Journal of Photochemistry and Photobiology A: Chemistry 218 (2011) 117-129

Journal of Photochemistry and Photobiology A:

journal homepage: www.elsevier.com/locate/jphotochem e

Contents lists available at ScienceDirect e

Photochemistry

Phoroi;iology

Chemistry

Low temperature X-ray diffraction analysis, electronic density distribution and
photophysical properties of bidentate N,0-donor salicylaldehyde Schiff bases and
zinc complexes in solid state

Oxana Kotova®P-¢* Konstantin Lyssenkod, Andrey Rogacheve€, Svetlana Eliseeva®?,
Ivan Fedyanin9, Leonid Lepnev¢, Lesley Pandeyf, Anatolii Burlovg, Alexander Garnovskii$,
Alexey Vitukhnovsky¢, Mark Van der Auweraerf, Natalia Kuzmina?

3 Department of Chemistry, Lomonosov Moscow State University, Leninskie Gory 1-3, 119991 Moscow, Russia

b Department of Materials Sciences, Lomonosov Moscow State University, Leninskie Gory 1-3, 119991 Moscow, Russia

¢ Vavilov Luminescence Laboratory, Lebedev Physical Institute of Russian Academy of Sciences, Leninsky Prospect 53, 119991 Moscow, Russia

d A.N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, GSP-1, 28 Vavilov Street, Moscow 119991, Russia

¢ Institut fiir Anorganische und Angewandte Chemie, Department Chemie, Universitdt Hamburg, Martin-Luther-King-Platz 6, 20146 Hamburg, Germany

f Department of Chemistry and Institute for Nanoscale Physics and Chemistry, Katholieke Universiteit Leuven, Celestijnenlaan 200-F, 3001 Heverlee-Leuven, Belgium
& Institute of Physical and Organic Chemistry of Southern Federal University, 344090 Rostov-on-Don, Russia

ARTICLE INFO

Article history:

Received 1 August 2010

Received in revised form

13 December 2010

Accepted 14 December 2010
Available online 23 December 2010

Keywords:

Synthesis

High resolution XRD analysis
Charge density analysis
Theoretical calculation
Luminescence

ABSTRACT

Zinc complexes (ZnL, ) with bidentate N,0-donor Schiff bases (HL=HSH1, HSH2, HSH3) derivatives of sali-
cylaldehyde and para-substituted anilines were synthesized and fully characterized. The crystallographic
parameters of HSH2 and ZnL, were refined. Low temperature X-ray diffraction analysis including topo-
logical analysis of electron density function for crystals of ZnL, reveals that the geometrical parameters of
all investigated compounds as well as the charges in chelate rings of complexes remain almost unchanged
upon variation of the substituents (R) in para-position of the aniline fragment, going from —-CH; (HSH1)
to —-N(CH3),; (HSH2) and —~OCH; (HSH3). Zinc complexes are thermally stable up to ~190°C as shown by
thermogravimetric analysis under nitrogen atmosphere. The photoluminescent (PL) properties of HL and
ZnL, were investigated in the solid state while its absorption spectra were measured in methanol. The
theoretical calculation of the investigated compounds confirmed firstly the existence of enol-imine and
keto-enamine tautomeric forms; and secondly the influence of the introduction of R on the PL properties
of the compounds. The study of excited state dynamics of ZnL, in the solid state shows bi-exponential
fluorescence decays and relatively high PL quantum yield, making them potentially adequate for being
used as manifold optical materials. The interpretation of photophysical properties are substantiated by

DFT and TD-DFT theoretical calculations of the Schiff bases and zinc complex species.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, significant progress has been achieved in
understanding the chemistry of transition metals complexes with
Schiff base ligands composed of salicylaldehyde [1].

Besides showing excellent catalytic activity [2] and magnetic
properties [3], these metallic complexes can be used as well in
medicine as anti-cancer drugs [4], sensors [5] and in different opti-
cal materials [6,7]. In view of the latter application zinc complexes
attract a special attention since along with high light emitting effi-
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ciency and possibility of easy tuning the luminescent properties
by variation the nature of substituents in organic ligands, they are
inexpensive, nontoxic, possess high thermal stability, volatility and
solubility. Moreover, zinc complexes with Schiff bases are prospec-
tive precursors for controlled organization of nanoscale patterns
and wires [8], optoelectronic technology thanks to their non-linear
optical properties [9], fluorescent sensors for detection of chemical
explosives [10] and electroluminescent (EL) layers in organic light
emitting diodes (OLEDs) [11,12].

Within the sight of being applied as EL materials for OLEDs, dif-
ferent classes of complexes have been explored by our research
groups [13,14]. According to literature [11,12] and our investiga-
tions [14,15] zinc complexes with bi- and tetra-dentate (N,0-donor
atoms) Schiff bases can be suggested and some of them have been
already used to build up OLED systems. In order to find out new
EL materials among these complexes one should not only know
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Table 1

Crystal data and some details of data collection and structures refinement for HSH2 and Zn(SH1),, Zn(SH2),, Zn(SH3), compounds.
Compound HSH2 Zn(SH1), Zn(SH2), Zn(SH3),
Formula unit Ci5H16N20 CygH24N202Zn C30H30N402Zn CygH24N204Zn
Molecular weight 240.30 485.86 543.95 517.86
Temp [K] 100 100 100 100
Crystal system Orthorhombic Monoclinic Triclinic Triclinic
Space group Pbca 2fc P-1 P-1
Z(Z) 8(1) 4(0.5) 4(2) 2(1)
a(A) 11.175(1) 22.126(2) 10.1357(4) 8.9833(2)
b (A) 7.9742(8) 8.495(2) 16.4960(7) 11.3085(2)
c(A) 27.409(3) 11.907(2) 17.3308(7) 12.0086(2)
o(°) 90.00 90.00 115.1170(10) 84.2710(10)
B() 90.00 95.404(4) 95.9150(10) 87.4980(10)
Y () 90.00 90.00 98.3080(10) 71.8090(10)
V(A3) 2442.5(4) 2228.1(6) 2552.08(18) 1153.07(4)
Peatc (gcm3) 1.307 1.448 1.416 1.492
i (cm™1) 0.83 11.31 9.98 11.04
F(000) 1024 1008 1136 536
26max (%) 58 100 60 100
Reflections measured (Rjnt) 17091 (0.0800) 132187 (0.0304) 33528 (0.0313) 139845 (0.0297)
Independent reflections 3538 11688 14850 23867
Observed reflections
[I>20(1)] 2244 10346 11675 20527
Number of parameters 165 199 675 412
Final R(Fpx1): Rq 0.0482 0.0223 0.0348 0.0246
WR, 0.1218 0.0700 0.0809 0.0727
GOF on F? 1.019 1.041 1.026 1.018
A Prax] A Pmin (€A3) 0.295/-0.251 0.577/-0.317 0.432/-0.543 0.711/-0.458

about the influence of different substituents on their photophys-
ical properties, thermal stability, volatility and solubility but also
about the electronic structure of the complexes. Indeed, informa-
tion about the valence orbitals (highest occupied molecular orbital,
HOMO; lowest unoccupied molecular orbital, LUMO) is essential to
get the optimal structure leading to the most efficient OLED [12,16].
In our previous work [15(a)] both experimental and theoretical
data have been utilized to discuss the influence of substituents such
as an extending of m-conjugation or an increasing of donor char-
acter on the properties of tetradentate Schiff base derivatives of
salicylaldehyde and their zinc complexes.

