescence emission in the ZnII complexes origi-
nates from metal-perturbed π–π* ligand-centered transitions.
The emission intensity is increased on complexation because
chelation provides additional rigidity to the salphen frame-
work.[27]

The solid-state emission spectra of the ligands and the ZnII

complexes indicated a structure similar to that in solution (Fig-
ure 7, a and b). However, emission maxima both for the ligands
and for the corresponding ZnII complexes were substantially
red-shifted with respect to solution, with the associated shifts
for the ligands and for the ZnII complexes being 78 nm and
36 nm, respectively. The red shift of the emission maxima in
the solid state can be attributed to closer association of aro-
matic cores with a reduction in the local mobility, which redu-
ces deactivation through non-radiative channels.[27] As for the
ZnII complexes, because the mesophase is stable down to room
temperature, a photoluminescence study was conducted in this
state as well. The mesophase emission maximum is located at
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518 nm (λexc. = 320 nm), bathochromically shifted with respect
to that observed in solution (468 nm) and in the solid state
(504 nm).

In addition, a solvatochromic study of a representative com-
plex from each series – VO-16c2pd, Ni-16c2pd, Cu-16c2pd, and
Zn-16c2pd – in dilute solutions in solvents (10–5 M) of different
polarities was also carried out. For the CuII and the NiII com-
plexes, absorption features in coordinating solvent (THF) were
similar to those observed in the case of noncoordinating sol-
vents (Figure S8, Figure S9, and Table S1 in the Supporting In-
formation).

Absorption spectra of VO-16c2pd in noncoordinating sol-
vents consisted of two well-defined bands at 334 nm and
410 nm with a shoulder at 427 nm; however, in coordinating
solvent (THF) only two bands were observed, with substantial
broadening and red shift of the second absorption feature and
the shoulder at longer wavelength being overlapped by the
second band (Figure S7 and Table S1 in the Supporting Infor-
mation). This observation can be related to the weak interaction
of the solvent molecule trans to the vanadyl oxo ligand.[53] The
d level ordering in five-coordinate square-pyramidal complexes
of vanadyl ion (VO2+) is:[54] dxy < dπ(dxz, dyz) < dx2 – y2 < dz2. The
lower-wavelength band is ascribed to the dxy → dx2 – y2 transi-
tion whereas the higher-wavelength band appears to be due to
the dxy → dπ transition of vanadium. The antibonding dπ orbital
participates in the pπ → dπ donation from the vanadyl oxygen
atom, whereas the antibonding dx2 – y2 orbital depends on the
strength of the in-plane ligand field. To minimize the accumula-
tion of charge on VIV, the π donation from the axial oxygen
decreases as the in-plane donor strength of the ligand in-
creases.[55] It is speculated that the square-pyramidal structure
of the complex is subtly perturbed upon solvent coordination,
with the V=O group moving toward the equatorial plane of the
ligand, resulting in an enhancement of the ligand–vanadium
interaction. Coordination of a solvent molecule in the sixth po-
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Figure 8. (a) UV/Visible (left) and fluorescence (right) spectra of Zn-16c2pd in
noncoordinating and coordinating solvents (1 × 10–5 M). (b) Concentration-
dependent UV/Visible absorption spectra of Zn-16c2pd (CH2Cl2, room temp.).

sition, trans to the axial oxygen, thus decreases the π-donation
of the axial oxygen to the metal. As a result the antibonding dπ

orbital is stabilized whereas the dx2 – y2 orbital is destabilized.
This accounts for the decrease in the molar absorptivity values
and the observed shift in THF.

The ZnII complexes, however, exhibited an interesting sol-
vent-induced aggregation phenomenon. The absorption spec-
tra of Zn-16c2pd in noncoordinating solvents (e.g., CH2Cl2,
CHCl3, toluene) showed two well-defined bands located at ca.
328 nm and 386–391 nm, together with a shoulder at 413 nm
(Figure 8, a), indicating the presence of aggregates.[56,57] On
switching to a coordinating solvent (e.g., THF), solvent-induced
deaggregation caused substantial changes in the optical ab-
sorption spectrum. Hyperchromism accompanied by a red shift
of the longer-wavelength feature was observed. The results are
consistent with the formation of H-type aggregates, similarly to
what has been observed in related salphen systems.[56] Concen-
tration variations had no effect on these spectral features up to
a concentration of 1 × 10–4 M (Figure 8, b). Photoluminescence
spectra of Zn-16c2pd (Figure 8, a) in noncoordinating solvents
each consisted of a broad band with a maximum at about
468 nm. This remained virtually unaltered in THF, though an
enhancement in fluorescence intensity, indicating the formation
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of a 1:1 adduct, could be observed. The emission quantum yield
(EQY) values in noncoordinating solvents (e.g., CH2Cl2, CHCl3,
toluene) are close to 20 %; this is enhanced (EQY = 30 %) upon
deaggregation in THF. Quenching of fluorescence of face-to-
face-stacked H-type dimer aggregates (sandwich-type dimers)
relative to monomer in the present case, as well as in previous
ones with asymmetrically methyl-substituted ZnII–salen[57] and
analogous ZnII–salphen complexes,[56] may be argued to be a
consequence of rapid energy relaxation of the lower excited
states.[58]

DFT Study

Because diffraction-quality single crystals could not be isolated,
density functional theory (DFT) was used to arrive at the en-
ergy-optimized electronic structures of the complexes. The rep-
resentative ZnII complex Zn-16c2pd was chosen for the pur-
pose. All the quantum chemical calculations were performed
with the GAUSSIAN 09 program package.[59] The ground-state
geometry optimization of the complex in the gas phase was
performed by use of the three-parameter fit of the Becke hybrid
functional combined with the Lee–Yang–Parr correlation func-
tional termed the B3LYP hybrid,[60,61] as well as generalized gra-
dient approximation (GGA) exchange along with the 6-
311+G(d,p), 6-31+G(d,p), 6-31G(d), and 6-31G basis sets[62] for
Zn, N and O, C and H, respectively, without imposition of any
symmetry constraint. The appropriate structure of the complex
was confirmed as an energy minimum by calculation of the
vibrational frequency and confirmation of the absence of any

Table 5. Selected interatomic distances [Å] and angles [°] in Zn-16c2pd opti-
mized at the B3LYP level.

Structural parameter Interatomic distances [Å] and angles [°]

Zn–O1 1.912
Zn–O2 1.912
Zn–N1 2.039
Zn–N2 2.039
O1–Zn–O2 104.2
N1–Zn–N2 81.0
N1–Zn–O1 92.6
N2–Zn–O2 92.6
N1–N2–O2–O2 –33.3
N1–O1–O2–N2 30.9
molecular length 42.6
dipole moment 1.28 D

Figure 9. Optimized electronic structure of Zn-16c2pd.
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imaginary frequencies. Key geometric parameters of the opti-
mized Zn-16c2pd complex, estimated by DFT at the B3LYP level,
are gathered in Table 5. Average bond angles about the metal
center suggest a distorted square-planar geometry for the ZnII

complex (Figure 9).

Conclusions

In summary, we have presented syntheses of a new series of
symmetric “salphen”-type ligands and their 1:1 metal com-
plexes with VO2+, Ni2+, Cu2+, and Zn2+ metal ions. Interesting
metal-coordination-induced mesomorphic behavior is demon-
strated by otherwise non-mesomorphic ligands; the role of the
metal ion being crucial. Whereas the CuII complexes decompose
just at the onset of melting, VOIV complexes decompose prior
to melting at higher temperatures. The NiII and ZnII complexes,
however, show columnar oblique and columnar rectangular
phases, respectively, the latter being stable down to room tem-
perature, thus affording room temperature mesomorphism. The
ligands and their ZnII complexes are also luminescent entities
both in solution and in the solid state. The photoluminescence
properties of the ZnII complexes are preserved in the meso-
phase as well. Further, the vacant axial coordination sites in the
square-planar ZnII and the square-pyramidal VOIV centers in the
corresponding complexes facilitate solvatochromism, with the
former also exhibiting aggregate or monomer formation in sol-
vents of different coordinating ability. The CuII and NiII com-
plexes lack such solvatochromism. The metal-coordination-in-
duced mesomorphism, coupled with solvatochromic effects, in
these salphen-ligated systems are of particular relevance to the
design of functional entities with both thermo- and chemo-
sensing properties.

Experimental Section
Materials and Physical Measurements: The reagents were pro-
cured from Sigma–Aldrich, USA, and TCI Chemicals, Japan. All sol-
vents were purified and dried by standard procedures. Silica (60–
120 mesh) from Spectrochem was used for chromatographic sepa-
ration. Silica gel G (E. Merck, India) was used for TLC. Elemental
analyses for carbon, hydrogen, and nitrogen were carried out with
an Elementar Vario EL III Carlo–Erba 1108 elemental analyzer. The
1H NMR spectra were recorded with a Bruker Avance II 400 MHz
spectrometer in CDCl3 (chemical shift in δ) solution with TMS as
internal standard. Infrared spectra were recorded with a Perkin–
Elmer BX series spectrometer on KBr discs in the 400–4000 cm–1

range. Absorption spectra of the compounds were recorded with
a Perkin–Elmer Lambda 35 spectrophotometer. Photoluminescence
spectra were recorded with a Hitachi F-4600 Fluorescence spectro-
photometer. The fluorescence emission quantum yields (EQYs) in
degassed dichloromethane solutions were determined by the stan-
dard optically dilute method with 9,10-diphenylanthracene (EQY =
0.96, in cyclohexane) as standard. Quantum yields in the solid state
were measured with a 50 mm integrating sphere, in which the solid
sample film was excited by a pulsed Xenon source (400 V, 150 W)
coupled with holographic concave grating monochromators for se-
lecting wavelengths. The resulting luminescence was acquired with
an intensified charge-coupled detector for subsequent analyses.
Optical textures of the different phases of the compounds were
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recorded with a Nikon ECLIPSE LV100 POL polarizing microscope
together with Instec hot and cold stage HCS402, with STC200 tem-
perature controller of 0.1 °C accuracy. The thermal behavior of the
compounds was studied with a Pyris-1 system linked to a Perkin–
Elmer differential scanning calorimeter (DSC) with a heating or cool-
ing rate of 5 °C min–1. Variable-temperature powder X-ray diffrac-
tion (XRD) studies were carried out with samples filled in Linde-
mann capillaries. The apparatus essentially involved a high-resolu-
tion X-ray powder diffractometer (PANalytical X'Pert PRO) with a
high-resolution fast detector PIXCEL. Quantum chemical calculation
of a representative ZnII complex was performed by density func-
tional theory (DFT) as implemented in the GAUSSIAN 09 package.

Synthesis and Analysis

Synthesis of 4-n-Alkoxysalicyldehydes (n = 12, 14, 16): These
alkoxysalicylaldehydes were prepared as described previously.[27]

Synthesis of Imine Ligands

N,N-Bis(4-n-alkoxysalicylidene)-4,5-dichloro-1,2-phenylenedi-
amines nc2pd (n = 12, 14 or 16): A solution of 4,5-dichloro-1,2-
phenylenediamine (0.09 g, 0.5 mmol) in ethanol was added to a
ethanolic solution of the corresponding 4-n-alkoxysalicylaldehyde
(1 mmol). The solution mixture was heated under reflux with a few
drops of acetic acid as catalyst for 3 h to yield the yellow Schiff
base. The product was collected by filtration and recrystallized from
absolute ethanol.

N,N-Bis(4-dodecyloxysalicylidene)-4,5-dichloro-1,2-phenylene-
diamine (12c2pd): Yellow solid, yield 0.34 g (85 %). 1H NMR
(400 MHz, CDCl3, Me4Si at 25 °C): δ = 13.17 (s, 2 H, OH), 8.52 (s, 2
H, H4), 7.32 (s, 2 H, H5), 7.27 (d, 3JH,H = 8.0 Hz, 2 H, H1), 6.54 (d,
4JH,H = 2.0 Hz, 2 H, H3), 6.51 (dd, 3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2),
4.00 (t, 3JH,H = 6.5 Hz, 4 H, OCH2), 1.82 (m, 4 H, CH2), 1.25–1.61 (m,
36 H, CH2), 0.90 (t, 3JH,H = 6.7 Hz, 6 H, CH3) ppm. IR (KBr): ν̃ = 3437
(νOH), 2916 [νas(C–H), CH3], 2850 [νs(C–H), CH3], 1614 (νC=N), 1298
(νC–O) cm–1. C44H62Cl2N2O4 (753.88): calcd. C 70.10, H 8.29, N 3.72;
found C 70.14, H 8.31, N 3.74.

N,N-Bis(4-tetradecyloxysalicylidene)-4,5-dichloro-1,2-phenyl-
enediamine (14c2pd): Yellow solid, yield 0.32 g (81 %). 1H NMR
(400 MHz, CDCl3, Me4Si at 25 °C): δ = 13.18 (s, 2 H, OH), 8.52 (s, 2
H, H4), 7.31 (s, 2 H, H5), 7.25 (d, 3JH,H = 8.0 Hz, 2 H, H1), 6.53 (d,
4JH,H = 2.0 Hz, 2 H, H3), 6.50 (dd, 3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2),
4.00 (t, 3JH,H = 6.6 Hz, 4 H, OCH2), 1.80 (m, 4 H, CH2), 1.27–1.57 (m,
44 H, CH2), 0.89 (t, 3JH,H = 6.8 Hz, 6 H, CH3) ppm. IR (KBr): ν̃ = 3435
(νOH), 2919 [νas(C–H), CH3], 2849 [νs(C–H), CH3], 1614 (νC=N), 1297
(νC–O) cm–1. C48H70Cl2N2O4 (809.99): calcd. C 71.18, H 8.71, N 3.46;
found C 71.21, H 8.74, N 3.50.

N,N-Bis(4-hexadecyloxysalicylidene)-4,5-dichloro-1,2-phenyl-
enediamine (16c2pd): Yellow solid, yield 0.38 g (83 %). 1H NMR
(400 MHz, CDCl3, Me4Si at 25 °C): δ = 13.17 (s, 2 H, OH), 8.52 (s, 2
H, H4), 7.32 (s, 2 H, H5), 7.27 (d, 3JH,H = 8.0 Hz, 2 H, H1), 6.54 (d,
4JH,H = 2.0 Hz, 2 H, H3), 6.50 (dd, 3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2),
4.00 (t, 3JH,H = 6.5 Hz, 4 H, OCH2), 1.81 (m, 4 H, CH2), 1.28–1.58 (m,
52 H, CH2), 0.90 (t, 3JH,H = 6.7 Hz, 6 H, CH3) ppm. IR (KBr): ν̃ = 3436
(νOH), 2916 [νas(C–H), CH3], 2850 [νs(C–H), CH3], 1613 (νC=N), 1299
(νC–O). C52H78Cl2N2O4 (866.09): calcd. C 72.11, H 9.08, N 3.23; found
C 71.12, H 9.11, N 3.25.

Synthesis of ZnII Complexes Zn-nc2pd (n = 12, 14, 16). General
Procedure: A methanolic solution of Zn(OAc)2·2 H2O (0.02 g,
0.1 mmol) was added slowly to a solution of imine ligand nc2pd
(0.1 mmol) in ethanol, and the mixture was stirred for 3 h at room
temperature. A bright yellow solid formed and was filtered, washed
with diethyl ether, and recrystallized from chloroform/ethanol (1:1).
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Zn-12c2pd: Yellow solid, yield 0.06 g (82 %). 1H NMR (400 MHz,
CDCl3, Me4Si at 25 °C): δ = 8.49 (s, 2 H, H4), 7.29 (s, 2 H, H5), 7.23
(d, 3JH,H = 8.0 Hz, 2 H, H1), 6.52 (d, 4JH,H = 2.0 Hz, 2 H, H3), 6.47 (dd,
3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2), 3.97 (t, 3JH,H = 6.5 Hz, 4 H, OCH2),
1.79 (m, 4 H, CH2), 1.25–1.60 (m, 36 H, CH2), 0.88 (t, 3JH,H = 6.7 Hz,
6 H, CH3) ppm. IR (KBr): ν̃ = 2919 [νas(C–H), CH3], 2848 [νs(C–H), CH3],
1609 (νC=N), 1313 (νC–O) cm–1. C44H60Cl2N2O4Zn (817.25): calcd. C
64.66, H 7.40, N 3.43; found C 64.69, H 7.43, N 3.47.