Recently, EL materials based on zinc complexes with bidentate
N,0-donor Schiff bases derivatives of salicylaldehyde and para-
substituted anilines (R=-CH3 (HSH1), -N(CH3), (HSH2), -OCH3
(HSH3)) have been shown to demonstrate sufficient electron trans-
port ability and were successfully incorporated into OLEDs [12].
Herein we focused our study on the peculiarities of molecular
geometry and investigated how structural changes can influence
the overall photophysical properties of such compounds in solid
state, including time-correlated single photon counting measure-
ments and absolute quantum yields determination. To achieve
further understanding on the relation between structure and opti-
cal properties, a comprehensive analysis of Schiff base and zinc
complexes crystals was carried out by measuring low-temperature
X-ray diffraction as well as performing both theoretical and exper-
imental electron density distribution analyses.

2. Experimental
2.1. Synthesis of the ligands (HL) and zinc complexes (ZnL;,)
The full synthesis methodology and characterization of Schiff

bases and zinc complexes are reported in the Supporting
Information.

2.2. X-ray crystallography

X-ray diffraction experiments were carried out with a Bruker
SMART APEX I CCD area detector, using graphite monochromated

Mo-Ka radiation (A=0.71073A) at 100K. Reflection intensities
were integrated using SAINT software and absorption correction
was applied semi-empirically using SADABS program [17]. The
structures were solved by direct method and refined by the full-
matrix least-squares against F? in anisotropic approximation for
non-hydrogen atoms. The hydrogen atoms were located from the
Fourier density synthesis and refined in anisotropic approxima-
tion for HSH2, Zn(SH1), and Zn(SH3), and in “riding model” for
Zn(SH2),. Crystal data and structure refinement parameters for
HSH2, ZnL, are given in Table 1. All calculations were performed
using the SHELXTL software [18].

CCDC-753778 (for HSH2), —732184 (for Zn(SH1),), —732185
(for Zn(SH2),), —732186 (for Zn(SH3), ) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request.cif.

2.3. High resolution X-ray diffraction analysis of electronic
density distribution (EDD)

The multipole refinement of Zn(SH1), and Zn(SH3), was car-
ried out within the Hansen-Coppens formalism [19] using XD
program package [20] with the core and valence electron den-
sity derived from wave functions fitted to a relativistic Dirac-Fock
solution. Before the refinement the C-H bond distances were
normalised to ideal values 1.08 A according to neutron diffrac-
tion data. The level of multipole expansion was hexadecapole
for metal atom and octupole for all other non-hydrogen atoms.
The refinement was carried out against F and converged to
R=0.0144, Rw=0.0183 and GOF=0.7904 (for 11108 merged reflec-
tions with I>3c0(I)) for Zn(SH1),, to R=0.0156, Rw=0.0166 and
GOF=0.9024 (for 18912 merged reflections with I>3o(I)) for
Zn(SH3),. All bonded pairs of atoms satisfy the Hirshfeld rigid-
bond criteria (the maximum difference of the mean square
displacement amplitude was observed for Zn-O bond and was
11 x 10~4 A2) [21]. The potential energy density v(r) was evalu-
ated through the Kirzhnits approximation for the kinetic energy
density function g(r). Accordingly, the g(r) function is described
as (3/10)(372 2P [ p(r)]>P +(1/72)1v p(r) 1% [ p(r) + 1/692 p(r), what in
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conjunction with the virial theorem (2g(r) +v(r)=1/4v2p(r)) [22]
leads to the expression for v(r) and makes possible to estimate the
electron energy density he(r). The total electron density function
was positive everywhere and the maxima of residual electron den-
sity located in the vicinity of nuclei were not more than 0.35 eA—3.
Analysis of topology of the p(r) function was carried out using the
WinXPRO program package [23].

2.4. Materials and physical measurements

Elemental analysis (C, H, N) was performed by the Microanalyt-
ical Service of the Center for Drug Chemistry (Moscow, Russia). IR
spectra were recorded in the range 4000-600 cm~! using a Perkin-
Elmer Spectrum One spectrometer equipped with a universal
attenuated total reflection sampler. 'H NMR spectra were recorded
on an Avance-400 (Bruker, 400 MHz) spectrometer. Thermogravi-
metric analysis was performed on a Q-1500 thermal analyzer
in nitrogen atmosphere at a heating rate of 5°Cmin~!. UV-vis
absorption spectra of Schiff bases and zinc complexes in methanol
solutions at a concentration of 10~> M were recorded with Lambda
35 spectrophotometer (Perkin ElImer) with 1cm quartz Suprasil®
cells. The same instrument with a slightly different setup was used
to get reflectance spectra of the solid state samples. Both of these
measurements were performed at 298 K.

Luminescence spectra of the samples in solid state were mea-
sured on a multi-channel spectrometer S2000 (Ocean Optics)
utilizing a nitrogen laser LGI-21 (Aex=337nm) as an excitation
source at 298 and 77 K. All emission spectra were corrected for
the instrumental functions. Quantum yield of HSH1 in solid state
was determined with a Fluorolog FL3-22 spectrofluorimeter at
298 K, under excitation at 337 nm according to an absolute method
by using home-modified integration sphere [24]. This sample
was measured several times under slightly different experimental
conditions. The quantum yields of HSH2, HSH3 and ZnL, were cal-
culated relative to the value of absolute quantum yield determined
for HSH1 using the following equation [25]:

1-Rr Ox
= (7=¢) (&)
where Q - the quantum yield, R - the amount of reflected excitation
radiation, ¢ - the integrated area of the corrected luminescence
spectra, subscript x stands for the sample and r for the standard.
The estimated accuracy for quantum yield is +10-20%.

The time-resolved properties and excited state dynamics of our
compounds in solid state were studied using the time-correlated
single photon counting (TCSPC) technique. The TCSPC setup con-
sists of 2 diode lasers at 809 nm which pump a Millenia XS CW-laser
(Spectra Physics), generating light at 532 nm after frequency dou-
bling. This light in turn pumps a Tsunami Ti:sapphire (Spectra
Physics), resulting in pulsed laser light, which is tunable between
760 and 1100 nm, at a frequency of 82 MHz. The pulse frequency is
reduced to 8.2 MHz using a Pulse Selector 3980 (Spectra Physics)
after which the laser light is either doubled or tripled with a
flexible harmonic generator (GWU-FHG from GWU Lasertechnik)
generating excitation light, tunable between 240 and 500 nm. Emis-
sion from the sample was detected at magic angle (54.7°) with a
cooled R3809 MCP-PMT from Hamamatsu after passing through
a monochromator and being processed using a SPC 430 (Becker
& Hickl GmbH) computer card. The instrument response function
(IRF)was recorded using a LUDOX scattering solution and its FWMH
amounted to ~20 ps.

The fluorescence decay curves were analyzed by being fitted to
a convolution of the IRF with a decay function for a §-pulse using
a TRFA Global Analysis Program based on a Marquard-Levenberg
minimalisation algorithm and Gaussian-weighted nonlinear least-
squares fitting. Decay curves were fitted to a multi-exponential

decay function. The quality of each fit was assessed by the random
distribution of the residuals, their autocorrelation function and the
value of the reduced chi-square parameter ( x2), which was around
1.1.

2.5. Theoretical calculations

Theoretical calculations were done using PC GAMESS version of
GAMESS-US program package [26] for quantum chemistry model-
ing. Visualization of equilibrium geometries as well as of molecular
orbitals was performed using ChemCraft program package [27].
Geometry optimizations of Schiff bases and zinc complexes were
calculated at DFT level. The computation of organic molecules
HSH1, HSH2 and HSH3 were done using the exchange-correlation
parameter-free hybrid functional of Perdew-Burke-Ernzerhof
(PBEO) [28]. All atoms of the Schiff bases were described using
triple-zeta quality basis sets 6-311G(d,p). Calculations of the zinc
complexes were performed using the widely known hybrid func-
tional of Becke-Lee-Yang-Parr (B3LYP) [29]. The zinc atom was
described using the Hay and Wadt effective core potential (ECP)
along with the LANL2DZ basis set while all the other atoms of
organic ligands were described as previously using the 6-311G(d,p)
basis sets. The geometry optimization for all the complexes was
calculated in a G, symmetry point group while for the organic
molecules no symmetry restrains were applied. The norm of the
gradient for the geometry optimization was accepted to be equal
to 10>, The true minima on the potential energy surfaces were con-
trolled via calculation of the Hessian matrix followed by calculation
ofthe harmonic frequencies. The lack of imaginary frequencies indi-
cated that the true minimum was achieved. The vertical transitions
were calculated for the molecules in their ground state optimized
geometries using the time-dependent density functional theory
(TDDFT) and the same combinations of functional and basis sets
as described above. The wavelength corresponding to the verti-
cal Sg — S; transition and the oscillator strengths of each transition
were calculated in order to compare with experimental data and
to understand the nature of the main excited states. It should be
noted that the wavefunction ¥ is:

W=>"> o,

ieoccj evirt

where ¢;_,; - the determinant representing an excitation from the
occupied molecular orbital (MO) ¢; towards the virtual MO wj; C}j
- the weight of the determinant in the wavefunction ¥|. Thus, the
nature of the states analysis was supported by the values of the C{j
coefficients in the TD-DFT wavefunction and the shapes of the DFT
MOs. It was assumed that the DFT MOs were suitable for a good
description of the electronic structure of molecules as the Hartree-
Fock or extended Hiickel MOs methods [30,31]. The peaks were
calculated instead of bands since vibrational motion of atoms and
solute-solvent dynamical interactions were not taken into account.
In order to cover the range of wavelengths above 170 nm the thirty
lowest singlet excited states were computed for all systems under
consideration.

3. Results and discussion
3.1. Characterization

The composition of investigated bidentate Schiff bases
(HL=HSH1, HSH2, HSH3) was ascertained by elemental analysis,
IR and 'H NMR spectroscopy. The IR spectra of HL display the typ-
ical v(C=N) modes around 1620 cm~1, §(0-H) (1400-1000 cm™1),
the vibration of the aromatic ring and also v¥(C-H)+v(N-H) at
3300-2500cm~! range. IR spectroscopy data together with 'H
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O, —0,
\H W

< > \ / < >
CH—N R HC——N R

(1) enol-imine tautomer (2) keto-enamine tautomer

Fig. 1. Proton transfer in Schiff bases.

NMR indicate the possibility of proton transfer in Schiff bases
resulted in the existence of tautomeric forms (Fig. 1) [32,33].

The composition of ZnL, was confirmed by elemental analysis,
IR and NMR spectroscopy. The IR spectra show the character-
istic vibration v(C-H) in the region 3080-2800cm~!, v(C=N)
1612-1610cm~!, ¥(C-0) 1190-1030cm~! and aromatic ring. It
was shown that NMR spectra of zinc complexes do not have broad
singlet signals at § ~13.73-13.40 ppm that confirms the absence of
initial Schiff base impurities.

3.2. Molecular structures and electron density distribution

According to previous X-ray diffraction analysis there are two
possible polymorphic forms of HSH2, namely “red” and “yellow”
ones [34,35]. In the molecules of “red” HSH2 the substituent
-N(CH3), located coplanar with aniline ring while in “yellow” it
is twisted out from this plane to ~7.1°.

Therefore, in the crystal structure of the “red” form HSH2
molecules are located closer to each other with higher interac-
tion energy than in the “yellow” one. Both of these modifications
correspond to enol-imine tautomer while possessing different pho-
toluminescent properties due to the slight peculiarities of the
crystal structures [35]. X-ray diffraction analysis (Fig. 2) shows
that HSH2 obtained from benzene solution crystallizes as the “red”
form. The main bond lengths and angles in HSH2 at 100K and
room temperature are close to each other [34]. In particular, geo-
metrical parameters of intramolecular O-H.--N hydrogen bond
are identical; the O(1)---N(1) distance is 2.567(2) and 2.564(4)A,
respectively. The molecule in the crystal is almost planar with
the value of the dihedral angle between two aromatic rings being
equal to 8.9°. The nitrogen atom of the —N(CH3), group is planar
(the sum of CNC bond angles is 360°). The HSH2 molecule in the
crystal participates in the formation of weak stacking interaction
(C(8)---C(8) 3.540(3) A) and a number of C-H.--m contacts. The
molecules of HSH1 are planar and packed along the shortest crystal-
lographic direction c [36]. The crystallographic parameters of HSH3
are unknown.