Zn-14c2pd: Yellow solid, yield 0.07 g (87 %). 1H NMR (400 MHz,
CDCl3, Me4Si at 25 °C): δ = 8.49 (s, 2 H, H4), 7.29 (s, 2 H, H5), 7.23
(d, 3JH,H = 8.0 Hz, 2 H, H1), 6.52 (d, 4JH,H = 2.0 Hz, 2 H, H3), 6.47 (dd,
3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2), 3.97 (t, 3JH,H = 6.5 Hz, 4 H, OCH2),
1.79 (m, 4 H, CH2), 1.25–1.60 (m, 44 H, CH2), 0.88 (t, 3JH,H = 6.7 Hz,
6 H, CH3) ppm. IR (KBr): ν̃ = 2918 [νas(C–H), CH3], 2849 [νs(C–H), CH3],
1608 (νC=N), 1315 (νC–O) cm–1. C48H68Cl2N2O4Zn (873.36): calcd. C
66.01, H 7.85, N 3.21; found C 66.03, H 7.91, N 3.26.

Zn-16c2pd: Yellow solid, yield 0.08 g (85 %). 1H NMR (400 MHz,
CDCl3, Me4Si at 25 °C): δ = 8.49 (s, 2 H, H4), 7.30 (s, 2 H, H5), 7.25
(d, 3JH,H = 8.0 Hz, 2 H, H1), 6.52 (d, 4JH,H = 2.0 Hz, 2 H, H3), 6.48 (dd,
3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2), 3.98 (t, 3JH,H = 6.5 Hz, 4 H, OCH2),
1.78 (m, 4 H, CH2), 1.25–1.58 (m, 52 H, CH2), 0.88 (t, 3JH,H = 6.7 Hz,
6 H, CH3) ppm. IR (KBr): ν̃ = 2917 [νas(C–H), CH3], 2850 [νs(C–H), CH3],
1608 (νC=N), 1314 (νC–O) cm–1. C52H76Cl2N2O4Zn (929.47): calcd. C
67.20, H 8.24, N 3.01; found C 67.17, H 8.29, N 3.05.

Synthesis of NiII Complexes Ni-nc2pd (n = 12, 14, 16)

General Procedure: The ligand nc2pd (0.1 mmol) was dissolved in
as small a volume as possible of ethanol. Addition of a methanolic
solution of Ni(OAc)2·2 H2O (0.02 g, 0.1 mmol) resulted in an orange
red suspension that turned into a microcrystalline solid on further
stirring. The fine, orange, crystalline precipitate was isolated by fil-
tration, washed with diethyl ether, and recrystallized from chloro-
form/ethanol (1:1).

Ni-12c2pd: Orange solid, yield 0.06 g (80 %). 1H NMR (400 MHz,
CDCl3, Me4Si at 25 °C): δ = 7.92 (s, 2 H, H4), 7.71 (s, 2 H, H5), 7.19
(d, 3JH,H = 8.0 Hz, 2 H, H1), 6.58 (d, 4JH,H = 2.0 Hz, 2 H, H3), 6.37 (dd,
3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2), 3.99 (t, 3JH,H = 6.6 Hz, 4 H, OCH2),
1.80 (m, 4 H, CH2), 1.25–1.60 (m, 36 H, CH2), 0.89 (t, 3JH,H = 6.7 Hz,
6 H, CH3) ppm. IR (KBr): ν̃ = 2919 [νas(C–H), CH3], 2851 [νs(C–H), CH3],
1610 (νC=N), 1314 (νC–O) cm–1. C44H60Cl2N2NiO4 (810.56): calcd. C
65.20, H 7.46, N 3.46; found C 65.23, H 7.43, N 3.47.

Ni-14c2pd: Orange solid, yield 0.06 g (78 %). 1H NMR (400 MHz,
CDCl3, Me4Si at 25 °C): δ = 7.90 (s, 2 H, H4), 7.72 (s, 2 H, H5), 7.18
(d, 3JH,H = 8.0 Hz, 2 H, H1), 6.60 (d, 4JH,H = 2.0 Hz, 2 H, H3), 6.36 (dd,
3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2), 3.98 (t, 3JH,H = 6.7 Hz, 4 H, OCH2),
1.79 (m, 4 H, CH2), 1.25–1.59 (m, 44 H, CH2), 0.90 (t, 3JH,H = 6.8 Hz,
6 H, CH3) ppm. IR (KBr): ν̃ = 2918 [νas(C–H), CH3], 2850 [νs(C–H), CH3],
1612 (νC=N), 1314 (νC–O) cm–1. C48H68Cl2N2NiO4 (866.66): calcd. C
66.52, H 7.91, N 3.23; found C 66.55, H 7.93, N 3.27.

Ni-16c2pd: Orange solid, yield 0.07 g (75 %). 1H NMR (400 MHz,
CDCl3, Me4Si at 25 °C): δ = 7.91 (s, 2 H, H4), 7.71 (s, 2 H, H5), 7.19
(d, 3JH,H = 8.0 Hz, 2 H, H1), 6.60 (d, 4JH,H = 2.0 Hz, 2 H, H3), 6.35 (dd,
3JH,H = 8.0, 4JH,H = 2.0 Hz, 2 H, H2), 3.99 (t, 3JH,H = 6.7 Hz, 4 H, OCH2),
1.80 (m, 4 H, CH2), 1.28–1.58 (m, 52 H, CH2), 0.90 (t, 3JH,H = 6.5 Hz,
6 H, CH3) ppm. IR (KBr): ν̃ = 2918 [νas(C–H), CH3], 2850 [νs(C–H), CH3],
1611 (νC=N), 1319 (νC–O) cm–1. C52H76Cl2N2NiO4 (922.77): calcd. C
67.68, H 8.30, N 3.04; found C 67.71, H 8.27, N 3.07.

Synthesis of CuII Complexes Cu-nc2pd (n = 12, 14, 16). General
Procedure: A methanolic solution of Cu(OAc)2·2 H2O (0.02 g,
0.1 mmol) was added to a solution of the ligand nc2pd (0.1 mmol)
in ethanol. This was immediately accompanied by a brown colora-
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tion. The mixture was stirred for 3 h at room temperature, and the
brown solid was isolated by filtration, washed with diethyl ether,
and recrystallized from chloroform/ethanol (1:1).

Cu-12c2pd: Brown solid, yield 0.07 g (86 %). IR (KBr): ν̃ = 2920 [νas(C–H),
CH3], 2849 [νs(C–H), CH3], 1600 (νC=N), 1314 (νC–O) cm–1.
C44H60Cl2CuN2O4 (815.41): calcd. C 64.81, H 7.42, N 3.44; found C
64.84, H 7.46, N 3.47.

Cu-14c2pd: Brown solid, yield 0.07 g (82 %). IR (KBr): ν̃ = 2920 [νas(C–H),
CH3], 2849 [νs(C–H), CH3], 1600 (νC=N), 1316 (νC–O) cm–1.
C48H68Cl2CuN2O4 (871.52): calcd. C 66.15, H 7.86, N 3.21; found C
66.21, H 7.89, N 3.25.

Cu-16c2pd: Brown solid, yield 0.07 g (80 %). IR (KBr): ν̃ = 2917 [νas(C–H),
CH3], 2850 [νs(C–H), CH3], 1599 (νC=N), 1318 (νC–O) cm–1.
C52H76Cl2CuN2O4 (927.62): calcd. C 67.33, H 8.26, N 3.02; found C
67.38, H 8.31, N 3.05.

Synthesis of VOIV Complexes VO-nc2pd (n = 12, 14, 16). General
Procedure: VOSO4·H2O (0.02 g, 0.1 mmol) in methanol was added
with stirring to a solution of the ligand nc2pd (0.1 mmol) in ethanol.
The solution acquired a green color. Addition of a few drops of
triethylamine resulted in a green suspension, affording a microcrys-
talline solid on further stirring. The light green product was filtered
off, washed with diethyl ether, and recrystallized from chloroform/
ethanol (1:1).

VO-12c2pd: Light green solid, yield 0.06 g (75 %). IR (KBr): ν̃ = 2918
[νas(C–H), CH3], 2849 [νs(C–H), CH3], 1608 (νC=N), 1313 (νC–O), 971
(νV=O) cm–1. C44H60Cl2N2O4OV (818.81): calcd. C 64.54, H 7.39, N
3.42; found C 64.57, H 7.43, N 3.45.

VO-14c2pd: Light green solid, yield 0.06 g (77 %). IR (KBr): ν̃ = 2919
[νas(C–H), CH3], 2848 [νs(C–H), CH3], 1610 (νC=N), 1314 (νC–O), 971
(νV=O) cm–1. C48H68Cl2N2O4OV (874.91): calcd. C 65.89, H 7.83, N
3.20; found C 65.91, H 7.87, N 3.24.

VO-16c2pd: Light green solid, yield 0.06 g (73 %). IR (KBr): ν̃ = 2919
[νas(C–H), CH3], 2850 [νs(C–H), CH3], 1609 (νC=N), 1311 (νC–O), 971
(νV=O) cm–1. C52H76Cl2N2O4OV (931.02): calcd. C 67.08, H 8.23, N
3.01; found C 67.13, H 8.27, N 3.06.
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a b s t r a c t

A series of four-coordinate d10-metal complexes of the type [ML2] {M = Zn, Cd, Hg; L = 4-nitro-2-((octade-
cylimino)methyl)phenol}, incorporating a new N-alkylated bidentate [N,O]-donor salicylaldimine Schiff
base ligand, has been synthesized and characterized by elemental analyses, FT-IR, UV–Vis, 1H NMR and
FAB-mass spectroscopies. The ligand is non-mesomorphic and devoid of any photoluminescence. The
zinc(II) and cadmium(II) complexes displayed highly ordered mesophases reminiscent of soft crystals.
The phases have been characterized by polarizing optical microscopy (POM), differential scanning
calorimetry (DSC) and powder X-ray diffraction (PXRD) studies. The complex of mercury(II) decomposed
prior to melting. An orthogonal symmetry with a ‘herringbone’ array for the zinc complex and a primitive
triclinic symmetry (p1) for the cadmium complex, respectively, has been proposed. The complexes
exhibited fluorescence at room temperature, both in the solution and in the solid state, with emission
maxima in the blue region. Density functional theory (DFT) calculations carried out using the GAUSSIAN

09 program at the B3LYP level revealed a distorted tetrahedral geometry around the metal center in
all the complexes. Natural bond orbital (NBO) analysis suggested appreciable charge transfer from the
ligand to the metal center in the complexes.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Metal-salicylaldimines have been recognized as an important
class of coordination compounds with applications in diverse fields
ranging from agriculture to optoelectronics [1–3], antimicrobial to
therapeutics [4,5], polymers to dyes [6,7] and drugs to catalysts [8–
10]. Besides, such compounds currently have also earned a place of
interest as liquid-crystalline materials [11]. As for salicylaldimines,
the ease of synthesis as well as the flexibility of the coordination
environment around the imine moiety renders them a versatile
class of ligands in coordination chemistry [9,10].

Materials that are photo-responsive and possess highly ordered
fluid-phases are currently enjoying much interest in applications
related to OLEDs, information storage, sensors, lasers and
enhanced contrast displays, etc. [12,13]. The luminescence proper-
ties of metal complexes coupled with the self-organizing ability of
liquid crystals (LCs) are of abiding interest, offering a viable option

to access multifunctional materials [14,15]. Amongst the metals
used, lanthanides have widely been employed in synthesizing
luminescent metallomesogens [16,17]. Luminescence of metal-
lomesogens incorporating d-block metals such as palladium(II)
[18,19], platinum(II) [20,21], iridium(III) [22,23], nickel(II)
[24,25], rhenium(I) [26], gold(I) [27,28], silver(I) [28,29], zinc(II)
[30,31] and copper(I) [32] have also attracted a lot of research
attention. It is pertinent to mention here that complexes of zinc
(II) and its congeners cadmium(II) and mercury(II) display interest-
ing fluorescent properties that originate from a ligand-centered
charge transfer or metal-centered luminescent levels, providing
access to newer functional materials [33,34].

Salicylaldimine based metallomesogens have been accessed
mostly with palladium(II) [35], copper(II) [36,37], oxovanadium
(IV) [37,38], nickel(II) [38], iron(III) [39] or manganese(III) [40].
While examples of zinc are scarce [30,31,41], those that incorporate
cadmium and mercury ions appear to be virtually non-existent.
Apart from a very early account of mesomorphic cadmium alka-
noates [42] or with porphyrins as ligands [43], only sporadic
mention of cadmium based mesogens has been made in the litera-
ture. An unpublished reference to uncharacterized cadmium and
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mercury complexes of di-thiobenzoate with ill-defined phases was
made in 1993 [44]. Aquated cadmium ions, [Cd(H2O)4]2+, upon
complexation with non-ionic oligo(ethylene oxide) surfactants,
have been reported to form liquid crystalline phases [45,46].
Further, another interesting variety of complexes, tetrachloromet-
allates [MCl4]2� (M = Zn and Cd), with n-alkylpyridinium as a coun-
ter-cation were reported to exhibit smectic mesomorphism [47].
Mesomorphic zinc complexes were previously reported to be either
square planar or trigonal-bipyramidal [30,48]. The zinc metal ion
usually prefers a tetrahedral geometry, which often results in the
loss of the mesomorphism [49,50]. Tetrahedral zinc complexes
exhibiting mesomorphism have appeared only in the current dec-
ade and are limited to only a few examples [40,50–54], and the ones
that are both luminescent and liquid crystalline are rare. In fact
there appears to be only a couple of instances in the literature of
the latter type [41,51–53]. As against tetradentate ‘salen’ type
ligands, which enforce a planar geometry, bidentate ligands with
long alkyl arms, giving greater flexibility, allow the metal ion to
acquire the thermodynamically stable tetrahedral geometry,
ensuring enhanced order in the molecular self-assembly.

Accordingly, we report here the synthesis of a series of lumines-
cent tetrahedral zinc(II), cadmium(II) and mercury(II) complexes of
a new flexible one ring N-alkylated [N,O]-donor rod shaped salicy-
laldimine Schiff base ligand. The ligand is non-mesomorphic and
lacks any fluorescence. Except for the mercury(II) complex, which
decomposes before melting, the zinc(II) and cadmium(II) com-
plexes exhibit highly ordered mesophases.

2. Experimental section

2.1. Materials

All chemicals used were of the reagent grade quality and used
without further purification. The solvents were dried before use
following standard procedures.

2.2. Instrumentation and methods

The C, H and N analyses were carried out using a Carlo Erba
1108 elemental analyzer (USA). The 1H NMR spectra of the com-
pounds were recorded on a Bruker Avance II, 300 MHz (for the
ligand)/400 MHz (for the complexes) spectrometer (Bruker, India)
in CDCl3 (chemical shift in d) solution with TMS as the internal
standard. Mass spectra were recorded on a Jeol SX-102 spectrom-
eter (Jeol, Japan) with fast atom bombardment. UV–Vis absorption
spectra of the compounds were recorded in CH2Cl2 on a Shimadzu
UV-1601PC spectrophotometer (Shimadzu, Asia Pacific, Pte. Ltd.,
Singapore). Photoluminescence spectra were recorded on a Shi-
madzu RF-5301PC spectrophotometer (Shimadzu, Asia Pacific,
Pte. Ltd., Singapore). The fluorescence emission quantum yields
(EQY) in degassed dichloromethane solution were determined by
the standard optical dilution method using 9,10-diphenylan-
thracene (EQY = 0.96, in cyclohexane) as the standard. Infrared
spectra were recorded on a Perkin Elmer BX series spectropho-
tometer (Perkin Elmer, USA) on KBr disks in the 400–4000 cm�1

range. The optical textures of the different phase of the compounds
were studied using a Nikon optiphot-2-pol polarizing microscope
(Nikon Corporation, Tokyo, Japan) attached with Instec hot and
cold stage HCS302, with an STC200 temperature controller of
0.1 �C accuracy. The thermal behavior of the compounds were
studied using a Pyris-1 system linked to a Perkin Elmer differential
scanning calorimeter (DSC; Perkin Elmer, Switzerland) with a heat-
ing or cooling rate of 5 �C/min. Variable temperature powder X-ray
diffraction (PXRD) experiments were performed in the transmis-
sion geometry with the samples in a glass capillary (Capillary Tube

Supplies Ltd, UK). The XRD apparatus (X’Pert PRO MP, PANalytical),
employing Cu Ka (l = 0.15418 nm) radiation, consisted of a
focusing elliptical mirror for beam preparation optics providing a
well-focused line beam, a fast high resolution multi-channel solid
state detector (PIXCEL) and operated at 45 kV and 30 mA rating.
Collimation with 20 mrad Soller slits on the input as well as the
diffracted beam side provides very good vertical resolution.
Quantum chemical calculations on the zinc(II), cadmium(II) and
mercury(II) complexes were carried out using the GAUSSIAN 09
program at the B3LYP level.