In this work we examined ZnL, in order to elucidate the influ-
ence of the para-substituent in the aniline fragment of the ligand on
the peculiarities of the molecular geometry and charge density dis-

tribution of the zinc complexes. Since, the structural data of ZnL;
are available at room temperature [37-39] we investigated their
characteristics at low temperature (100K) (Fig. 3). All the studied
zinc complexes crystallize without solvent molecules. In the crystal
structure of Zn(SH1),, molecules are characterized by C, symme-
try (C, axis passes through the Zn(1) atom), while in the structures
of Zn(SH2), and Zn(SH3),, it has C; symmetry (Fig. 3). The crys-
tal structure of Zn(SH2), consists of two independent molecules
(Fig. 3(b)). For all complexes, the coordination sphere of Zn(1) atom
was found to be formed by two bidentate ligands. The coordination
polyhedron of the zinc atom corresponds to a distorted tetrahe-
dron with a dihedral angle between the ZnON planes varying in the
range of 79.8-93.8°. The conformation of 6-membered metallocy-
cles can be described as sofa with the deviation of Zn(1) atom from
the plane of the NC30 ones. It should be noted that this cycle is very
flexible, and the value of Zn(1) atom deviation (dz,) in the studied
complexes vary from 0.7 A in Zn(SH1), up to 0.05 A in one of the
independent molecules of Zn(SH2),.

One could expect that the variation of the substituents R (—CHj,
—N(CH3); and —OCH3), having different inductive and mesomeric
effects, leads to significant redistribution of bond lengths in met-
allocycles (see Fig. 4). However, analysis of the ZnL, geometry
(Table 2; Fig. 4) shows that it remains practically the same upon
the change of R.

The same is true for the conformation of the ligand. This can
be illustrated by analyzing the bond lengths distribution in two
independent molecules of Zn(SH2),. Indeed, the twist angle (¢)
of the benzene ring in respect to the chelate OC3N moiety in
two independent molecules is 2.6-40.2°, while the C-N bond
lengths for the dimethylaniline substituent are almost identical
(1.432(2) to 1.434(2) A) (e, Table 2). The increase of dz, causes only
slight variation of Zn-0 and Zn-N bonds, while the correspond-
ing bonds in the chelate cycles remain the same. Moreover, the
variation of coordination bond strengths (for example, the Zn-0
(1.923(1)-1.909(1) A) distance in Zn(SH2), ) does not have any sig-
nificant influence on the distribution of the bond lengths in the
ligand moiety (Table 2).

The only parameter varying significantly is the length of
C-N(CH3); bond in Zn(SH2),. It increases from 1.375(2) to
1.395(2) A accompanied by the pyramidalization of nitrogen atom
with the sum of CNC bond angles changing from 359.9° to 349.1°.
The shortest C-N(CHj3 ), bond length in Zn(SH2), is close to that in
noncoordinated ligand (HSH2).

The comparison of bond lengths for the HSH2 molecule and its
complex clearly shows that the bonding with zinc atom mostly
affects C-0 and C-N bonds (entries a and e in Table 2), while the
variation of all others is within 0.02 A. In turn, the elongation of C-N
bond (entry e) in complex compared to the HSH2 molecule indi-
cates the decrease in conjugation between imine nitrogen atom and
its aromatic substituent. Thus, we can conclude that the formation

Fig. 2. Molecular structure of HSH2 with thermal ellipsoids set at the 50% probability.
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D
O
Fig. 3. Molecular structures of (a) Zn(SH1),, (b) Zn(SH2);, (c) Zn(SH3), with thermal ellipsoids set at the 50% probability.
Table 2
Selected bond lengths and angles of HSH2, Zn(SH1),, Zn(SH2), and Zn(SH3);; the letters a—f correspond to distances depicted in Fig. 4.

Parameter Zn(SH1), Zn(SH2), Zn(SH3); HSH2

Zn-0 (A) 1.9279(4) 1.909(1)-1.922(1) 1.9162(3)-1.9269(3) -
1917 1.921

Zn-N (A) 2.0164(4) 2.009(1)-2.197(1) 2.0078(3)-2.0122(3) -
2.014 2.010

dzn (A 0.14 0.049-0.22 0.076-0.28 -

a(A) 1.3127(5) 1.307(2)-1.312(2) 1.3047(5)-1.3123(5) 1.353(2)
1.309 1.302

b(A) 1.4374(6) 1.426(2)-1.429(2) 1.4307(6)-1.4302(5) 1.411(2)
1.428 1.430

c(A) 1.4476(6) 1.438(2)-1.444(2) 1.4426(6)-1.4433(5) 1.455(2)
1.442 1.443

d(A) 1.3069(5) 1.299(2)-1.301(2) 1.3034(5)-1.3017(5) 1.287(2)
1.300 1.302

e(A) 1.4331(5) 1.431(2)-1.433(2) 1.4270(5)-1.4295(5) 1.409(1)
1.433(2) 1.428

f(A) 1.5097(6) 1.375(2)-1.395(2) 1.3661(6)-1.3675(5) 1.369(2)

1.366
¢(°) 14.1 2.6-40.2 9.1-17.6 4.8
ZnON/ZnON (°) 79.8 75.8-93.8 80.2 -

2 Out of the metallocycle plane deviation for zinc atom.
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Fig. 4. Schematic representation of half of the ZnL, molecules with geometrical
definitions.

of zinc complex significantly reduces the influence of substituents
in para-position of organic ligands HL.

The intermolecular contacts in all zinc complexes studied corre-
spond to weak van der Waals intermolecular interactions. The only
exceptionis Zn(SH3),, where the stacking interaction was observed
(Fig. S1, Supporting Information). However the overlapping occurs
only between the symmetry equivalent species (the shortest C.--C
distance is 3.353(2) A).

To get more insight into chemical bonding in the zinc com-
plexes we have performed the charge density analysis for two of
the above complexes, Zn(SH1), and Zn(SH3), (Tables S1-S5, Sup-
porting Information). Unfortunately, the low reflection intensity of
the Zn(SH2), precluded the high resolution X-ray diffraction anal-
ysis. The analytical form of the electron density function has been
obtained using the multipole model (see Section 2).