2.3. Synthesis and characterization

2.3.1. Synthesis of 4-nitro-2-((octadecylimino)methyl)phenol, HL
A methanolic solution of 5-nitro salicylaldehyde (0.84 g,

5 mmol) was added to a methanolic solution of octadecylamine
(1.35 g, 5 mmol). The solution mixture was heated under reflux
with a few drop of acetic acid as a catalyst for 3 h to yield the
yellow Schiff base. The compound was collected by filtration and
re-crystallized from methanol.

Yield: �1.81 g (82.49%). Anal. Calc. for C25H42N2O3 (418.63): C,
71.66; H, 10.04; N, 6.68. Found: C, 71.66; H, 10.06; N, 6.65%. FAB
Mass, m/z: 418.3 [M]+. 1H NMR (300 MHz, CDCl3; Me4Si at 25 �C,
ppm) d: 15 (s, 1H; H5), 8.31 (s, 1H; H1), 8.23 (d, 4J(H,H) = 3.0 Hz,
1H; H2), 8.19 (dd, 3J(H,H) = 6.0 Hz, 4J(H,H) = 3.0 Hz, 1H; H3), 6.90 (d,
3J(H,H) = 6.0 Hz, 1H; H4), 3.66 (t, 3J(H,H) = 6.0 Hz, 2H; @NACH2),
0.88 (t, 3J(H,H) = 6.0 Hz, 3H; CH3), 1.36 (m, ACH2 of the methylene
side chain proton). IR (mmax, cm�1, KBr): 3428 (mOH), 2917
(mas(CAH), CH3), 2848 (ms(CAH), CH3), 1672 (mC@N), 1280 (mCAO).

2.3.2. Synthesis of the zinc(II), cadmium(II) and mercury(II) complexes,
[ML2] (M = Zn, Cd, Hg)

General procedure: To a methanolic solution of the ligand, HL
(0.084 g, 0.2 mmol), a methanolic solution of Zn(OAc)2�2H2O
(0.02 g, 0.1 mmol), Cd(OAc)2�2H2O (0.026 g, 0.1 mmol) or Hg
(OAc)2 (0.032 g, 0.1 mmol) was added separately. The mixture
was stirred for 2 h at room temperature. A creamy white solid
formed in each case which was immediately filtered, washed with
diethyl ether and re-crystallized from dichloromethane/methanol
(1:1).

[ZnL2]: Yield: �0.07 g (70%). Anal. Calc. for C50H82N4O6Zn
(900.64): C, 66.62; H, 9.10; N, 6.22. Found: C, 66.63; H, 9.12; N,
6.20%. FAB Mass, m/z: 898.6 [MH]+. 1H NMR (400 MHz, CDCl3;
Me4Si at 25 �C, ppm) d: 8.30 (s, 1H; H1), 8.25 (d, 4J(H,H) = 4.0 Hz,
1H; H2), 8.18 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 4.0 Hz, 1H; H3), 6.84 (d,
3J(H,H) = 8.0 Hz, 1H; H4), 3.62 (t, 3J(H,H) = 8.0 Hz, 2H; @NACH2),
0.88 (t, 3J(H,H) = 8.0 Hz, 3H; CH3), 1.55 (m, ACH2 of the methylene
side chain proton). IR (mmax, cm�1, KBr): 2920 (mas(CAH), CH3),
2849 (ms(CAH), CH3), 1656 (mC@N), 1277 (mCAO).

[CdL2]: Yield �0.08 g (74%). Anal. Calc. for C50H82N4O6Cd
(947.67): C, 63.31; H, 8.65; N, 5.91. Found: C, 63.33; H, 8.67; N,
5.87%. FAB Mass, m/z: 948.5 [MH]+. 1H NMR (400 MHz, CDCl3;
Me4Si at 25 �C, ppm) d: 8.30 (s, 1H; H1), 8.24 (d, 4J(H,H) = 4.0 Hz,
1H; H2), 8.19 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 4.0 Hz, 1H; H3), 6.93 (d,
3J(H,H) = 8.0 Hz, 1H; H4), 3.66 (t, 3J(H,H) = 8.0 Hz, 2H; @NACH2),
0.88 (t, 3J(H,H) = 8.0 Hz, 3H; CH3), 1.71 (m, ACH2 of the methylene
side chain proton). IR (mmax, cm�1, KBr): 2919 (mas(CAH), CH3),
2850 (ms(CAH), CH3), 1639 (mC@N), 1275 (mCAO).

[HgL2]: Yield: �0.07 g (67%). Anal. Calc. for C50H82N4O6Hg
(1035.85): C, 57.92; H, 7.91; N, 5.40. Found: C, 57.95; H, 7.93; N,
5.54%. FAB Mass, m/z: 1036.6 [MH]+. 1H NMR (400 MHz, CDCl3;
Me4Si at 25 �C, ppm) d: 8.30 (s, 1H; H1), 8.24 (d, 4J(H,H) = 4.0 Hz,
1H; H2), 8.18 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 4.0 Hz, 1H; H3), 6.89 (d,
3J(H,H) = 8.0 Hz, 1H; H4), 3.66 (t, 3J(H,H) = 8.0 Hz, 2H; @NACH2),
0.88 (t, 3J(H,H) = 8.0 Hz, 3H; CH3), 1.46 (m, ACH2 of the methylene
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side chain proton). IR (mmax, cm�1, KBr): 2916 (mas(CAH), CH3), 2848
(ms(CAH), CH3), 1642 (mC@N), 1273 (mCAO).

3. Results and discussion

3.1. Synthesis and characterization

The ligand was synthesized by the condensation of 5-nitrosali-
cylaldehyde and octadecylamine. The complexes were prepared by
slow addition of a methanolic solution of 1 equivalent of M(OAc)2�
nH2O (M = Zn, Cd; n = 2 or Hg; n = 0) to a methanolic solution of the
ligand (2 equivalents) (Scheme 1). Structures were ascertained by
elemental analysis, 1H NMR, FT-IR, UV–Vis and FAB-mass spec-
troscopy. The FAB-mass spectral data were in compliance with
the calculated formula weights of the compounds. The IR spectrum
of the ligand exhibited a broad band at �3432 cm�1 due to the
presence of a phenolic-OH group. The C@N stretching vibration
of the ligand was located at �1672 cm�1. In the complexes, the
mCN vibrational stretching frequency was shifted to a lower wave
number (Dm �30 cm�1) and mOH mode was absent. This clearly sug-
gests the coordination of the azomethine nitrogen and phenolate
oxygen atoms to the metal in the complexes. The 1H NMR spec-
trum of the ligand consisted of a singlet at d 15 ppm due to the
phenolic-OH proton and another singlet at d 8.31 ppm due to the
imine proton. A relatively small upfield shift (�0.01 ppm) of the
AN@CH proton and the absence of a signal for the phenolate pro-
ton in the 1H NMR spectra of the metal complexes further suggests
coordination through the phenolate oxygen and the azomethine
nitrogen atoms of the ligand. DFT studies (vide infra) revealed the
geometry of the complexes to be distorted tetrahedral. The com-
puted metal-O/N bond lengths and the bond angles (vide infra)
complied well with related crystallographically characterized
non-mesomorphic tetrahedral zinc-Schiff base complexes [55].

3.2. Mesomorphic properties

The phase behavior of the compounds was studied by polarizing
optical microscopy (POM), differential scanning calorimetry (DSC)
and variable temperature powder-XRD techniques. The phase
sequence, transition temperatures and associated enthalpies are
summarized in Table 1. The ligand is non-mesomorphic, the
greater conformational flexibility of the uncoordinated ligand
molecule is believed to be one plausible reason for its non-
mesomorphic character. On complexation, this flexibility is
reduced, which might be responsible for induction of mesomor-
phism in the zinc(II) and cadmium(II) complexes. The mercury(II)
complex, however, decomposed at 270 �C precluding any meso-
morphic study. Upon cooling the sample from isotropic melt, the
zinc(II) complex showed a ‘platelet texture’ (Fig. 1) at 127 �C, typ-
ical of the smectic E (or crystal E) phase [56]. The DSC profile
(Fig. 2) showed four transitions on heating and two in the cooling
cycle. The peaks below the melting point are believed to have
arisen from a crystal-to-crystal transition which could not be
detected in the POM study. In the case of the cadmium(II) complex,
a fibrous texture was observed (Fig. 3) upon cooling at 228 �C. The
DSC trace (Fig. 4) revealed two transitions each in the heating and
cooling scans. In contrast to the zinc complex, interestingly the
mesophase for the cadmium(II) complex was quite stable over a
wide temperature range (231–88 �C). The reversibility of the
thermal behavior of the zinc(II) and cadmium(II) complexes was
established by DSC through repeated heating and cooling runs.

The powder XRD profile of the zinc(II) complex, recorded at
122 �C (Fig. 5a), consisted of one very sharp and three relatively
weak reflections in the low angle region with a reciprocal spacing
ratio of 1:2:3:4. The spacing could be assigned to (001), (002),

(003) and (004) reflections of a lamellar lattice (Table 2) [56,57].
The (001) reflection is attributed to the smectic layer-spacing, d.
Additionally, in the wide-angle region multiple harmonics corre-
sponding to spacings of 5.0 Å (111) and 4.9 Å (200) were
observed. Also, a broad-scattering halo at �4.6 Å for the molten
alkyl chains was observed. Presence of three strong reflections in
the wide angle region indexed to (111), (200) and (112) is a sig-
nature of the SmE phase [56,57]. The phase was also validated by
the characteristic ‘platelet texture’ observed in the POM study.
The calamitic molecules thus are presumed to be arranged in lay-
ers with orthorhombic symmetry and a herringbone array, typical
for an SmE phase (Fig. 6) [57]. The aromatic core p–p interactions
and hydrophobic interactions of the alkyl chains renders them to
act as segregated parts. The lattice parameters of the SmE
phase are deduced as a = 9.89 Å, b = 6.05 Å, c = 24.65 Å and
Vcell = 1461.24 Å3 (Table 2). The calculated interlayer distance of
24.65 Å is about half the length of the fully extended molecule as
computed (vide infra) by DFT (42.1 Å). The molecular area for the
proposed arrangement, AM (65.38 Å2) is deduced from the relation
AM = VM/d; (molecular volume, VM = 1608.28 Å3, density, q = 1 g/
cm3). Assuming a parallel arrangement of the molecules perpen-
dicular to layer direction, the calculated AM value would corre-
spond to a cross-sectional area per aliphatic arm,
Ach = AM/2 = 32.69 Å2, which is considerably larger than the cross-
sectional area of a stretched molten alkyl arm (Ach = 20.915
+ 0.01593, T = 22.85 Å2 at 122 �C). The alkyl arms are therefore
believed to be considerably interdigitated within the layers [16].
The Vcell/VM ratio (= 0.9) also suggests approximately one molecule
per unit cell.

The diffractogram at 80 �C (Fig. 5b) consisted of a number of
sharp reflections in both the low as well as wide angles, consistent
with the existence of a crystalline phase. Moreover, the diffrac-
togram was devoid of any diffuse band at wide angles, thus point-
ing to the crystalline nature of the material.

The PXRD profile of the cadmium(II) complex, recorded at
210 �C (Fig. 7), exhibited one very sharp and a number of relatively
less intense reflections in the small angle region. The first and fifth
peak are indexed to (001) and (002) reflections, respectively, cor-
responding to a layered structure (Table 2). Other small and mid-
angle reflections, however, indicated a three dimensional order of
the mesophase. A poorly resolved diffuse halo at 4.6 Å in the wide
angle region indicated lateral short-range order of the molten alkyl
chains. On the basis of these features, a highly ordered mesophase
reminiscent of soft crystals has been suggested, possessing both a
layer arrangement and a 3D structure [58–60]. The observed pat-
tern could be indexed to a primitive triclinic lattice (p1) with lattice
parameters a = 9.9 Å, b = 21.7 Å, c = 37.1 Å; a = 47�, b = 68.6�,
c = 57� and Vcell = 4870 Å3. The mesophase with a triclinic lattice
may thus be designated as MT [59]. The molecular volume,
VM = 1462.45 Å3 was calculated assuming a density close to 1.2 g/
cm3. Customarily, a density of 1 g/cm3 is presumed for liquid crys-
talline mesophases, resulting from organic molecules or metal-
lomesogens incorporating lighter metals. In some instances,
higher density values (q � 1.1–1.2 g/cm3) were reported for some
smectic gold enriched dendrimers [61], discotic gold pyrazolate
compounds [62], discotic cyclopalladated metallomesogens [63],
some potassium salts of crown ethers [64] and columnar hexaalky-
loxytriphenylenes [65]. A higher density has thus been considered
for the newly synthesized cadmium(II) complex, considering a
heavier metal core. Thus approximately three molecules per unit
cell in the triclinic lattice in the soft crystalline phase has been
worked out.

Variation in the type of mesophase formed on changing the
metal from zinc(II) to cadmium(II) and the lack of mesomorphism
or thermal instability of the complex of the other congener, mer-
cury(II), is not discernible at this moment. A noticeable aspect is
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the significant variation in the ionic radius of the metal centers
(Zn2+ = 0.74 Å; Cd2+ = 0.95 Å; Hg2+ = 1.02 Å) [54,66].

3.3. Photophysical properties

The absorption spectra (Fig. 8) of the compounds were recorded
in dichloromethane solution (10�5 M) at room temperature. The
ligand showed three bands centered at 260, 323 and 403 nm,
respectively, attributed to the p–p⁄ transition, localized on the aro-
matic rings and the C@N fragment (Table 3). Upon complexation, all
the p–p⁄ bands were virtually unaltered in the cadmium(II) and
mercury(II) complexes. The absorption spectrum of the zinc(II)
complex, however, exhibited only two bands at 257 and 343 nm.
The low-intensity ligand centered p–p⁄ transition peak at
�400 nm, observed in the spectra of the ligand and the cadmium

Scheme 1. (i) Glacial acetic acid, methanol, reflux 3 h, (ii) M(OAc)2�nH2O (M = Zn, Cd; n = 2 or Hg; n = 0), Methanol, stir, 2 h.

Table 1
Phase transition data of [ZnL2] and [CdL2].

Compounds Ta (�C) Transitionb DH (kJ mol�1) DtrsS (J K�1 mol�1)

[ZnL2] 85.7 Cr–Cr1 16.9 47.1
104.5 Cr1–Cr2 17.9 47.4
121.1 Cr2–SmE 36.9 93.6
133.6 SmE–I 22.8 56.1
127.1 I–SmE 25.2 62.9
114.2 SmE–Cr2 37.2 96.0

[CdL2] 116.0 Cr–MT 62.6 160.9
235.8 MT–I 15.4 30.2
231.2 I–MT 14.9 29.5
88.6 MT–Cr 47.4 131.0

a DSC peak temperature.
b Cr: crystal, SmE: smectic E or soft crystal E, MT = mesophase triclinic.

Fig. 1. Platelet texture of [ZnL2] upon cooling at 127 �C.

Fig. 2. DSC thermogram of [ZnL2].

Fig. 3. Fibrous texture of [CdL2] upon cooling at 228 �C.

Fig. 4. DSC thermogram of [CdL2].
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(II) and mercury(II) complexes, appeared as a weak shoulder in the
spectrum of the zinc(II) complex, while the second absorption peak
was considerably bathochromically shifted (�33 nm) compared to
the free ligand. Photoluminescence studies of the compounds were

performed both in dichloromethane solution and in the solid state.
The ligand is non-emissive, the probable reason being the greater
conformational flexibility. The complexes, however, exhibited fluo-
rescence at room temperature with emission maxima at �479 nm
(Fig. 9 and Table 3). The emission observed at room temperature

Fig. 5. PXRD pattern of [ZnL2] recorded at 122 �C (a) and (b) at 80 �C.

Table 2
PXRD data of [ZnL2] and [CdL2].