The experimental charge density distribution was analyzed in
terms of Bader’s “Atoms in Molecules” (AIM) theory [22]. The lat-
ter not only gives the direct information on the presence and
type of chemical bonds, but even provides a possibility to esti-
mate their energy [40]. During last years varieties of investigations
[41] demonstrated that the application of the topological analysis
of the electron density distribution function (o(r)), derived from
experimental data and/or from theoretical calculations, in conjunc-
tion with Espinosa’s correlation scheme [42] allows estimating the
interaction energy (Econt) With sufficient accuracy. This approach is
valid for the qualitative and semi-quantitative description of weak
closed-shell interactions as well as the stronger intermediate type
of interactions like short O-H---O interactions and coordination
bonds, such as Gd-OH; and Au-P [43].

The deformation electron density (DED) distribution for both
zinc complexes is similar. Its maxima are observed in the vicin-
ity of the zinc, oxygen and nitrogen atoms and in the interatomic
area of chemical bonds (Fig. 5). The cross-like accumulation max-
imum around the zinc atom can be associated with 3d-orbitals,
while the maxima around oxygen and nitrogen correspond to their

electron lone pairs. The slight variation of the DED distribution
around the Zn(1) atom in two complexes is a clear consequence
of 5-membered ring puckering. Despite of this variation, the Zn-0
and Zn-N interactions in both complexes correspond to “peak to
peak” type.

The topology of p(r) function in two complexes is slightly differ-
ent. The critical point (CP) search revealed the presence of CP(3,—1)
not only for all of the observed Zn-X, C-C, C-0, C-N, and C-H
bonds but also for some shortened intramolecular contacts, such
as H.---H and, more surprisingly for Zn.--H ones. Indeed, in the
case of Zn(SH3), complex, in which the twist angle ¢ is signifi-
cantly lower than that in Zn(SH1),, distances between two protons,
namely H(7')- --H(13')and H(7). - -H(9), are aslow as 1.87and 1.89 A,
while in the Zn(SH1), this value increases up to 1.97 A. Although
in both structures these contacts are shorter than the sum of the
corresponding Van der Waals radii, it corresponds to a bonding
interaction only for the Zn(SH3),. Such dependence of the molecu-
lar graph on the twist angle value is well-known, and was analyzed
in detail for the biphenyl molecule [44]. In turn, the Zn. - -H interac-
tion is also observed only for one shortened contact Zn(1)---H(9’) of
2.48 A in Zn(SH3); vs. 2.59-2.68 A in Zn(SH1),. Based on this geo-
metrical criteria, we may propose that such contacts are also absent
in the Zn(SH2), complex, where the corresponding intramolecular
Zn- - -H contact is longer than 2.59 A. In summary, we can conclude
that in the Zn(SH3), complex the coordination number of zinc atom
according to topological analysis is five (Fig. 6) while in both other
complexes it is four.

The above Zn. - -H and H- - -H interactions in Zn(SH3), lead to the
presence of three additional CP(3,+1) in comparison with Zn(SH1),.
As one can see, the distance between CP(3,+1) and (3,-1) for
these intramolecular contacts is different. For the cycle formed via
the H(7)- - -H(9) binding it is only 0.08 A, while in the case of the
Zn(1)---H(9') interactions it is slightly longer and is equal to 0.25 A.
Small separation of CP (3,—1) and (3,+1) agrees with the instability
of this interaction and its conformational dependence.

According to topological parameters at CP (3,—1) the interac-
tions in complexes can be separated into three groups: (1) shared
interactions - all covalent C-C, C-H, C-0 and C-N bonds; (2) inter-
mediate interactions — Zn-0 and Zn-N bonds; and (3) closed shell
ones — intramolecular H---H and Zn- - -H contacts.

Topological parameters at the CP (3,—1) (Table 3) confirm above
conclusions based on geometrical data (Tables 1 and 2). The values
of p(r) and v2p(r) in CP (3,—1) for bonds of chelate cycle slightly
varies and the maximum does not exceed 0.1eA=3 and 1.5eA—5,
respectively (Table 3). The values of ellipticity (&), which indicates
the contribution of 7m component, clearly show that zinc atom does
not participate in delocalization of w-density and the later is pre-
dominantly localized at C-C and C-H bonds.

Fig. 5. Section of DED in the plane of Zn(1), 0(1) and N(1) atoms in (a) Zn(SH1), and (b) Zn(SH3),. The DED contours are drawn with 0.1 eA-3 steps (dashed lines correspond

to negative values).
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Table 3

Topological parameters in Zn(SH1), and Zn(SH3),.
Bond Zn(SH1), Zn(SH3),

p(r), eA-3 v2p(r), eA-5 e p(r), eA-3 v2p(r), eA=5 e

0O(1)-C(1) 2.34 -20.2 0.12 2.39 —-22.7 0.06
N(1)-C(7) 248 -275 0.18 2.59 -27.1 0.18
N(1)-C(8) 1.90 -10.7 0.15 1.94 -115 0.12
C(1)-C(2) 1.97 -149 0.19 2.04 -16.5 0.21
C(2)-C(7) 1.93 -133 0.2 1.94 144 0.14
Zn(1)-0(1) 0.63 114 0.06 0.64 12.0 0.03
Zn(1)-N(1) 0.59 8.4 0.07 0.59 8.5 0.08
Zn---H 0.10 0.9 0.71

;'“~~*i
f ; i
R, 208
] ®
‘ o
\ / .
~.__ /
/ ~9

Fig. 6. The molecular graph of Zn(SH3), (CPs (3,—1) - pink; (3,+1) - blue and (3,+3)
- red). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

For both complexes the estimation of coordination bond energy
by means of Espinosa’s correlation scheme has revealed that the
energy for the Zn-O bond (50.2 kcal/mol) is significantly higher
than that for the Zn-N one (39.8 kcal/mol). In its turn the Zn.--H
interaction energy in Zn(SH3), complex is equal to 2.6 kcal/mol that
is comparable to the values usually observed for C-H---O interac-
tions [44]. It should be noted that this energy value is significantly
higher than the ones (~0.8 kcal/mol) recently observed for inter-
molecular Pd- - -H interactions [45,46].

The atomic charge values obtained by integration of p(r) within
the atomic basins () surrounded by zero-flux surface are given
in Table 4. The accuracy of obtained charges can be partly justi-
fied by the values of Lagrangian [L(r)=—1/4v2p(r)] and volumes,

Table 4

Selected atomic charges (e) of Zn(SH1),, Zn(SH3), complexes.
Atoms Zn(SH1), Zn(SH3),
Zn 0.37 0.35
(0] -0.83 -0.85
N -0.97 -0.93
C(1) 0.48 0.52
C(2) -0.08 -0.11
C(3) 0.34 0.36
C(4) 0.19 0.17

obtained by the analogues procedure. In particular, the L(r) value
for Zn atoms is smaller than 2.0 x 10~4 a.u. [47] Thus, the sum of
the atomic volumes in the crystals Zn(SH1), and Zn(SH3), (554.07
and 574.00 A3) reproduces well the volume of the independent part
of the unit cell (550.32(5) and 576.53(4)A3), the error being only
0.7 and 0.4%. From Table 4 it is evident that for both molecules the
charges of the respective atoms of the chelate cycle as well as of
ipso-atom of para-substituted phenyl (see Fig. 4) are the same.

The analysis of CPs in the interatomic area has revealed that
molecules participate in a number of weak interactions all of
which correspond to the closed-shell ones. Although the major-
ity of them are H---H and C.--H ones one can also find bond
paths for stacking interaction in Zn(SH3),. The energy of all con-
tacts estimated above by means of Espinosa’s correlation [42]
does not exceed 1.0kcal/mol. As it was recently proposed [44],
the sum of all energies for intermolecular contacts should give
us the value of sublimation enthalpy of the compound. Using this
approach we have obtained the sublimation enthalpy for Zn(SH1);
and Zn(SH3), equal to 15.2 and 17.2 kcal/mol. The slight increase
in the lattice energy agrees well with the increase in atomic vol-
ume for the latter complex. Moreover, these values are at the
same order of magnitude as the ones obtained experimentally
using effusion method for similar ZnSalen complex (H,Salen = N,N'-
bis(salicylaldehydo)ethylenediamine) [48].

Thus, summarizing the results of the X-ray diffraction analysis
and the topological analysis of the electron density function we can
conclude that the change of the substituent R (Fig. 4) does not affect
significantly the bond lengths and charge distribution in the chelate
cycles.

3.3. Thermal analysis

One of the most important requirements for a new compound to
be used as EL materials is the thermal stability [16(b)]. Information
about this stability regarding temperature can be estimated from
the weight loss curves obtained from routine thermogravimetric
measurements. Usually, the temperature at which the weight loss
starts (Tp) is defined as the highest temperature at which the com-
pound is still thermally stable. The analysis of the thermal stability
was performed for all Schiff bases and zinc complexes investigated
in this work (Fig. 7).

The weight loss curves of HL follows a one step process
(Fig. 7(a)), characterized by a total weight loss of 100%. The T}, for
Schiff bases lays in the range 100-150 °C. For zinc complexes weight
loss occurs in two steps with Tj, temperature being around 190°C.
Thus, formation of the complex induces an increase of the ther-
mal stability. The total weight loss for all complexes corresponds
to their decomposition into zinc oxide.

3.4. Optical properties

Photoluminescent (PL) properties of the organic molecules can
be easily tuned by changing the nature of the substituents or
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Fig. 7. Curves of weight loss for HL and ZnL, under nitrogen atmosphere.

through the complex formation with different metals [49]. The
luminescence of zinc complexes usually occurs at energies corre-
sponding to transitions between the electronic levels of organic
ligands. Therefore, optical properties of such compounds are very
sensitive to the composition and structural parameters of the
molecule that is the same as for organic molecules. Herein, an influ-
ence of: (1) an introduction of substituents possessing different
inductive and/or mesomeric effects and (2) zinc complex forma-
tion on the PL properties of bidentate Schiff bases is demonstrated.
To follow this three parameters are considered: (1) the position of
the maxima in PL spectra, (2) the PL quantum yield, and (3) lifetime
of the excited state.

Absorption spectra. The electron transitions possible in HL and
ZnL, were investigated based on the absorption spectra of the solu-
tions in methanol (Fig. 8). The overall shape of the spectra is very
similar. In the case of HL, the absorption bands observed in the
220-300nm range correspond to the electronic transitions from
the amine fragment of the molecule to an azomethine bond while
the bands in the 300-500 nm region is attributed to the ones from
the aldehyde fragment to the azomethine bond [50,51]. Besides
that, based on the analysis of a wide range of absorption spectra of
azomethine organic molecules [52],itis reasonable to conclude that
the long wavelength bands in the absorption spectra of HL corre-
spond to the formation of the keto-enamine isomer in the solution.

Experimental spectroscopic investigations have been supported
by TD-DFT theoretical modeling. The equilibrium geometries and
frontier molecular orbitals of HL in enol-imine and keto-enamine
form are presented in Tables S6, S7, Supporting Information. The
comparison of the experimental absorption (Table S8, Support-
ing Information) and theoretical bands (Table S9, Supporting Infor-

s HSH1
251 o HSH2
1 s HSH3
2,0 - Zn(SH1),
] : / * Zn(SH2),
1,55 + Zn(SH3),

1,04

0,54

0,0 T T T T T
250 300 350 400 450 500 550

A, NM

Fig. 8. Absorption spectra of HL, ZnL, in methanol, c=10-> M.

mation) shows that the best match between them can be achieved
when considering the simultaneous presence of both tautomeric
forms in solution, namely the keto-enamine and enol-imine isomers
as well as reveals the nature of the bands. Thus, the equilibrium
between the enol and keto forms (Fig. 1) exists in solution of HL.

As shown in Table S8, the most intense absorption bands of
HL occur at 340 nm (HSH1), 383 nm (HSH2) and 348 nm (HSH3).
It has been demonstrated that the deprotonation and coordina-
tion of Schiff bases to zinc metal ions can significantly reduce
the energy gap between HOMOs and LUMOs [53]. TDDFT calcu-
lations have been performed on ZnL, complexes and shown that
the HOMO-LUMO energy separation of the complexes becomes
smaller (see Fig. 9, tautomer (1) and Fig. 10).

As a result, absorption maxima of zinc complexes are red
shifted compared to HL and occur at 385 nm (Zn(SH1),), 400 nm
(Zn(SH2);), 386 nm (Zn(SH3);).

Photoluminescent properties. The excitation wavelength was
chosen based on the absorption and reflection spectra of the com-
pounds in solution and solid state, respectively (Fig. 8, S2, S3,
Supporting Information). All the Schiff bases and zinc complexes
possess a PL in the visible spectral range (Fig. 11; Table 5). The PL
spectra of all solid state samples with exception for HSH3 at 77K
display more pronounced fine structure and a hypsochromic shift
in comparison with the ones at 298 K (Fig. 11(a, b)).