Compound Mesophasea

Lattice constants (Å)
dobsd (Å) (dcalcd (Å))b Miller indices

hklc

[ZnL2] SmE (at 122 �C) 24.64(24.65) (001)
d = 24.65 Å 12.33(12.32) (002)
VM = 1608.28 Å3 8.22(8.22) (003)
AM = 65.38 Å2 6.17(6.16) (004)
a = 9.89 Å 5.05(5.05) (111)
b = 6.05 Å 4.95(4.95) (200)
c = 24.65 Å 4.56diffuse

Vcell = 1461.24 Å3

[CdL2] MT (at 210 �C) 27.33(27.14) (001)
a = 9.9 Å 18.37(18.05) (011)
b = 21.7 Å 15.82(15.91) (012)
c = 37.1 Å 14.64(14.28) (010)
a = 47� 13.65(13.57) (002)
b = 68.6� 11.62(11.51) (013)
c = 57� 10.15(10.29) (01�1)
Vcell = 4870 Å3 9.75(9.80) (111)
VM = 1462.45 Å3 9.08(9.08) (110)

8.14(8.14) (113)
6.80(6.80) (025)
6.38(6.33) (1�1�1)
6.22(6.24) (1�1�2)
3.95(3.95) (1�3�3)
3.80(3.80) (23�1)
3.16(3.16) (2�2�3)
4.56diffuse

a Molecular volume, VM is calculated using the formula: VM =M/kqNA, where M is
the molecular weight of the compound, NA is the Avogadro number, q is the
density (�1 g cm�3 for the zinc(II) and 1.2 g cm�3 for the cadmium(II) com-
plexes), k(T) is a temperature correction coefficient at the temperature of the
experiment (T). k(T) = VCH2(T�)/VCH2(T); where VCH2(T) = 26.5616 + 0.02023T is
the volume of a methylene group (in Å3) at a given temperature (in �C), and T
� = 25 �C [75].
Vcell; unit cell volume: in the orthorhombic lattice, Vcell = abc; in triclinic lattice,
Vcell = abc (1 � cos2a � cos2b � cos2c + 2 cosa cosb cosc)1/2.

b dobsd and dcalcd are the experimentally observed and calculated diffraction
spacings, respectively. The distances are given in Å.

c hkl are the Miller indices of the reflections in SmE and MT phases.
Fig. 6. The ‘herringbone’ model for the self-assembled rod-like complex molecules
in the smectic E phase.

Fig. 7. PXRD profile of [CdL2] at 210 �C.
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in the complexes stems from the intra-ligand p–p⁄ transition. Che-
lation provides rigidity to the ligand and reduces energy loss via
non-radiative de-activation. The luminescence intensities of the
complexes were found to decrease in the order: Zn > Cd > Hg. The
emission quantum yields of the complexes have been determined

in dichloromethane solution at room temperature and are found
to be 0.20, 0.16 and 0.09, respectively for the zinc, cadmium and
mercury complexes. The lowest value of the quantum yield for
the mercury complex might be due to the ‘heavy atom’ effect
[67]. The solid state emission spectra of the complexes were
recorded on a uniform thin film. The emission band of the com-
plexes was quite broad and exhibited an unusual blue shift
(�467 nm) compared to the solution spectra, while the emission
intensities were largely quenched. In the solid state somewhat lar-
ger aggregation causes enhanced intermolecular interactions,
which explains the reduced luminescence intensity [68]. Further
it has been argued that a tetrahedral geometry or formation of a
non-planar molecular shape, as in the present case, prevent inter-
chromophoric contacts leading to a blue shift of the emission max-
ima with respect to those observed in solution [50].

3.4. DFT study

Density functional theory (DFT) calculations at the B3LYP level
of theory on the ligand and its zinc(II), cadmium(II) and mercury
(II) complexes were carried out using the GAUSSIAN 09 program
[69]. The geometries of all the species were fully optimized at
the gradient corrected DFT level using a three parameters fit of
Becke’s hybrid functional combined with the Lee–Yang–Parr corre-
lation functional, termed as B3LYP [70,71]. For the zinc, cadmium
and mercury atoms the Los Alamos effective core potential plus
double zeta (LanL2DZ) basis set were employed [72] and the 6-
311G(d,p) basis set was employed for all non-metal atoms. The
gas phase ground state geometries of the ligand and its zinc, cad-
mium and mercury complexes were fully optimized using the
restricted B3LYP methods without imposing any symmetry con-
straints. Calculations for vibrational frequencies were performed
alongside each geometry optimization to ensure the stability of
the ground state, as denoted by the absence of imaginary frequen-
cies. Natural bond orbital (NBO) calculations were performed with
the NBO code included in the GAUSSIAN 09 program at the same level
of theory [73].

3.5. Geometry optimization

DFT calculations were performed in order to get better insight
into the electronic structure of the ligand as well as its complexes
with zinc, cadmium and mercury. Optimized geometries of the
ligand, zinc, cadmium and mercury complexes (Figs. 10a–d) and
computed significant geometric parameters of the complexes were
evaluated at B3LYP level (Table 4). All the metal (M = Zn, Cd, Hg)
centers are tetra coordinated with two [N,O] donor bidentate
ligands through two nitrogen atoms of two C@N groups and two
oxygen atoms of two phenolic groups. The average MAO and
MAN bond lengths in the complexes are 1.971 and 2.087, 2.159
and 2.290, and 2.266 and 2.357 Å, respectively (Table 4). The aver-
age O1AMAO2 bond angles are 128.4�, 135.8� and 139.3� and the
average N1AMAN2 bond angles are found to be 125.3�, 129.0� and
137.6�, respectively, around the zinc, cadmium and mercury
atoms, which deviate substantially from those expected for a
square planar motif, indicating a distorted tetrahedral geometry.
The molecular lengths of the zinc(II), cadmium(II) and mercury
(II) complexes computed from DFT are found to be 42.1, 42.4 and
42.7 Å, respectively.

3.6. Natural bond orbital (NBO) analysis

DFT with natural bond orbital (NBO) analysis allows deeper
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 natural bond orbital (NBO) analysis

Fig. 8. UV–Vis spectra of the ligand and the complexes (CH2Cl2; 10�5 M).

Table 3
UV–Vis and photoluminescence data of the ligand and metal complexes.

Compounds p?p⁄

(k, nm; e, l mol�1 cm�1)

aPL
(k, nm; solution)

aPL
(k, nm; solid)

HL 260 (17464) – –
323 (12689)
403 (5090)

ZnL2 257 (37547) 475 470
343 (28107)
400sh (7894)

CdL2 259 (22961) 479 467
324 (16478)
400 (6557)

HgL2 259 (30310) 470 466
322 (20880)
399 (8397)

a PL: photoluminescence; sh: shoulder.

Fig. 9. Photoluminescence spectrum of [CdL2] (10�5 M; kex. = 325 nm).
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are summarized in Table 5. The calculated natural charges on the
metal ions zinc, cadmium and mercury are considerably lower
than the formal charge of +2. The electronic populations on the
px, py and pz orbitals of the zinc, cadmium and mercury atoms in
their respective complexes are found to be (0.0990, 0.1133 and
0.1026), (0.0730, 0.0800 and 0.0700) and (0.0529, 0.0695 and
0.0640), respectively. The dxy, dzx, dyz, dx2�y2 and dz2 orbitals of zinc,
cadmium and mercury atoms in their complexes, however, are
occupied by more than 1.99 e�. Comparing the atomic charges in
the free ligand and its complexes with zinc, cadmium and mercury,
it can be suggested that atomic charge re-distribution occurs on all
the atoms. The calculated natural atomic charges on zinc, cadmium
and mercury are found to be +1.405, +1.487 and +1.394, respec-

Fig. 10a. Optimized structure of the ligand, HL.

Fig. 10b. Optimized structure of [ZnL2].

Fig. 10c. Optimized structure of [CdL2].

Fig. 10d. Optimized structure of [HgL2].

Table 4
Selected bond lengths (Å) and bond angles (�) for the zinc(II), cadmium(II) and
mercury(II) complexes evaluated at the B3LYP level.

Structural parameters Zn Cd Hg

MAO1 1.971 2.159 2.269
MAO2 1.971 2.158 2.263
MAN1 2.087 2.289 2.354
MAN2 2.088 2.291 2.361
O1AMAO2 128.4 135.8 139.3
N1AMAN2 125.3 129.0 137.6
O1AMAN1 93.0 86.2 83.7
O2AMAN2 92.8 86.0 83.5
O1AMAN2 108.6 111.8 108.7
O2AMAN1 112.1 114.4 113.8
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tively, which reflects ligand-to-metal charge transfer in all the
complexes. According to the NBO, the electronic configuration of
Zn is: [core] 4s0.303d9.974p0.31, which corresponds to 18 core elec-
trons, 10.27 valence electrons (on 4s and 3d atomic orbitals) and
0.31 Rydberg electrons (mainly on 4p orbitals), giving 28.58 elec-
trons. This is consistent with the calculated natural atomic charge
on the zinc atom (+1.405) in its complex. The electronic configura-
tion of Cd is: [core] 5s0.304d9.985p0.22, with 36 core electrons, 10.28
valence electrons (on 5s and 4d atomic orbitals) and 0.22 Rydberg
electrons (mainly on 5p orbitals) leading to 46.50 electrons, which
matched well with the calculated natural charge on the cadmium
atom (+1.487) in the complex. The electronic configuration of the
mercury atom in its complex is calculated to be [core]
6s0.445d9.976p0.196d0.01 that matches well with the calculated natu-
ral charge on the mercury atom (+1.394) in the complex. The nat-
ural atomic charges on the oxygen atoms of the ligand bound to
metal ions change from �0.614 to �0.795 and �0.800 in the zinc
complex, to �0.807 and �0.812 in the cadmium complex and to
�0.785 and �0.779 in the mercury complex, while the atomic
charges on the nitrogen atoms of the ligand change from �0.433
to �0.634 and �0.629, to �0.637 and 0.633, and to �0.618 and
�0.613 on complexation with zinc, cadmium and mercury, respec-
tively (Table 5). The optimized geometry also revealed that the dis-
tance between the oxygen and aromatic carbon atoms (OACar.)
increases from 1.271 Å in the free ligand to 1.314, 1.318 and
1.286 Å in the zinc, cadmium andmercury complexes, respectively.
The OACar. bond is weakened upon complex formation, implying
coordination through the oxygen atom.

3.7. Frontier molecular orbitals

Frontier molecular orbitals play an important role in determin-
ing the electronic properties of molecules [74]. The LUMO and
HOMO energies of the free ligand and its complexes with zinc, cad-
mium and mercury are calculated to be �0.254 and �1.816,
�2.349 and �6.520, �2.568 and �6.524, and �2.244 and
�6.384 eV, respectively. The corresponding energy differences
(DE) are 1.562, 4.171, 3.956 and 4.140 eV, respectively. A small
HOMO–LUMO gap implies a low kinetic stability and high chemical
reactivity, because it is energetically favorable to add electrons to
the LUMO or to extract electrons from the HOMO. The calculated
HOMO–LUMO gap of the complexes revealed that the zinc complex
is relatively more stable than the rest.

4. Conclusion

A new N-alkylated bidentate [N,O]-donor rod shaped salicy-
laldimine Schiff base has been synthesized and complexation with
Group 12 d10 metal ions was achieved by the interaction of the
Schiff base ligand and Zn2+ or Cd2+ or Hg2+ ions. The ligand is
neither fluorescent normesomorphic, however the zinc(II) and cad-
mium(II) complexes in addition to being fluorescent showed highly
ordered mesophases. The complexes exhibited luminescence both
in the solid and solution state. The mercury(II) complex, though

luminescent, decomposed prior to melting. DFT calculations carried
out using the GAUSSIAN 09 program at the B3LYP level revealed a dis-
torted tetrahedral geometry for all the complexes. Examples of
tetrahedral coordination geometry exhibiting liquid crystallinity
are rather uncommon. The application potential of the newly
synthesized complexes as multi-functional materials are avenues
to be explored in the near future.
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luminescent mesomorphic zinc(II) complexes with
‘salen’ type asymmetric Schiff base ligands

Sutapa Chakraborty,a Chira R. Bhattacharjee,*a Paritosh Mondal,a S. Krishna Prasadb

and D. S. Shankar Raob

A new series of photoluminescent Zn(II)-salen type asymmetric Schiff base complexes, [ZnL], H2L =

[N,N’-bis-(4-n-alkoxysalicylidene)-1,2-diaminopropane] (n = 12, 14 and 16) have been accessed and their

mesomorphic and photophysical properties investigated. Though the ligands are non-mesomorphic,

coordination to Zn2+ ion induces liquid crystalline behaviour. The complexes exhibited a lamello-colum-

nar phase (Coll) as characterized by a variable temperature powder X-ray diffraction (XRD) study. Intense

blue emissions were observed for the complexes at room temperature in solution, in the solid state and in

the mesophase. Aggregation properties of the complexes were explored in different solvents through

absorption and photoluminescence studies. While de-aggregation to monomers occurred in coordinating

solvents due to axial coordination to Zn(II), aggregates were formed in the solution of non-coordinating

solvents. Density functional theory (DFT) computation carried out on a representative complex using a

GAUSSIAN 09 program at the B3LYP level suggested a distorted square planar geometry. The results of a

time-dependent DFT (TD-DFT) spectral correlative study showed the electronic properties of the

complex molecule to be in compliance with the spectral data.

1. Introduction

Transition metal–salen complexes have been a recurrent
theme in synthetic co-ordination chemistry, yet interest in this
field continues unabated, possibly due to their wide applica-
bility being unfolded in recent times.1–4 A plethora of salen
based complexes are now known to act as efficient catalysts
both in homogeneous and heterogeneous reactions for asym-
metric ring-opening of epoxides, aziridination, cyclopropana-
tion, oxidation, reduction reaction of ketones, epoxidation of
olefins, formation of cyclic and linear polycarbonates, catalytic
enantioselective and diastereoselective redox reactions and
Diels–Alder reactions.5–8 Metal salen complexes are also
efficient entities to study interactions with DNA, leading to the
development of sensitive chemical probes for DNA.9–12

Besides, such systems are also known to exhibit interesting
fluorescence,13–17 magnetic,17,18 non-linear optical19–21 and
liquid crystalline properties22–30 and act as electrochemical
sensors.31–33 Metallomesogens based on Zn(II)-salen complexes
are quite intriguing because of the possibility of combining

luminescence with liquid crystallinity to generate newer
systems with exotic multifunctional properties.34–37 Spacer
group modification can lead to substantial changes in meso-
phase as well as photophysical behavior in such hemi-disc
shaped complexes.34–37 In the past few years we have reported
some novel fluorescent liquid crystalline Zn(II)-salen complexes
with different spacer groups showing hexagonal, rectangular
and rectangular/oblique columnar mesomorphism.35–37 By
creating a minor modification at the central aromatic ring
(spacer), new symmetry as well as newer organization in the
mesophase could be achieved.35–37

Zn(II)-salen complexes and their derivatives also facilitate
various structures which may be utilized in sensory materials
for the detection of alkaloids38 and nitro aromatics,39,40 in the
recognition of biologically relevant anions,41 in selective recep-
tors for tertiary amines,42 in self-assembled heteromultimetal-
lics,43,44 in supramolecular box-shaped assemblies,45,46 in
molecular templates in catalytic studies,47,48 in dopants for
high performance OLEDS49–51 and in the exploration of their
unique second-order nonlinear optical properties.19,20 The
high Lewis acidity of the co-ordinatively unsaturated Zn2+ ion
is believed to be the key to such behavior. The pentacoordinate
nature of the Zn2+ ion boosted by the rigid geometry of the
salen framework facilitates the axial binding of donor ligands,
resulting in substantial variations in the optical absorption
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behaviour and enhanced fluorescence emission. In the
absence of an axial ligand, coordinative saturation is achieved
through intermolecular Zn⋯O interactions involving the
phenolate oxygen atoms of the salen ligand acquiring a square
based pyramidal structure.52,55

In continuation of our pursuit of designing photolumine-
scent metallomesogens, we report herein a new series of Zn(II)
complexes of asymmetric ‘salen’ based N,N′-bis-(4-n-alkoxysali-
cylidene)-1,2-diaminopropane ligands. Induction of meso-
morphism and photoluminescence via coordination to Zn(II)
ion has been demonstrated. All the complexes are blue light
emitters both in the solid state as well as in solution. The com-
plexes all exhibited aggregate formation in non-coordinating
solvents while only a monomer is favoured in coordinating sol-
vents. Density functional theory (DFT) calculations carried out
using the GAUSSIAN 09 program at the B3LYP level revealed a
distorted square planar geometry around the metal center in
the complexes. A time-dependent DFT spectral correlative
study was undertaken to account for the electronic transitions
in the complexes.

2. Results and discussion
2.1. Synthesis and structural assessment

Condensation of 4-alkoxy substituted aldehyde with the
unsymmetrical amine, 1,2-diamino propane afforded the
‘salen’ type asymmetric Schiff base ligands. The strategy
implemented for the synthesis of Schiff base ligands, [N,N′-bis-
(4-n-alkoxysalicylidene)-1,2-diaminopropane], hereafter abbre-
viated as ndap (n = 12, 14 and 16 is the number of carbon
atoms in alkyl chains; dap = 1,2-diaminopropane) and the
mononuclear complexes (Zn-ndap) is summarized in
Scheme 1. The structures of the ligands and the corresponding
Zn(II) complexes were probed by elemental analyses, UV-
visible, FT-IR and 1H NMR spectroscopy. A broad band at
∼3370 cm−1 attributed to the phenolic –OH group is observed

in the FT-IR spectra of the ligands (ndap). The CvN stretching
vibration of the ligands are located in the region of
1653–1655 cm−1. Upon complexation, the shift of the νCvN

mode to a lower wave number, ∼1638 cm−1 (Δν ≈ 16 cm−1)
and the absence of a νO–H mode attest to the deprotonation of
the Schiff-base prior to coordination of azomethine nitrogen
and phenolate oxygen to the Zn2+ ion. The 1H NMR spectra of
the ligands showed two characteristic signals, at δ =
11.45 ppm, corresponding to the OH proton, and at ∼8.22 and
8.18 ppm due to the resonance of two asymmetric imine
protons. The 1H NMR spectra of the corresponding Zn(II) com-
plexes did not exhibit any signal for the phenolic –OH proton.
Additionally, an upfield shift (∼0.56 ppm) in the peak position
of the –NvCH protons further validated azomethine nitrogen
coordination.