Based on the absorption data of HL and ZnL, (Fig. 8;
Table S8, Supporting Information) and their theoretical simulation
(Tables S9, S10), one can assign the broad emission band observed

174 476 —i -1.67

T 5 1.93
3.51 3.88
3-64 4.28
4.45

-2.04

3.64

LUMO, eV

-5.95
-6.19

(2 (1) (2 (1) (2 (1)

HSH1 HSH1  HSH2 HSH2 HSH3 HSH3

Fig. 9. Schematic representation of energy gap between HOMO and LUMO for (1)
enol-imine and (2) keto-enamine tautomers of HL (DFT/PBEO).



0. Kotova et al. / Journal of Photochemistry and Photobiology A: Chemistry 218 (2011) 117-129 125

Table 5
Photophysical properties (Aex =337 nm) of HL and ZnL, measured in solid state; T=298 K.

Compound Solid state

A, nm Q% 71, 1S 73, NS fin% . % kr x 107, 571 knr x 107, 571

HSH1 552 248+04 - - - - - -

HSH2 612 13.9 - - - - - -

HSH3 559 1.0 - - - - - -

Zn(SH1), 521 32.8 0.31 1.91 7.57 92.43 17.18 35.18

Zn(SH2), 547,577 27.6 0.17 1.02 14.79 85.21 27.07 70.97

Zn(SH3), 524 18.0 0.65 1.89 15.09 84.91 9.50 43.41

2 The quantum yields of HSH2, HSH3 and ZnL, were calculated relative to the value of absolute quantum yield of HSH1 (see experimental details).

-1.49
LUMO, eV .80 1.75
3.80
3.96
3.08
HOMO, eV -5.28
-5.78 -5.70
Zn(SH1), Zn(SH2), Zn(SH3),

Fig. 10. Schematic representations of energy gap between the HOMO and LUMO for
ZnL, (DFT/B3LYP).

in the PL spectra of HL (Fig. 11(a)) to the electron transfer from the
highest occupied (HOMO) to the lowest unoccupied (LUMO) molec-
ular orbitals. The HOMO of each ligand has a pronounced m-bonding
character while the LUMO is primary a m*-antibonding molecular
orbital of the Schiff base. Therefore, this broad emission band corre-
sponds to a  — 7 transition. In a similar way, the emission bands
observed in the zinc complexes (Fig. 11(b)) can be attributed to a
— 7" electron transfer taking place between the ligand orbitals
(ligand-to-ligand charge transfer, LLCT).

Schiff bases. The maxima in PL spectra of HSH2 are red shifted
in comparison with the ones for HSH1 (Fig. 11; Table 5). While
the molecules of HSH1 and HSH2 are both flat and their crys-
tal packing can be described from the viewpoint of “piles” or
“tiles”, the substituents are located in the plane of amine frag-
ment [34-36]. Therefore, the extension of the electronic density
on the azomethine nitrogen atom (C=N) occurs due to the posi-
tive mesomeric effect of —N(CH3), located in the para-position of

the amine ring (HSH2). This effect results in the enhancement of
N- . .H-0 interaction for HSH2 molecules (d(O1- - -N1)ysy1 = 2.602 A,
d(01- - :N1)ysnz = 2.564 A) in comparison with HSH1. Thus, the keto-
enol equilibrium is noticeably more shifted to the keto-enamine
tautomeric form in the case of HSH2 compared to that for HSH1.
This can be also confirmed by the appearance in the absorption
spectrum of HSH2 the band at 400 nm [36]. As a consequence the
structure of the molecular orbitals is changed leading to a reduction
of the gap between HOMO and LUMO. The details of these findings
were previously described in the literature [54,55]. The experiment
observations are in good agreement with the results of theoretical
calculations (Fig. 9; Table S7, Supporting Information).

The crystal structure of HSH3 (R =-OCH3) is unknown. However,
the character of the absorption spectra measured in methanol solu-
tion (Fig. 8) for HSH1 and HSH3 are very similar. It means that both
systems contain approximately equal quantities of the molecules in
quinoid form. In addition, theoretical calculations data shows that
values of the energy gap between the HOMO and LUMO for HSH1
and HSH3 are very similar (Fig. 9). Consequently, the energy of the
maxima in the PL spectra for these two ligands are almost identical
(Fig. 11(a); Table 5).

The quantum yield values for HL in solid state changes in
the following order: HSH1 >HSH2 >HSH3 (Table 5). The observed
quenching of HSH3 luminescence could be attributed to the pres-
ence of the sublevels that could lower the energy gap between
singlet and triplet state and thus enhance the intersystem crossing
due to peculiarities of molecules orientation. The absolute quan-
tum yield was measured only for HSH1 in the solid state and was
equal to 24.8 +0.4% (Table 5).

Zinc complexes with Schiff bases. It worth noting that the emission
maxima of complexes in the solid state displayed a ~30-40 nm red
shift compared to the results of the previous studies performed in
dimethylformamide [12]. This can be attributed to the formation of
different types of interactions between the molecules in the solid
state (for example, m-m* stacking, etc.) [56].

According to the energy gap law for radiationless deactiva-
tion [57], the luminescence of ZnL, should be red shifted compare

v/10°%cm’ ¥110%ni’
24 22 20 18 16 14 24 22 20 18 16 14
b
Zn(SH3),
.."'f°’”2 Zn(SH2),

HSH1

Zn(SH1),

A,nm

650 700 750 400 450 500 550 600

650 700 750
A, nm

Fig. 11. Luminescence spectra of (a) HL and (b) ZnL; in solid state at — 298K, --- 77 K.
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with their corresponding ligands similar to what was observed in
the absorption spectra [53]. However, the analysis of our results
shows the reverse trend (Fig. 11; Table 5). The analogous discrep-
ancy in dependences were described in several works [58-60] and
explained by excited state intramolecular proton-electron transfer
(ESIPT) which is followed by an enol-keto tautomerism (Fig. 1). The
proton transfer resulted in the formation of low energy tautomeric
form and, thus, leaded to: (1) large Stokes shift observed for Schiff
bases; (2) a considerable red shift of the luminescent maximum for
HL in comparison with ZnL, (Table 5). The possibility of the proton
transfer was described above based on experimental absorption
spectra and theoretical calculations (Figs. 8 and 9). The analysis of
the photoluminescent data for the compounds in the solid state
shows that the different substituents -CHs, -N(CH3), and —OCH3
have no considerable effect on the position of the emission maxi-
mum. These results are consistent with structural data known for
these compounds as well as with high resolution X-ray diffraction
analysis of electron density distribution performed in this study
(see above). The positions of the emission maximum for Zn(SH1),
and Zn(SH3), are almost identical apart from the presence of a more
pronounced shoulder at ~570 nm for the latter (Fig. 11(b)). Thus,
the replacement of -CH3z by ~OCH3 has no strong influence on the
energy gap between HOMO and LUMO (Fig. 10) as well as on their
localization (Tables S10, S11, S12, Supporting Information) which
was supported by theoretical modeling and experimental results
[12]. The emission maximum for Zn(SH2), is red shifted in com-
parison with Zn(SH1), and Zn(SH3),. This effect is in agreement
with calculated parameters showing the decrease of the energy gap
from Zn(SH1);, to Zn(SH2), (Fig. 10). Moreover, the luminescence
spectrum of Zn(SH2), contains two clearly resolved emission max-
ima at 547 and 577 nm (Fig. 11(b)). Measurements performed at
77K show a better resolution of the vibronic fine structure of the
ZnL, emission bands and thus allow determining the value of the
vibrational progression for these complexes. This value amounts to
~1360+ 100 cm~! and corresponds to a ring breathing mode (see
Fig. S4, Supporting Information).

In order to establish the influence of the substituents on the
excited state properties of ZnL, complexes in the solid state, a
series of time-resolved fluorescence experiments were performed.
The fluorescence decays were recorded for each sample at four dif-
ferent excitation wavelengths (Aex =290, 355, 380, 400 nm), while
the detection wavelengths have been selected across the emission
spectrum (Table S17, Supporting Information) [61]. The fluores-
cence decay properties of solid samples ZnL, were then globally
analyzed and best-fitted as biexponential functions (Table 5, S17,
Supporting Information). The lifetime values are similar to these
for other zinc complexes with Schiff bases [62]. The analysis of
the decay curves fitting shows that pre-exponential factor does not
change systematically (Table S17, Supporting Information). There-
fore, we can assume the presence of the single emission species.
First decay component corresponds to the energy traps caused by
the defects in the packing of the molecules. The energy hopping pro-
cesses in the solid state can enhance the quenching by the presence
of these traps in the polycrystalline solid state samples. The decay
time [63] of the unquenched molecules can be attributed to 7, (see
Table 5). For all the complexes the contribution of non-radiative
component (knr) compared to radiative (k) one is quite high. The
highest influence of this parameter was observed for Zn(SH3),.

The quantum yields values calculated for zinc complexes are
higher than for initial ligands (Table 5). The decrease of relative
quantum yields when going from Zn(SH1), through Zn(SH2), to
Zn(SH3), can be explained by the appearance of additional states
that increase the impact of non-radiative decay processes. For
example, in the case of Zn(SH2), and Zn(SH3), it could be the
formation of the additional w7 states due to the introduction of
-N(CH3), and -OCH3; substituents in the para-position of the ani-

line benzene ring. Moreover, the low quantum yield of Zn(SH3),
could be related to the possible formation of the additional state
because of the presence of the stacking interaction between SH3~
ligands (Fig. S1, Supporting Information) [56] enhancing nonradia-
tive transitions and thus the luminescence quenching compared to
the first complexes. Both Zn(SH1), and Zn(SH2), in the solid state
possess relatively high luminescence quantum yields (~20-30%)
opening different possibilities for their application as optical mate-
rials.

4. Conclusion

In this study we have investigated the influence of the nature
of the substituents R=-CHs, -N(CH3),, -OCH3 in para-position
of aniline benzene ring and zinc complexes formation of biden-
tate N,0-donor Schiff bases (HL=HSH1, HSH2, HSH3) on their
structural and optical properties. The X-ray diffraction analysis of
zinc complexes including topological analysis of electron density
reveals that independently on the substituents the main geomet-
rical parameters within the investigated row of the compounds
remain almost unchanged. The intermolecular contacts in all zinc
complexes correspond to weak van der Waals intermolecular inter-
actions with the only exception of Zn(SH3), where the stacking
interaction was observed. The analysis of the chemical bonding
performed by charge density analysis for Zn(SH1), and Zn(SH3),
allows us to conclude that in Zn(SH3), complex the coordina-
tion number of zinc atom is five due to the presence of shortened
intramolecular Zn. - -H contact while in both other complexes it is
four. Moreover, using topological analysis of electronic density we
have obtained the sublimation enthalpy for Zn(SH1), and Zn(SH3),
equal to 15.2 and 17.2 kcal/mol.

Based on the data of absorption spectroscopy and theoretical
calculations it is possible to conclude that the broad emission max-
imum in PL spectra of HL and ZnL; are associated with the energy
transfer between HOMO and LUMO, corresponding in this case to
T — 7" transition. The emission maxima of all the compounds mea-
sured in the solid state are red shifted in comparison with these
obtained in solution [12] possibly due to the different types of the
interaction between the molecules (for example, short contacts,
m-m* stacking, etc.) in the solid state. The substitution of —CHj3
group by -OCHj3 for both HSH1-HSH3 and Zn(SH1),-Zn(SH3),
pairs of compounds does not significantly effect the emission
maxima while having a slightly larger influence on the vibronic
structure of the PL spectra. The maxima in PL spectra of HSH2 and
Zn(SH2), are red shifted compared to HSH1, HSH3 and Zn(SH1),,
Zn(SH3),, respectively, due to the strongest mesomeric effect of
-N(CH3), group. The latter effect is responsible of the decrease of
the energy gap between HOMO and LUMO as well as of the shift of
keto-enol equilibrium towards the formation of keto-enamine tau-
tomeric form in the case of HSH2 compared to HSH1 and HSH3.
Formation of Zn complexes when going from HL to ZnL; results not
only in the blue shift of emission maxima caused by excited state
intermolecular proton-electron transfer in Schiff bases [58-60] but
also in a considerable enhancement of luminescence efficiency.
Among HL the highest quantum yield equal to 24.8 +0.4% was
observed for HSH1. The quantum yield of zinc complexes decreases
when going from Zn(SH1), to Zn(SH2), and Zn(SH3), due to the
formation of addition levels resulted in nonradiative transitions
with the following luminescence quenching with the highest value
of ~32.8% for Zn(SH1),. The fluorescence decays were recorded
for ZnL, complexes and extracted lifetimes varies from 1.02 up to
1.91 ns (Table 5).

In conclusion, zinc complexes investigated in this work possess
adequate optical properties and can be applied not only in OLEDs
[12] but also as building blocks for the design of supramolecular
polymers [64] for having potential application in surface, separa-
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tion and storage science, sensors [5] and as precursors for synthesis
of nanosized materials, etc. [8].
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