2.2. Mesomorphic study

The mesophase behaviour of the compounds has been investi-
gated by polarizing optical microscopy (POM), differential
scanning calorimetry (DSC) and variable temperature powder
XRD techniques. Free ligands (ndap) are non-mesomorphic,
presumably owing to greater conformational flexibility.
However, upon complexation with a Zn(II) metal ion, meso-
morphism is induced due to enhanced rigidity of the Schiff
base ligand framework. The phase sequence, transition temp-
eratures and associated enthalpies for the Zn(II) complexes are
presented in Table 1. The complexes all exhibited enantiotro-
pic liquid crystalline behavior. On cooling from the isotropic
melt, a grainy texture was observed at 125 °C (Fig. 1). The DSC
thermogram of the complexes Zn-14dap and Zn-16dap (Fig. 2)
exhibited two transitions, each in the heating and cooling
cycle. In the cooling scan, the grainy texture at the mesophase
remains unaltered till ambient temperature, slowly freezing
into a glassy state. For the Zn-12dap complex, two additional
peaks observed in the heating cycle were ascribed to crystal–
crystal transitions. No isotropic liquid-mesophase transition

Scheme 1 (i) CnH2n+1Br, KHCO3, KI, dry acetone, Δ, 24 h, (ii) glacial AcOH, absolute EtOH, Δ, 3 h and (iii) Zn(OAc)2·2H2O, MeOH, stir, 3 h.
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could be detected in the cooling cycle (Table 1). This might be
due to the partial vitrification of the mesophase. Viscous
nature of the complexes tends to affect the molecular mobility

causing a pronounced hysteresis in the phase transition temp-
erature in all the cases. A gradual decrease in the clearing
temperature was observed with increasing number of carbon
atoms in the pendant alkoxy arm. The isotropic liquid to meso-
phase transition temperature also displayed similar trends
with increasing chain length. Repeated heating and cooling
scans confirmed the reversibility of the thermal behaviour.

Variable temperature powder XRD study of a representative
complex, Zn-16dap was carried out both in the mesophase and
at room temperature. The X-ray diffraction pattern recorded at
100 °C (Fig. 3a, Table 2) contained several sharp and intense
Bragg reflections in the small-angle region and two broad scat-
tering halos (visualized by profile fitting of the data) in the
wide-angle region. The broad maxima centered around 4.7 Å
and 4.0 Å correspond, respectively, to the lateral short-range
order of the molten chains and the molecular cores, confirm-

Table 1 Thermodynamic data for the Zn-ndap (n = 12, 14, 16) com-
plexes. Transition temperatures are given in °C, and the corresponding
enthalpy changes are in parentheses (ΔH; kJ mol−1). Cr, Cr1, Cr2 refer to
phases that are crystalline or solid; Coll: lamello-columnar phase

Compounds Heatinga Coolinga

Zn-12dap Cr 94.1 (32.8) Cr1 103.4 (2.4) Cr2
134.5 (7.9) Coll 168.6 (1.5) I

I 83.7 (10.1) Cr

Zn-14dap Cr 97.6 (7.9) Coll 167.4 (14.1) I I 144.9 (12.2)
Coll 92.2 (6.3) Cr

Zn-16dap Cr 98.5 (7.0) Coll 162.1 (8.2) I I 124.2 (6.2)
Coll 90.3 (5.9) Cr

aDSC peak temperature.

Fig. 1 POM image of Zn-16dap upon cooling at 125 °C.

Fig. 2 DSC profile of Zn-16dap.

Fig. 3 PXRD pattern of Zn-16dap at (a) 100 °C and (b) at room temp-
erature (30 °C).
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ing the liquid nature of the mesophase. The sharpness of the
small-angle reflections indicates long-range correlation of the
structure. However, these reflections do not conform to either
a purely lamellar or purely columnar structure. The first three
reflections (at 34.1, 17.1 and 11.4 Å) being in the reciprocal
spacing ratio 1 : 2 : 3, point to a well-defined layered structure.
In contrast the remaining two sharp reflections observed at
9.8 Å and 8.5 Å cannot be ascribed to a lamellar form, but can
be explained by invoking a columnar ordering. Since these
peaks are much less intense than the primary layer peak, they
can be considered to be arising due to 2-D columnar modu-
lation of the layers. A mesophase exhibiting structural features
which are a combination of the lamellar and columnar fea-
tures has been referred to as a lamello-columnar (Coll)
phase.24,26–28,30 Symmetric 4-alkoxy substituted Schiff bases
containing ethylene diamine spacer complexed to Pt2+, Cu2+,
VO2+ and Ni2+ have also been shown to exhibit Coll phases
though the 1D ordering is more pronounced in these
cases.24,27,28,30 Though the corresponding Zn(II) complexes
have been documented, the mesomorphic properties have not
been reported.52 The low intensity for second wide-angle halo
expected due to interaction between the rigid part of one
mesomorphic unit and its next nearest neighbour suggests
weaker correlation between the cores within the column in the
mesophase. The enhanced flexibility associated with the ali-
phatic spacer group bearing the ‘methyl’ substituent is
believed to induce bending and twisting deformations, with
the resulting fluctuations reducing the core–core corre-
lations.56,57 Similar behaviour has also been noticed for pre-
viously reported analogous Zn(II) and Cu(II) complexes with
asymmetric methyl substituted aromatic spacer.22,37

Spacer group substitution can have marked influence on
the mesomorphic properties in the ‘salen type’ zinc(II) com-
plexes. In our previous reports35–37 on zinc(II)-salen complexes,
the effect of different substituents at the aromatic spacer (X =
H, CH3, Cl etc.) were studied and the complexes were shown to
exhibit hexagonal, rectangular and oblique columnar meso-
phases of different symmetries. While complexes without any
substituent or with an electron donating methyl group at the
aromatic spacer exhibited monotropic phase behaviour, the
electron withdrawing substituent (Cl) at the spacer stabilized
the mesophase and enantiotropic phase behaviour was
observed. Enhanced dipolar interactions due to the electron
withdrawing group has been argued in favour of better core–
core correlations with an increase in the clearing temperature
than analogous compounds with methyl or without any
substituent.

The XRD spectrum recorded at 30 °C (Fig. 3b) was quite
similar to that recorded at high temperatures. However, the
diffractogram consisted of additional reflections which agree
with the assignment of the Coll phase; the presence of diffuse
reflections at wide angles and the absence of any mixed-index
reflections at low angles rules out the phase being crystalline
in nature at this temperature. Further, the core–core peak
becomes much stronger. Inserting the full width at half-
maximum value of this reflection in the standard Scherer
equation yields a correlation length of about 115 Å, associated
with the stacking of about 28 molecules along the columns. It
may also be mentioned that the calculated inter-layer distance
in the mesophase, d = 34.1 Å, is greater than the DFT com-
puted radius (∼23.9 Å) of the fully extended half-disc shaped
molecule. Though additional information regarding the stack-
ing of the molecular cores in the mesophase is not available, it
is presumed that the half-disc shaped molecules might
perhaps preferably arrange themselves in an anti-parallel par-
tially interdigitated manner within the layer (Fig. 4).56,57

2.3 Photophysical properties

The UV-visible absorption and photoluminescence spectra of
the compounds recorded in chloroform, CHCl3 (2 × 10−5 M) at
room temperature are shown in Fig. 5a and b and the data are

Table 2 PXRD data of Zn-16dap

Temperature
(°C) Parameters

dmeas
a,b/

Å
dcalc.

a,b/
Å

Miller
indices (hkl)c

At 100 °C a = 34.06 Å 34.05s 34.06 100
b = 40.46 Å 17.06s 17.03 200
Vcell = 5540.5 Å3 11.37s 11.35 300
d = 34.1 Å 9.81s 9.70 140

8.54s 8.70 240
4.68d

4.02d

At 30 °C a = 32.18 Å 32.19s 32.18 100
b = 41.31 Å 16.10s 16.09 200
Vcell = 5596.5 Å3 10.72s 10.73 300
d = 32.18 Å 9.87s 9.83 140

8.24s 8.26 050
7.87s 7.90 410
6.51 6.55 350
5.72 5.76 450
5.32 5.32 610
4.29d

4.21d

a dmeas. and dcalc. are the experimentally measured and calculated
diffraction spacing, respectively. b Intensity of the reflections: s; sharp
peak, d: diffuse peak. The distances are given in Å. c [hkl] are the Miller
indices of the reflections. For Coll phase, d = (∑ldl00)/Nl00 where Nl00 is
the number of reflections. Vcell, is the unit cell volume.

Fig. 4 Anti-parallel interdigitated organization of the molecules in
lamello-columnar phase.

Paper Dalton Transactions

7480 | Dalton Trans., 2015, 44, 7477–7488 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 1
3 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 E

as
t C

ar
ol

in
a 

U
ni

ve
rs

ity
 o

n 
22

/0
4/

20
15

 0
8:

20
:5

4.
 

View Article Online

http://dx.doi.org/10.1039/c4dt03989k


summarized in Table 3. The UV-visible absorption spectra of
the ligands (ndap; n = 12, 14, 16) consisted of two intense
absorption bands centered at ∼278 and ∼310 nm, attributed to
the π–π* transition localized on the aromatic rings (Fig. 5a).
Another less intense band at ∼386 nm may be attributed to
n–π* excitation of the CvN fragment. Upon complexation, the
former two bands were red-shifted to ∼287 and ∼329 nm,
respectively, with the appearance of an additional shoulder at
∼346 nm, while the low intensity band due to the n–π* tran-
sition in the ligand disappeared because of the participation
of the nitrogen’s lone pair in coordination to the Zn2+ ion. The
photoluminescence spectra of the ligands and Zn(II)–salen
complexes were recorded at room temperature in CHCl3 solu-
tion (2 × 10−5 M), mesophase and also in the solid state
(Fig. 5b). The ligands are non-emissive. The solid state emis-
sion spectra of the complexes were recorded by placing a
uniform powder sheet between two quartz plates. The com-

plexes showed a blue luminescence with emission maxima
centered at ∼424 nm and an emission quantum yield of ∼23%
(solution), and ∼5% (solid) under UV irradiation (330 nm).
The observed fluorescence emission originates from metal-per-
turbed π–π* ligand-centered transitions. With respect to solu-
tion, the position of the emission maxima is virtually
unaltered in the solid state. However, the emission intensity
quenches substantially following closer association of mole-
cular cores in the solid state as compared to the solution. In a
POM study, the mesophase of the Zn(II) complex that was deve-
loped at 125 °C during the cooling cycle freezes into a glassy
state persisting till ambient temperature enabling photo-
luminescence study in the mesophase (λmax ≈ 425 nm) as well.

Fig. 5 (a) UV-visible absorption spectra of the ligand (16dap) and Zn-
16dap in chloroform (2 × 10−5 M) and (b) intensity (normalized) vs. wave-
length photoluminescence profile for the Zn-16dap complex in chloro-
form solution (2 × 10−5 M), solid state and in mesophase (λex. = 330 nm).

Table 3 UV-visible and photoluminescence spectral data of the ligands
(in CHCl3) and Zn-ndap (n = 12, 14, 16) complexes in different solvents

Compounds Solvents

Absorption
Emission

λmax (nm) ε (l mol−1 cm−1) λmax (nm)

12dap CHCl3 278 16 312 —
310 12 300
386 192

14dap CHCl3 278 15 936 —
310 12 305
386 200

16dap CHCl3 279 16 530 —
310 12 296
386 174

Zn-12dap CHCl3 287 20 359 425
330 11 240
345sh 7875

CH2Cl2 286 28 967 424
331 16 543
345sh 12 756

Toluene 287 16 748 421
333 10 731
346sh 8156

THF 288 31 952 432
345 23 675
360sh 18 789

Zn-14dap CHCl3 287 19 935 425
330 10 306
347sh 7693

CH2Cl2 286 28 733 424
331 16 238
347sh 13 085

Toluene 287 16 892 422
333 10 736
346sh 9712

THF 288 31 132 433
345 22 925
361sh 19 003

Zn-16dap CHCl3 287 20 135 425
329 10 240
343sh 7675

CH2Cl2 286 29 784 424
331 16 998
346sh 12 985

Toluene 286 16 998 421
333 10 706
345sh 8215

THF 288 32 082 432
345 23 405
359sh 18 715

sh: shoulder.
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Similar studies in the frozen glassy state were made earlier for
related complexes.34 The emission energies are virtually un-
affected in the solid state, in solution and in the mesophase
(Fig. 5b).

Notably, the nature of substituent also has marked influ-
ence on the emission behavior of such complexes. When com-
pared to systems with methyl or un-substituted aromatic
spacer group, a distinct red shift (∼40 nm) of the emission
band has been noticed on going from the un-substituted
zinc(II) complex to the chloro-substituted one.35–37 This is
believed to arise from the electron withdrawing effect of the
chloro group on the π–π* transition of the corresponding
complex. The observed photophysical behaviour is consistent
with those reported for Zn(II) complexes of Schiff bases substi-
tuted with electron donating/withdrawing groups.58 Emission
maxima of complexes with differently substituted (X = H, CH3,
Cl) aromatic spacers studied earlier35–37 were observed at
>500 nm. In the present case of methyl substituted aliphatic
bridges, the emissions were significantly blue shifted to
∼424 nm consistent with the enhanced flexibility.

UV-visible and photoluminescence spectra of the Zn(II)-
salen complexes (Fig. 6a and b) were also recorded in dilute
solutions (2 × 10−5 M) of different coordinating and non-co-
ordinating solvents in order to study the de-aggregation/aggre-
gation phenomena. The absorption spectra recorded in non-
coordinating solvents (e.g. CH2Cl2, CHCl3 and toluene) con-
sisted of two well-defined bands located at ∼287 nm, 331 nm
and a shoulder at 345 nm (Fig. 6a) attesting the formation of
aggregates.53,54 In coordinating solvent (THF), a red shift
(∼14 nm) of the longer wavelength feature is observed due to
the axial coordination of the solvent molecules, suggesting de-
aggregation (Fig. 6a).53,54 The coordinatively unsaturated Zn2+

ion behaves as a Lewis acid. This behavior is unlike that
observed in the case of the symmetrical molecule containing
an ethylene diamine spacer wherein upon de-aggregation a
blue shift of longer absorption feature was noticed.52 A rather
unusual optical behavior is attributed to the lack of conju-
gation between the J-type aggregated salen moieties. The
methyl group being electron donating in nature induces a con-
siderable amount of conjugation (+I effect) in the ligand
framework in the present complexes. Also the tetrahedral
methyl group, due to its steric requirement, tends to restrict
the salicylidene groups of each unit in the dimer to H-type
aggregate (Fig. 6c). Similar results were obtained in other
related systems with conjugated aliphatic and aromatic
spacers.53,54 Concentration variations had virtually no effect
on these features up to a concentration of 1 × 10−4 M (Fig. 7).
Photoluminescence spectra of the complexes (Fig. 6b) recorded
in non-coordinating solvents exhibited a broad band at
∼424 nm. In coordinating solvents, the maxima is slightly red
shifted (∼8 nm) with enhancement in fluorescence intensity
suggesting de-aggregation with concomitant formation of 1 : 1
adduct.53,54 The emission quantum yield values in non-coordi-
nating solvents (e.g. CH2Cl2, CHCl3 and toluene) are around
22% which were enhanced (EQY = 38%) upon de-aggregation
in coordinating solvent. Fluorescence of face-to-face-stacked

H-type dimer aggregates (sandwich-type dimers) are known to
be quenched relative to that of the monomer.59 A rapid energy
relaxation of the lower excited states causes this fluorescence

Fig. 6 UV-visible absorption spectra (a), fluorescence spectra (λ =
330 nm; with 10% attenuator) (b) of Zn-16dap (2 × 10−5 M) in different
non-coordinating and coordinating solvents and (c) the ‘H-type’ dimer
in solution of non-coordinating solvents.
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suppression. The absorption or emission characteristics of the
complexes are invariant of the alkyl chain lengths (Table 3).

In order to minimize inter-electronic repulsions, Zn(II) ion
prefers a tetrahedral geometry to a square planar coordination.
However, a short rigid central spacer with steric demands in
the present complexes forces the metal center to acquire an
unfavourable distorted planar geometry which eventually lead
to a dimer, [ZnL]2

60 instead of more stable helical shape
formed by tetrahedral 2 : 2 metal-to-ligand complex, [Zn2L2].

61

2.4. DFT study

In the absence of diffraction quality single crystals, density
functional theory (DFT) calculations were carried out on a
representative Zn(II) complex (Zn-16dap) employing a GAUS-
SIAN 09 program package62 to arrive at the optimized elec-
tronic structure. The ground state geometry optimization in
the gas phase of the zinc complex has been performed using
the three-parameter fit of Becke’s hybrid functional combined
with the Lee–Yang–Parr correlation functional termed a B3LYP
hybrid,63,64 generalized gradient approximation (GGA)
exchange along with 6-311+G(d,p), 6-31+G(d,p), 6-31G(d) and
6-31G basis sets65 for Zn, N and O, C and H, respectively,
without imposing any symmetry constraint. The 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 optimized
geometry of the zinc complex, TD-DFT calculations on an iso-
lated molecule of the title complex (Zn-16dap) have been per-
formed at the B3LYP level to study the spectroscopic and
electronic properties. Since the electronic absorption spectra
of the compounds were recorded in dichloromethane, the
solvent effects were taken into consideration in the theoretical
modelling. The GAUSSSUM66 program was employed to calcu-
late the individual contribution of various groups to each
molecular orbital. A solvation method of the polarisable conti-

nuum model (PCM)67 using the integral equation formalism
(IEF) variant68 was considered in the calculations. Important
geometric parameters of the optimized Zn(II) complex as evalu-
ated by DFT at the B3LYP level are collected in Table 4. Average
Zn–O and Zn–N bond lengths of the Zn(II) complex are calcu-
lated to be 1.931 and 2.077 Å, respectively. The O1–Zn–O2 and
N1–Zn–N2 bond angles are found to be 108.9° and 80.0°,
respectively. The O1–Zn–N1, O2–Zn–N2, O1–Zn–N2 and
O2–Zn–N1 bond angles are calculated to be 91.9°, 92.1°, 148.6°
and 148.8°, respectively, around the zinc atom indicating a dis-
torted square planar geometry (Fig. 8). The dihedral angle
O1–N3–N2–O2 as evaluated from DFT calculation is about
39.7° reflecting a deviation from planarity.

The three-dimensional (3D) iso-surface plots of the lowest
unoccupied molecular orbitals (LUMOs) and the highest occu-
pied molecular orbitals (HOMOs) of the zinc complex are pre-
sented in Fig. 9. The electron density of the HOMO is localized
almost entirely on the aromatic rings, while that of the LUMO
is mainly centered on both NvC bonds and aromatic rings.
The HOMO and LUMO energies are calculated to be −5.58 eV
and −1.41 eV, respectively, the energy difference being ΔE =
4.17 eV. This value is somewhat higher than the HOMO–
LUMO energy difference value (ΔE = 3.60 eV) evaluated from
the lowest energy UV-Vis band (346 nm). Extensive intermole-
cular interactions in the solution phase (UV-Vis study) as
against a free gaseous molecule (DFT study) could be one
plausible reason for such a deviation. While ligand pπ orbitals
contribute almost entirely to HOMO−1 (98%), HOMO−2
(99%), HOMO−3 (100%) orbitals, the HOMO−4 orbital
receives a negligible contribution from metal dπ orbitals (8%).
Electron density on LUMO+1, LUMO+3 and LUMO+4 orbitals
is mainly due to ligand pπ* orbitals while that on LUMO+2 is
primarily due to metal dπ* orbitals (87%).

TD-DFT calculations have been carried out for the Zn-16dap
complex to account for the observed bands in the UV-visible
region. The key electronic transitions, corresponding oscillator
strength ( f ), orbitals involved in these transitions and their
percentage contribution to each transition are summarized in
Table 5. The surface of each peak in the spectra is proportional
to oscillator strength ( f ), which also reveals the probability of

Fig. 7 Concentration dependence of UV-visible absorption spectra of
Zn-16dap in CHCl3 solutions.

Table 4 Selected bond lengths (Å) and bond angles (°) of Zn-16dap
complex optimized at the B3LYP level

Structural parameter Bond lengths (Å) and bond angles (°)

Zn–O1 1.932
Zn–O2 1.931
Zn–N1 2.076
Zn–N2 2.078
O1–Zn–O2 108.9
N1–Zn–N2 80.0
O1–Zn–N1 91.9
O2–Zn–N2 92.1
O1–Zn–N2 148.6
O2–Zn–N1 148.8
O1–N1–N2–O2 39.7
Molecular length 47.8
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electronic transition. The title complex exhibits three absorp-
tion bands at 345, 336 and 295 nm, respectively. The absorp-
tion band at 345 nm corresponds to HOMO → LUMO
electronic transition owing to the L(π) → L(π*), where HOMO
corresponds to π bonding orbitals of aromatic rings of the
ligand and LUMO corresponds to π* (anti-bonding) orbitals of

the aromatic rings (intra-ligand charge transfer). This tran-
sition is consistent with the experimental value of 346 nm.
The high energy absorption bands of the complex occur at 336
and 295 nm, which could be assigned to HOMO−1 → LUMO
and HOMO−2 → LUMO electronic transitions, predominantly
due to intra-ligand (π → π*) charge transfer. These two tran-

Fig. 8 DFT optimized structure of a representative complex, Zn-16dap.

Fig. 9 Frontier molecular orbitals of Zn-16dap.
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sitions resemble the experimental value of 331 and 286 nm,
respectively.

3. Conclusion

A series of new Zn(II) complexes of ‘salen’ type asymmetric
Schiff base ligands bearing a long pendant alkoxy arm at the
4-position of side aromatic rings and an asymmetric central
spacer group have been accessed. Co-ordination of the Zn2+

ion to the ligands induces lamello-columnar mesomorphism
in otherwise non-mesomorphic ligands. These half-disc
shaped molecules assemble in an anti-parallel interdigitated
manner within the layer in the mesophase. Metal coordination
also brings about interesting fluorescence properties in the
solid state, in solution and as well as in the mesophase. In
addition, the complexes also exhibit aggregation behaviour in
dilute solutions of different non-coordinating and coordinat-
ing solvents, suggesting the Lewis acidity of the metal ion in
the newly synthesized complexes. Asymmetric methyl substi-
tution at the aliphatic spacer leads to variation in photo-
physical behaviour and mesophase order in the present
complexes as compared to symmetric molecules containing an
ethylenediamine spacer. The coordinative unsaturation of
Zn(II)-complexes may be utilized for binding with other
suitable donor groups to tune the properties.

4. Experimental section
4.1. Physical measurements

The C, H and N analyses were carried out using an Elementar
Vario EL III Carlo Erba 1108 elemental analyser. The 1H-NMR
spectra were recorded on a Bruker Avance II, 400 MHz spectro-
meter in CDCl3 (chemical shift in δ) solution with TMS as the
internal standard. Ultraviolet-visible absorption spectra of the
compounds were recorded on a JASCO V-670 Spectro-
photometer. Photoluminescence spectra were recorded on a
Perkin Elmer LS 45 Fluorescence Spectrometer. The fluo-
rescence emission quantum yields (EQY) in degassed dichloro-
methane solutions were determined by the standard optically
dilute method69 using 9,10-diphenylanthracene (EQY = 0.96,
in cyclohexane) as the standard.70 Quantum yield in the solid
state was measured by means of an integrating sphere, in
which the solid sample film was prepared via spin coating and
was excited by a 20 kW pulsed xenon source coupled with
Monk-Gillieson type monochromators for selecting wave-
lengths. The resulting luminescence was acquired by an inten-

sified charge-coupled detector for subsequent analyses.
Infrared spectra were recorded on a Perkin Elmer BX series
spectrometer on KBr disc in the 400–4000 cm−1 range. The
optical textures of the different phase of the compounds were
studied using a Nikon ECLIPSE LV100 POL polarizing micro-
scope attached with Instec hot and cold stage HCS402, with a
STC200 temperature controller of 0.1 °C accuracy. The thermal
behaviour of the compounds were studied using a Pyris-1
system linked to a Perkin Elmer differential scanning calori-
meter (DSC) at a heating or cooling rate of 5 °C min−1. X-ray
diffraction (XRD) studies were carried out using samples filled
in Lindemann capillaries. The apparatus essentially involved a
high-resolution X-ray powder diffractometer (PANalytical
X’Pert PRO) equipped with a high-resolution fast detector
PIXCEL. Quantum chemical calculation on Zn(II) complex was
performed using density functional theory (DFT) as
implemented in a GAUSSIAN 09 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 Spectro-
chem was used for chromatographic separation. Silica gel G
(E-Merck, India) was used for TLC.

4.3. Synthesis and analysis

4.3.1. Synthesis of n-alkoxysalicylaldehyde (n = 12, 14,
16). 2,4-Dihydroxybenzaldehyde (10 mmol, 1.38 g), KHCO3

(10 mmol, 1 g), KI (catalytic amount) and 1-bromododecane
(10 mmol, 2.4 g) or 1-bromotetradecane (10 mmol, 2.5 g) or
1-bromohexadecane (10 mmol, 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 and then
extracted with chloroform (100 mL). The combined chloroform
extract was concentrated to give a purple solid. The solid was
purified by column chromatography using a mixture of chloro-
form and hexane (v/v, 1/1) as an eluent. Evaporation of the sol-
vents afforded a white solid product.

4.3.2. Synthesis of N,N′-bis(4-(4′-n-alkoxy)-salicylidene)-1,2-
diaminopropane (ndap), n = 12, 14 or 16

4.3.2.1. General procedure. Schiff bases (ndap) were pre-
pared by adding an ethanolic solution of 2-hydroxy-4-(n-alkoxy)
salicylaldehyde (1 mmol) to an ethanolic solution of 1,2-
diaminopropane (0.5 mmol). The solution mixture was heated
under reflux with a few drops of acetic acid as a catalyst for 3 h
to yield the light yellow Schiff base, N,N′-bis(4-(4′-n-alkoxy)-

Table 5 The experimental absorption bands and the electronic transitions calculated with TD-DFT/B3LYP method of the Zn-16dap complex

Key transition Character λ (nm) E (eV) f (Osc. strength) Assignments λexp (nm) ε (l mol−1 cm−1)

(90%) HOMO → LUMO L(π) → L(π*) 345 3.60 0.124 IL 346 (12 985)
(89%) HOMO−1 → LUMO L(π) → L(π*) 336 3.70 0.102 IL 331 (16 998)
(85%) HOMO−2 → LUMO L(π) → L(π*) 295 4.21 0.550 IL 286 (29 784)
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salicylidene)-1,2-diaminopropane. The product was collected
by filtration and re-crystallized from absolute ethanol to obtain
a pure compound.

4.3.3. N,N′-Bis(4-(4′-dodecyloxy)-salicylidene)-1,2-diaminopro-
pane (12dap). Yield = 0.23 g (74%); Anal. Calc. for C41H66N2O4

(651): C, 75.65; H, 10.22; N, 4.30. Found: C, 75.63; H, 10.21; N,
4.33%. 1H NMR (400 MHz, CDCl3; Me4Si at 25 °C, ppm): δ =
11.45 (s, 1H, H7), 8.21 (s, 1H, H1), 8.17 (s, 1H, H1′), 7.01–6.72
(m, 4H, H2, H3), 6.21 (s, 2H, H4), 3.98 (t, 3JH,H = 8 Hz, 4H,
O-CH2), 3.70–3.63 (m, 2H, H5), 1.68 (m, 3H, H6), 1.35–1.30 (m,
1H, H7), 1.22–1.03 (m, –CH2 of methylene proton in side
chain), 0.89 (t, 3JH,H = 8 Hz, 6H, –CH3). IR (νmax, cm

−1, KBr):
3370 (νOH), 2923 (νas(C–H), CH3), 2857 (νs(C–H), CH3), 1653
(νCvN), 1227 (νC–O).

4.3.4. N,N′-Bis(4-(4′-tetradecyloxy)-salicylidene)-1,2-diaminopro-
pane (14dap). Yield = 0.29 g (77%); Anal. Calc. for C45H74N2O4

(707.1): C, 76.44; H, 10.55; N, 3.96. Found: C, 76.47; H, 10.57;
N, 3.95%. 1H NMR (400 MHz, CDCl3; Me4Si at 25 °C, ppm): δ =
11.43 (s, 1H, H7), 8.23 (s, 1H, H1), 8.20 (s, 1H, H1′), 7.03–6.75
(m, 4H, H2, H3), 6.23 (s, 2H, H4), 3.98 (t, 3JH,H = 8 Hz, 4H, O–
CH2), 3.72–3.65 (m, 2H, H5), 1.67 (m, 3H, H6), 1.34–1.27 (m,
1H, H7), 1.22–1.01 (m, –CH2 of methylene proton in side
chain), 0.89 (t, 3JH,H = 8 Hz, 6H, –CH3). IR (νmax, cm

−1, KBr):
3372 (νOH), 2922 (νas(C–H), CH3), 2854 (νs(C–H), CH3), 1655
(νCvN), 1225(νC–O).

4.3.5. N,N′-Bis(4-(4′-hexadecyloxy)-salicylidene)-1,2-diaminopro-
pane (16dap). Yield = 0.31 g (77%); Anal. Calc. for C49H82N2O4

(763.2): C, 77.11; H, 10.83; N, 3.67. Found: C, 77.13; H, 10.81;
N, 3.70%. 1H NMR (400 MHz, CDCl3; Me4Si at 25 °C, ppm): δ =
11.47 (s, 1H, H7), 8.22 (s, 1H, H1), 8.19 (s, 1H, H1′), 7.01–6.74
(m, 4H, H2, H3), 6.25 (s, 2H, H4), 3.98 (t, 3JH,H = 8 Hz, 4H, O–
CH2), 3.77–3.58 (m, 2H, H5), 1.66 (m, 3H, H6), 1.35–1.28 (m,
1H, H7), 1.27–1.00 (m, –CH2 of methylene proton in side
chain), 0.88 (t, 3JH,H = 8 Hz, 6H, –CH3). IR (νmax, cm

−1, KBr):
3371(νOH), 2924 (νas(C–H), CH3), 2856 (νs(C–H), CH3), 1654
(νCvN), 1225 (νC–O).

4.3.6. Synthesis of Zinc(II) complexes (Zn-ndap, n = 12, 14,
16)

4.3.6.1. General procedure. The ligand 12dap (0.06 g,
0.1 mmol) or 14dap (0.07 g, 0.1 mmol) or 16dap (0.08 g,
0.1 mmol) was dissolved in a 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 3 h at room temperature. A white
solid formed in each case was filtered, washed with diethyl
ether and re-crystallized from chloroform–ethanol (1 : 1).

4.3.7. Zn-12dap. Yield = 0.05 g (75%); Anal. Calc. for
C41H64N2O4Zn (714.3): C, 68.94; H, 9.03; N, 3.92. Found: C,
68.91; H, 9.07; N, 3.95%. 1H NMR (400 MHz, CDCl3; Me4Si at
25 °C, ppm): δ = 7.65 (s, 1H, H1), 7.63 (s, 1H, H1′), 6.97–6.70
(m, 4H, H2, H3), 6.26 (s, 2H, H4), 3.99 (t, 3JH,H = 8 Hz, 4H,
O–CH2), 3.73–3.67 (m, 2H, H5), 1.65 (m, 3H, H6), 1.36–1.31
(m, 1H, H7), 1.26–0.99 (m, –CH2 of methylene proton in side
chain), 0.88 (t, 3JH,H = 8 Hz, 6H, –CH3). IR (νmax, cm

−1, KBr):
2919 (νas(C–H), CH3), 2853 (νs(C–H), CH3), 1639 (νCvN),
1215 (νC–O).

4.3.8. Zn-14dap. Yield = 0.06 g (78%); Anal. Calc. for
C45H72N2O4Zn (770.5): C, 70.15; H, 9.42; N, 3.64. Found: C,
70.14; H, 9.45; N, 3.65%. 1H NMR (400 MHz, CDCl3; Me4Si at
25 °C, ppm): δ = 7.68 (s, 1H, H1), 7.66 (s, 1H, H1′), 6.99–6.71
(m, 4H, H2, H3), 6.27 (s, 2H, H4), 3.99 (t, 3JH,H = 8 Hz, 4H,
O–CH2), 3.76–3.60 (m, 2H, H5), 1.70 (m, 3H, H6), 1.37–1.26
(m, 1H, H7), 1.27–1.07 (m, –CH2 of methylene proton in side
chain), 0.89 (t, 3JH,H = 8 Hz, 6H, –CH3). IR (νmax, cm

−1, KBr):
2921 (νas(C–H), CH3), 2856 (νs(C–H), CH3), 1639 (νCvN),
1217 (νC–O).

4.3.9. Zn-16dap. Yield = 0.06 g (77%); Anal. Calc. for
C49H80N2O4Zn (826.6): C, 71.20; H, 9.76; N, 3.39. Found: C,
71.17; H, 9.78; N, 3.40%. 1H NMR (400 MHz, CDCl3; Me4Si at
25 °C, ppm): δ = 7.67 (s, 1H, H1), 7.64 (s, 1H, H1′), 7.00–6.73
(m, 4H, H2, H3), 6.22 (s, 2H, H4), 3.99 (t, 3JH,H = 8 Hz, 4H,
O–CH2), 3.74–3.60 (m, 2H, H5), 1.64 (m, 3H, H6), 1.34–1.24
(m, 1H, H7), 1.28–0.98 (m, –CH2 of methylene proton in side
chain), 0.87 (t, 3JH,H = 8 Hz, 6H, –CH3). IR (νmax, cm

−1, KBr):
2917 (νas(C–H), CH3), 2854 (νs(C–H), CH3), 1637 (νCvN),
1215 (νC–O).
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Emissive ‘zinc(II)-salphen’ core: building block for columnar liquid crystals

Chira R. Bhattacharjee*, Sutapa Chakraborty, Gobinda Das and Paritosh Mondal

Department of Chemistry, Assam University, Silchar, India

(Received 3 July 2012; final version received 7 August 2012)

A series of half-discoid [N2O2]-donor tetradentate alkoxy substituted salicylaldimine ligands, [N,N′-di-
(4-n-alkoxysalicylidene)-4-Cl-l,2-diamino-benzene] (L; n = 12, 14, 16 and 18) have been prepared. The reaction
of the ‘salphen’-type Schiff base ligand with Zn(OAc)2.4H2O afforded a series of mononuclear zinc(II) com-
plexes. The ligands and the corresponding zinc(II) complexes were characterised by elemental analysis, Fourier
transform infrared, proton nuclear magnetic resonance and ultraviolet-visible spectroscopy. Although the ligands
are non-mesogenic, columnar mesomorphism is induced upon complexation with the metal. The p2gg symme-
try of the rectangular columnar phase is confirmed by variable temperature powder X-ray diffraction study. Two
‘half-disc’-shaped molecules with four alkoxy legs are presumed to self-assemble via a dimeric interaction fill-
ing the space. In contrast to the ligands, the zinc(II) complexes all exhibited moderately intense green emission
at room temperature both in solution and in the solid state. Density functional theory calculation, carried out
using a DMol3 program, revealed a distorted square planar geometry for the complexes. The mesomorphic and
photoluminescence property of the zinc complexes are collated as a function of spacer substituent, as well as alkoxy
carbon chain length.

Keywords: zinc; metallomesogen; columnar mesomorphism; fluorescence; density functional theory

1. Introduction

Interest in metallomesogens has steadily grown in
the recent past owing to the immense possibility of
combining optical, electronic and magnetic character-
istics of transition metal complexes with anisotropic
fluids [1–5]. Salen-based metallomesogens are con-
sidered as one of the major thrust areas of liquid
crystals [6–11]. The transition metal-salen complexes
have been regarded as promising materials that have
been extensively studied owing to their ability to catal-
yse an extremely broad range of chemical transfor-
mations [12–14]. Salen-based zinc(II) complexes, dis-
playing physical properties such as thermal stability,
luminescence and charge transporting ability, are very
attractive species for applications in the great diver-
sity of tuneable electro-optic devices [15–18]. Many
zinc(II) complexes are known to exhibit intense flu-
orescence at room temperature and there has been
substantial research assessing the performances of
zinc(II) complexes in fluorescence-based organic light-
emitting devices (OLEDs) [19, 20]. Recently, ‘zinc(II)-
salphen’ cores have also been demonstrated to be
excellent building blocks for the fabrication of cat-
alytically active supramolecular assemblies [21, 22].
The combination of luminescent molecules and soft
materials to generate new multifunctional electronic
devices is a rapidly expanding field of research [23–
25]. Although early examples of liquid crystals were
based on purely organic materials [23], luminescent

*Corresponding author. Email: crbhattacharjee@rediffmail.com

metallomesogens have captured the attention of
researchers in recent years [15, 25, 26–31]. Most lumi-
nescent metallomesogens contain lanthanide(III) [26],
palladium(II) [27, 32], platinum(II) [28, 29], nickel(II)
[33], gold(I) [34] and gallium(III) ions [35]. However,
very few examples of luminescent mesomorphic
zinc(II) derivatives have been reported to date [36–39].
Pyrazole-based zinc complexes with non-conventional
tetrahedral geometry displaying both supramolecu-
lar mesomorphic order and luminescence have been
reported recently [37]. Pucci et al. [15] reported
some blue light-emitting non-linear 4-substituted
zinc(II) complexes with a central aliphatic core show-
ing a smectic C (SmC) mesophase. The molecular
shape serves as a dominant factor in determining
the organisation of molecules into a liquid crys-
talline phase. Mesogenic, as well as photo-physical,
behaviour is dependent on the choice of metal ion
and the nature and position of the substituent in
the ligand framework. Metal-salen complexes of first
row transition metals containing 5-substituted long
alkoxy chains have been quite extensively studied
[6]. Metallomesogen based on 4-substituted salen-type
framework Schiff base ligands have been inadequately
addressed [8, 9, 38, 39, 40–43]. Very recently we have
reported a series of novel fluorescent liquid crystalline
Zn(II)-salphen complexes with different spacer groups
showing hexagonal and rectangular/oblique colum-
nar mesomorphism [38, 39]. Quite interestingly, by
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creating only a minor modification (chloro substi-
tuted) at the central aromatic ring (spacer), the present
complexes were found to exhibit a columnar rectan-
gular mesophase with p2gg symmetry different from
related analogous systems (un-substituted or methyl
substituted) already reported [38, 39]. The effects of
fine tuning of the ‘salphen’ ligand on the mesomorphic
and photoluminescence behaviour of the correspond-
ing complexes have been summarised.

2. Results and discussion

The Schiff base ligands were synthesised by con-
densation of 4-alkoxysubstituted aldehyde with the
4-chloro-1,2-phenylenediamine with slight modifica-
tion of the literature procedure [38, 39]. The synthetic
strategy for the ligands [L = N,N′-bis(4-(4′-n-alkoxy)-
salicylidene)-4-Cl-1,2-phenylenediamine], hereafter
abbreviated as n-cpd, where n indicates the number
of carbon atoms in alkyl chains, n = 12,14,16,18 and
cpd = 4-chloro-1,2-phenylenediamine and the mono-
nuclear Zn(II) complexes (Zn-n-cpd), are presented in
Scheme 1. The ligands n-cpd and their corresponding
Zn(II) complexes were characterised by elemental
analysis, proton nuclear magnetic resonance (1H
NMR), Fourier transform infrared (FT-IR) and
ultraviolet-visible (UV-Vis) spectroscopy. IR spectra
of the ligands (n-cpd) exhibited a broad band at
∼3432cm–1, attributed to the phenolic -OH group.
The C=N stretching vibration of the ligands is located
in the region of 1622–1628 cm−1. Upon complexation,
the shift of νCN vibrational stretching frequency
to a lower wave number, ca. ∼1611–1613 cm−1

(�ν ∼ 15cm−1) and absence of the νOH mode clearly
suggested the deprotonation of the Schiff base prior
to coordination of azomethine nitrogen and phenolate

oxygen to the metal. Absence of the phenolic –OH
proton and an upfield shift (δ = 8.21–8.24 ppm) in the
peak positions of the −N=CH proton in the spectrum
of the metal complexes relative to the free ligand
further augmented the [N2O2] coordination.

The electronic spectra (Figure S1) of the ligands
n-cpd showed two strong bands at ∼294 nm and
∼326 nm attributed to the π–π∗ transitions of the aro-
matic ring and a low intensity band at ∼365 nm, which
is due to the π–π∗ transition of the C=N fragment.
Upon complexation, all these bands are red-shifted to
∼323, ∼403 and ∼452 nm. The luminescent spectra
(Figure 1) of the complexes were recorded at room
temperature, both in solid state and dichloromethane
solution, at a concentration of 10−4 M (Table 1).
The complexes (Zn-n-cpd) are all green light emit-
ters, and showed emission maxima at ∼532–556 nm
with an emission quantum yield of ∼10% (solution),
and ∼5%(solid) under UV irradiation (330 nm, exci-
tation wavelength). The room temperature emission
observed is believed to originate from the intra-ligand
(π–π∗) fluorescence, and the role of the central Zn2+
ion is to provide rigidity to the ligand [23, 27, 28, 39].
Interestingly, in solid state, the emission maxima are
red shifted, presumably due to the intermolecular aro-
matic interaction, which is weaker in solution than
that in the solid. Moreover, in solid state the free
rotation of the flexible bonds is reduced and, hence,
deactivation through non-radiative channels dimin-
ishes, leading to a shift of emission wavelength to lower
energy. It is worth noting that, when compared with
related systems [38, 39] with a differently substituted
aromatic spacer group, a distinct shift (∼40 nm) in
the λmax of green emission (Table 2) has been noticed
in going from the un-substituted zinc complex to the
chloro-substituted one. Expectedly, this is attributed

N N

Cl

O O

Zn

H2n + 1CnO OCnH2n + 1

N N

Cl

OH HO

H2n + 1CnO OCnH2n + 1

CHO

OH

HO CHO

OH

H2n + 1CnO

Cl

H2N NH2

i

ii

iii

1

2

3

H H4
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7

n = 12, 14, 16,18

9

10
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12
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8

Scheme 1. (i) CnH2n+1Br, KHCO3, KI, dry acetone, �, 24 h. (ii) Glacial AcOH, absolute EtOH �, 3 h. (iii) Zn(OAc)2.2H2O,
MeOH, �, 2 h.
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Figure 1. Photoluminescence spectra of Zn-16cpd (excita-
tion wavelength = 330 nm, r.t., 10−4 M).

to the electron withdrawing effect on the π–π∗ tran-
sition of the chloro-substituted zinc complex. The
quantum yield of the chloro-substituted zinc complex
is also substantially diminished. This photophysical
behaviour (Table 2) is consistent with those reported
for Zn(II) complexes of a Schiff base substituted with
electron donating /withdrawing group [28].The UV-
Vis and photophysical data remained insensitive to the
alkoxy carbon chain length.

Differential Scanning Calorimetry (DSC) and
Polarised Optical Microscopy (POM) experiments
showed the ligands (HL) n-cpd to be non-liquid
crystalline, possibly due to greater conformational
flexibility of the molecules. However, all the complexes
exhibited columnar mesomorphism. Polarised optical
microscopy of a representative complex (Zn-16cpd)
was carried out. In the POM study, upon cooling

the sample from isotropic melt, a typical fan-shaped
texture appeared at ∼189◦C (Figure 2), which was
identified to be a rectangular columnar (Colr) phase
on the basis of powder X-ray diffraction (PXRD)
study. The optical texture remained unaltered until
room temperature was reached. In the DSC study,
a mesophase to crystallisation peak could not be
detected, presumably due to the slower transition to
the more organised phases, and partial or complete
vitrification of compounds upon cooling. Zn-16cpd
exhibited two transitions (Table 2) in heating and
one in cooling cycle (Figure 3). Pertinent here is that
analogous zinc complexes with a methyl-substituted
phenylenediamine spacer showed a hexagonal
columnar (Colh) phase [38]. In the absence of the
methyl/chloro group at the central aromatic spacer,
the molecules were earlier found to exhibit columnar
primitive rectangular (P222) to monoclinic oblique
(P112) lattice phase transformation, the latter being
stable down to room temperature [39]. Due to the
highly viscous nature of the newly synthesised chloro-
substituted complexes and severe restriction in the
molecular mobility, a pronounced hysteresis in transi-
tion temperature has been noted (a large temperature
difference (∼24◦C) during columnar to isotropisation
transition and vice versa). A marginal hike in the
isotropisation and mesophase transition temperature
as a function of decreasing alkoxy chain length has
been noticed. The observed mesomorphic behaviour
of the chloro-substituted compounds vis-à-vis the
un-substituted/methyl-substituted zinc complexes
(Supplementary information, Table S2) reported by
us earlier [38, 39] not only provides a point of interest
but also clearly demonstrates how slight modification
of the ‘salphen’ ligand framework can influence the
mesogenicity of the corresponding complexes.

Table 1. UV-Vis and photoluminescence data of ligands (n-cpd) and complexes (Zn-n-cpd).

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

12cpd 292 nm (13,800) 365 nm (11,600) - -
329 nm (17,100)

Zn-12cpd 326 nm (13,400) 451 nm (12,200) 538 nm 551 nm
401 nm (15,500)

14cpd 295 nm (13,700) 365 nm (11,600) - -
328 nm (17,200)

Zn-14cpd 325 nm (13,400) 448 nm (12,100) 534 nm 556 nm
398 nm (15,400)

16cpd 294 nm (13,500) 365 nm (11,600) - -
326 nm (17,800)

Zn-16cpd 323 nm (13,300) 452 nm (12,700) 532 nm 549 nm
403 nm (15,200)

18cpd 296 nm (13,400) 363 nm (11,200) - -
328 nm (17,800)

Zn-18cpd 325 nm (13,500) 454 nm (12,300) 536 nm 553 nm

[b] Photoluminescence data.
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Table 2. Phase transitions temperatures (T , ◦C), associated
enthalpies (�H, kJ mol-1) of n-cpd and their complexes.

Compounds Heating Cooling

Zn-12cpd Cr 138.3(4.1) Colr 222.7(9.2) I I200.4(9.1)Colr
Zn-14cpd Cr 131.2(4.3) Colr 218.6(8.8) I I198.2(8.9)Colr
Zn-16cpd Cr 129.4(4.7) Colr 214.4(9.6) I I189.2(9.9)Colr
Zn-18cpd Cr 126.1(4.8) Colr 210.2(8.9) I I185.5(8.8)Colr

Figure 2. POM texture of Zn-16cpd at 189◦C.

140 160 180 200 220
60

65

70

75

80

85

90

95

100

H
e

a
t 

fl
o

w
 (

e
n

d
o

 u
p

) 
(m

W
)

Temperature (°C)

Figure 3. DSC thermogram of Zn-16cpd.

To confirm the mesophase textures, temperature-
dependent PXRD experiments were carried out for
a typical compound Zn-16cpd at 194◦C. The X-ray
diffraction (XRD) experiment data (Table 3) support
the results obtained from optical microscopy and DSC
experiment. At 194◦C, in the small-angle region, three
sharp diffraction peaks at 15.1, 13.01 and 10.06 Å
were observed (Figure 4). The first two fundamental
reflections can be indexed as the (11) and (20) reflec-
tions of a rectangular lattice [30]. Moreover, with the

Talbe 3. PXRD data of Zn-16cpd.

Compound dobs[Å]a dcalc[ Å]b hkc Parameters

Zn-16cpd at 194◦C 15.13 15.12 11 Colr- p2gg
13.01 13.03 20 a = 26.04 Å
10.06 10.04 21 b = 18.63 Å
7.8 S = 484.36 Å2

4.9 Vm = 1774.13 Å3

3.5 h = 3.6
Scol = 242.18

adobs and bdcalc are experimentally and theoretically measured
diffraction spacings at 194◦C. [hk]c is the indexation of the reflec-
tions. For mesophase parameters, 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 (T◦) / VCH2 (T), T◦
= 25◦C. VCH2(T) = 26.5616 + 0.02023. T , h is the intermolecular
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 mathe-
matical 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 4. PXRD pattern of Zn-16cpd at 194◦C.

presence of the (21) peak, the symmetry of the lattice
can be further assigned to a p2gg plane group [30].
In the wide-angle region, a broad diffuse peak (4.9 Å)
was observed that confirms the liquid-like order of
the molten chains (hch). The relatively sharper peak at
about 3.5 Å, well separated from the broad one, can be
attributed to the stacking distance of the discs within
the same column (core–core separation). A less intense
peak at ca. 7.8 Å possibly indicates a perpendicu-
lar stacking of the hemi-disc-shaped molecules, which
is necessary to produce a disc-shaped dimer for the
formation of the columnar phase. A molecular organ-
isation based on dimeric interaction involving Zn and
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Figure 5. Dimeric interaction of the molecules.

phenolate-O has been invoked to explain the ‘disc’-like
formation (Figure 5).

As all efforts to obtain single crystals of the
ligand or complexes were foiled, the density func-
tional theory (DFT) method (Supplementary infor-
mation, Table S3) is employed to determine the opti-
mised geometry of a representative compound Zn-
16cpd (Figure 6). The ground state geometries in
the gas phase of the Zn-16cpd complex were fully
optimised using the restricted BLYP (Becke- Lee-
Yang-Parr)/DNP (double-numerical atomic orbitals
augmented by polarisation functions) methods with-
out imposing any symmetry constrain. Spin restricted
calculation has been performed in the framework
of the generalised gradient approximation (GGA).
At the GGA level, the BLYP functional has been used
throughout this study, comprising a hybrid exchange
functional as defined by Becke and the non-local Lee–
Yang–Parr correlation functional [44]. The basis set
chosen in this study is DNP, the double-numerical
atomic orbitals augmented by polarisation functions.
Convergence in energy, force and displacement was set
as 10–5 Ha, 0.001 Ha/Å and 0.005 Å, respectively. All

Figure 6. Optimised structure of Zn-16cpd.

calculations were performed with the DMol3 program
package [45]. The three-dimensional (3D) iso-surface
plots of the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) of all the zinc complexes are shown
(Supplementary information, Figures S2 and S3). The
electron density of the HOMO is localised on the aro-
matic rings, while the LUMO is mainly centred on
N–C bonds. The HOMO and LUMO energies of
the zinc complex are calculated to be −4.898 and
−2.703 eV, respectively, �E = 2.195 eV. The HOMO–
LUMO energy difference, in fact, is a measure of
kinetic stability of the molecule, indicating the reac-
tivity pattern of the molecule [46]. The HOMO–
LUMO gap (2.195 eV) in the present case implies high
kinetic stability and low chemical reactivity, because
it is energetically unfavourable to add electrons to a
high-lying LUMO or to extract electrons from a low-
lying HOMO [47]. The HOMO–LUMO energy differ-
ence evaluated from the lowest energy UV-Vis band
(451 nm) is 2.75 eV, which is substantially higher than
that obtained from DFT studies (�E = 2.195 eV).
Extensive intermolecular interactions in the solution
phase (UV-Vis study) vis-á-vis free gaseous molecule
(DFT study) could be one plausible reason for such a
deviation. Based on the spectral and DFT study, four
coordinated distorted square planar geometries have
been conjectured.

3. Conclusion

A new series of green emissive mesogenic Zn(II)-
salphen complexes with a chloro-substituted phenyle
nediamine spacer have been successfully synthesised
from an interaction of the Schiff base and Zn2+.
The ligands are neither fluorescent nor mesogenic.
However, the complexes, besides being fluorescent,
exhibited columnar rectangular (Colr) mesophases.
Based on spectral and DFT study, four coordinate
distorted square planar geometries around the Zn(II)
centre have been conjectured. The synthesis strategy
adopted herein can be effectively employed to gain
entry into the fascinating domain of metallomesogens
with tuneable molecular construction motifs possess-
ing multifunctional properties. The effect of substi-
tution in the spacer group on the mesomorphic and
photoluminescence behaviour of the complexes has
been rationalised.

4. Experimental details

4.1. Physical measurements
The C, H and N analyses were carried out using a
CarloErba 1108 elemental analyser (USA). The 1H-
NMR spectra were recorded on a Bruker Avance
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II, 400 MHz spectrometer (Bruker, India) in CDCl3
(chemical shift in δ) solution with trimethylsilyl (TMS)
as the 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). Photoluminescence
spectra were recorded on a Shimadzu RF-5301PC
spectrophotometer (Shimadzu, Asia Pacific, Pte Ltd,
Singapore). The fluorescence quantum yield in
dichloromethane was determined by the dilution
method using 9,10-diphenylanthracene as standard.
Infrared spectra were recorded on a Perkin Elmer BX
series spectrometer (Perkin Elmer, USA) on a KBr disc
in the 400–4000 cm−1 range. The optical textures of the
different phases of the compounds were studied using
a Nikon optiphot-2-polpolarising microscope (Nikon
Corporation, Tokyo, Japan) with an Instec hot and
cold stage HCS302 attached, with an STC200 tem-
perature controller of 0.1◦C accuracy. The thermal
behaviour of the compounds was studied using a
Pyris-1 system linked to a Perkin Elmer differential
scanning calorimeter (Perkin Elmer, Switzerland) with
a heating or cooling rate of 5◦C/min. Variable tem-
perature PXRD of the samples was recorded on a
Bruker D8 Discover instrument (Bruker, Germany)
using Cu-Ka radiation and an Anton Paar domed hot
stage heating attachment; DHS 900 was the heating
device. Quantum chemical calculation on a represen-
tative complex, Zn-16cpd, was carried out 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
4.3.1. Synthesis of n-alkoxysalicyldehyde (n = 12, 14,
16, 18)

2,4-Dihydroxybenzaldehyde (10 mmol, 1.38 g),
KHCO3 (10 mmol, 1 g), KI (catalytic amount) and
1-bromododecane (10 mmol, 2.4 g) or 1-bromote
tradecane (10 mmol, 2.5 g) or 1-bromohexadecane
(10 mmol, 2.8 g) or 1-bromooctadecane (10 mmol,
3 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 neutralise the warm solution, which
was then extracted with chloroform (100 ml). 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.

4.3.2. Synthesis of N,N′-bis(4-(4′-dodecyloxy)-
salicylidene)-4-Cl-1,2 phenylenediamine (12-cpd)

An ethanolic solution of 2-hydroxy-(4-dodecyloxy)-
salicylaldehyde (0.30 g, 1 mmol) was added to
an ethanolic solution of 4-Cl-1,2-phenylenediamine
(0.07 g, 0.5 mmol).The solution mixture was refluxed
with a few drops of acetic acid as a catalyst for 3 h to
yield the yellow Schiff base. The compound was col-
lected by filtration and re-crystallised from absolute
ethanol to obtain a pure compound.

Yield: 0.27 g (75%); Anal. Calc. for C44H63ClN2O4

(719.4): C, 73.46; H, 8.83; N, 3.89. Found: C, 73.45; H,
8.82; N, 3.87. %.1H NMR (400 MHz, CDCl3; Me4Si
at 25◦C, ppm): δ = 13.06 (s, 1H, H8), 8.57 (s, 1H, H4),
7.72 (d, J = 8.54 Hz, H5), 7.21 (d, 2H, H7), 7.12 (t,
J = 8.44 Hz, 2H, H1), 7.11 (dd, J = 2.43 Hz, J =
9.0 Hz, 2H, H6), 6.62 (d, J = 2.42 Hz, 2H, H3), 6.48
(dd, J = 2.43 Hz, J = 8.27 Hz, 2H, H2), 3.96 (t, J =
6.81 Hz, 2H, -OCH2), 0.96 (t, J = 6.82 Hz, 6H, CH3),
0.85 (m, -CH2 of methylene proton in side chain). IR
(νmax, cm−1, KBr): 3400 (νOH), 2924 (νas(C-H),CH3),
2871 (νs(C-H),CH3), 1628 (νC=N), 1297 (νC-O).

4.3.3. N,N′-bis(4-(4′-n-tetradecyloxy)-salicylidene)-
4-Cl-1,2 phenylenediamine (14-cpd)

Yield: 0.28 g (70%); Anal. Calc. for C48H71ClN2O4

(774.5): C, 74.34; H, 9.23; N, 3.61. Found: C, 74.35; H,
9.22; N, 3.65. %. 1H NMR (400 MHz, CDCl3; Me4Si
at 25◦C, ppm): δ = 13.01 (s, 1H, H8), 8.67 (s, 1H,
H4), 7.76 (d, J = 8.53 Hz, H5), 7.23 (d, 2H, H7), 7.13
(dd, J = 2.41 Hz, J = 9.21 Hz, 2H, H6), 7.13 (t, J =
8.44 Hz, 2H, H1), 6.48 (dd, J = 2.13 Hz, J = 8.29 Hz,
2H, H2), 6.45 (d, J = 2.13 Hz, 2H, H3), 3.91(t, J =
6.84 Hz, 2H, -OCH2), 0.95(t, J = 6.72Hz, 6H, CH3),
0.86 (m, -CH2 of methylene proton in side chain). IR
(νmax, cm−1, KBr): 3435 (νOH), 2915 (νas(C-H), CH3),
2845 (νs(C-H),CH3), 1626 (νC=N), 1288 (νC-O).

4.3.4. N,N′-bis(4-(4′-n-hexadecyloxy)-salicylidene)-
4-Cl-1, 2 phenylenediamine (16-cpd)

Yield: 0.32 g (75%); Anal. Calc. for C52H79ClN2O4

(831.6): C, 75.10; H, 9.57; N, 3.37. Found: C, 75.12; H,
9.54; N, 3.34. %. 1HNMR (400 MHz, CDCl3; Me4Si
at 25◦C, ppm): δ 13.12 (s, 1H, H8), 8.77 (s, 1H, H4),
7.74 (d, J = 8.54 Hz, H5), 7.24 (d, 2H, H7), 7.23
(dd, J = 2.81 Hz, J = 9.0 Hz, 2H, H6), 7.15 (t, J =
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8.43 Hz, 2H, H1), 6.66 (d, J = 2.44Hz, 2H, H3),
6.43 (dd, J = 2.44 Hz, J = 8.29 Hz, 2H, H2), 3.97
(t, J = 6.81 Hz, 2H, -OCH2), 0.99 (t, J = 6.32 Hz,
6H, CH3), 0.88 (m, -CH2 of methylene proton in side
chain). 13C NMR (75.45 MHz; CDCl3; Me4Si at 25◦C,
ppm) δ = 131.5(-C1), 106.8(-C2), 102.3(-C3), 161.6(-
C14), 160.2(-C4), 110.5(-C13), 128.8(-C6), 161.3(-C15).
IR (νmax, cm−1, KBr): 3433(νOH), 2918(νas(C-H), CH3),
2849(νs(C-H), CH3), 1626(νC=N), 1287(νC-O).

4.3.5. N,N′-bis(4-(4′-n-octadecyloxy)-salicylidene)-
4-Cl-1, 2 phenylenediamine (18-cpd)

Yield: 0.34 g (74%); Anal. Calc. for C56H87ClN2O4

(887.6): C, 75.76; H, 9.88; N, 3.16. Found: C, 75.74; H,
9.84; N, 3.14. %. 1H NMR (400 MHz, CDCl3; Me4Si
at 25◦C, ppm): δ = 13.01 (s, 1H, H8), 8.72 (s, 1H,
H4), 7.77 (d, J = 8.54 Hz, H5), 7.24 (d, 2H, H7), 7.15
(dd, J = 2.41 Hz, J = 9.0 Hz, 2H, H6), 7.14 (t, J =
8.43 Hz, 2H, H1), 6.49 (dd, J = 2.14 Hz, J = 8.29 Hz,
2H, H2), 6.45 (d, J = 2.13 Hz, 2H, H3), 3.91 (t, J =
6.81 Hz, 2H, -OCH2), 0.98 (t, J = 6.85 Hz, 6H, CH3),
0.82 (m, -CH2 of methylene proton in side chain). IR
(νmax, cm−1, KBr): 3434 (νOH), 2916 (νas(C-H), CH3),
2844 (νs(C-H),CH3), 1622 (νC=N), 1289 (νC-O).

4.3.6. Synthesis of zinc(II) complexes (Zn-n-cpd. n
= 12, 14, 16, 18)

The general procedure is as follows.
The ligand 12-cpd (0.071 g, 0.1 mmol) or 14-cpd

(0.077 g, 0.1 mmol) or 16-cpd (0.083 g, 0.1 mmol) or
18-cpd (0.088 g, 0.1 mmol) was dissolved in the mini-
mum volume of absolute ethanol. To this, an equimo-
lar amount of zinc acetate Zn(OAc)2.2H2O(0.02 g,
0.1 mmol) in methanol was added slowly and stirred
for 2 h at room temperature. A yellow solid formed
immediately, which was filtered, washed with diethyl
ether and re-crystallised from chloroform-ethanol
(1:1).

4.3.7. Zn-12cpd

Yield: 0.068 g (75%); Anal. Calc. for C44H61ClN2O4Zn
(782.4): C, 67.51; H, 7.85; N, 3.58. Found: C, 67.52; H,
7.84; N, 3.54. %. 1H NMR (400 MHz, CDCl3; Me4Si
at 25◦C, ppm): δ, 8.24 (s, 1H, H4), 7.73 (d, J = 8.53 Hz,
H5), 7.22 (d, 2H, H7), 7.15 (t, J = 8.36, 2H, H1), 7.01
(dd, J = 2.36 Hz, J = 8.58, 2H, H6), 6.55 (d, J =
2.45 Hz, 2H, H3), 6.38 (dd, J = 2.36 Hz, J = 8.18 Hz,
2H, H2), 3.98 (t, J = 6.72 Hz, 2H, -OCH2), 0.89 (t, J =
6.83 Hz, 6H, CH3), 0.89 (m, -CH2 of methylene proton
in side chain). IR (νmax, cm−1, KBr): 2924(νas(C-H),
CH3), 2850(νs(C-H), CH3), 1612(νC=N).

4.3.8. Zn-14cpd

Yield: 0.073 g (76%); Anal. Calc. for C48H69ClN2O4Zn
(839.4): C, 68.72; H, 8.29; N, 3.34. Found: C, 68.71; H,
8.28; N, 3.35. %. 1H NMR (400 MHz, CDCl3; Me4Si
at 25◦C, ppm): δ, 8.21 (s, 1H, H4), 7.76 (d, J = 8.56 Hz,
H5), 7.21 (d, 2H, H7), 7.14 (t, J = 8.35 Hz, 2H, H1),
7.01 (dd, J = 2.35 Hz, J = 8.38, 2H, H6), 6.57 (d, J =
2.43 Hz, 2H, H3), 6.39 (dd, J = 2.37 Hz, J = 8.18 Hz,
2H, H2), 3.99 (t, J = 6.54 Hz, 2H, -OCH2), 0.88 (t, J =
6.82 Hz, 6H, CH3), 0.92 (m, -CH2 of methylene pro-
ton in side chain). IR (νmax, cm−1, KBr): 2923(νas(C-H),
CH3), 2847(νs(C-H), CH3), 1613(νC=N).

4.3.9. Zn-16cpd

Yield: 0.071 g (70%); Anal. Calc. for C52H77ClN2O4Zn
(895.5): C, 69.78; H, 8.67; N, 3.13. Found: C, 69.76; H,
8.68; N, 3.15. %. 1H NMR (400 MHz, CDCl3; Me4Si
at 25◦C, ppm): δ, 8.23 (s, 1H, H4), 7.77 (d, J = 8.54 Hz,
H5), 7.26 (d, 2H, H7), 7.18 (t, J = 8.39Hz, 2H, H1),
7.08 (dd, J = 2.34 Hz, J = 8.37, 2H, H6), 6.56 (d, J =
2.45 Hz, 2H, H3), 6.38 (dd, J = 2.37 Hz, J = 8.17 Hz,
2H, H2), 3.95 (t, J = 6.56 Hz, 2H, -OCH2), 0.89 (t, J =
6.73Hz, 6H, CH3), 0.96 (m, -CH2of methylene proton
in side chain). 13C NMR (75.45 MHz; CDCl3; Me4Si
at 25◦C, ppm) δ = 135.6 (-C1), 109.7(-C2), 106.9(-C3),
168.7(-C14), 166.4(-C4), 114.8(-C13), 133.7(-C6), 166.2
(-C15). IR (νmax, cm−1, KBr): 2927(νas(C-H), CH3),
2865(νs(C-H), CH3), 1613(νC=N).

4.3.10. Zn-18cpd

Yield: 0.081 g (75%); Anal. Calc. for C56H85ClN2O4Zn
(949.5): C, 70.72; H, 9.01; N, 2.95. Found: C, 70.72;
H, 9.02; N, 2.96. %. 1H NMR (400 MHz, CDCl3;
Me4Si at 25◦C, ppm): δ, 8.24 (s, 1H, H4), 7.78 (d, J =
8.55 Hz, H5), 7.29 (d, 2H, H7), 7.17 (t, J = 8.39Hz,
2H, H1), 7.08 (dd, J = 2.35 Hz, J = 8.38Hz, 2H,
H6), 6.59 (d, J = 2.48 Hz, 2H, H3), 6.38 (dd, J =
2.37 Hz, J = 8.17 Hz, 2H, H2), 3.95 (t, J = 6.56 Hz,
2H, -OCH2), 0.91 (t, J = 6.73Hz, 6H, CH3), 0.97 (m,
-CH2 of methylene proton in side chain). IR (νmax,
cm−1, KBr): 2928(νas(C-H), CH3), 2866(νs(C-H), CH3),
1611(νC=N).
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