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Tetradentate Schiff bases (H2L
i), derivatives of salicylic aldehyde (H2L

1, H2L
2) or o-vanillin (H2L

3, H2L
4) with

ethylenediamine or o-phenylenediamine as a bridge, and their zinc complexes were studied experimentally and
theoretically in view of their possible application as emitters in organic light emitting diodes (OLEDs). The composition
of thin films of the complexes was analyzed using a combination of different experimental and molecular modeling
techniques taking into account changes in the Gibbs free energy of dehydration and dimerization reactions. The
absorption spectra of the initial Schiff bases were investigated in methanol solutions, while the absorption spectra of
their zinc complexes were investigated in thin films. Experimental results of elemental analysis, IR spectroscopy, laser
desorption/ionization mass spectrometry (LDI MS), and X-ray diffraction as well as theoretical analysis of electronic
absorption spectra by the quantum-chemical TD DFTmethod demonstrate that thin films of the zinc complexes contain
binuclear anhydrous molecules. This conclusion should be taken into account when considering both transport and
luminescence properties of these complexes in OLED heterostructures. A comparison of the results of CIS, TD DFT/
PBE, and TD DFT/PBE0 calculations reveals the crucial importance of the inclusion of the exact exchange in the EXC
functional for the further correct description of potential energy surfaces of excited states for the systems studied.

Introduction

Zinc complexes with salen ligands (salen=N,N0-ethylene-
bis(salycilidenediamine)) can be used as sensing materials for
different ions and molecules,1 emissive materials for organic
light emitting diodes (OLEDs),2 building blocks for various
supramolecular architectures,3 etc. The spectra of Zn(salen)
complexes depend on the substituents in the organic ligand
and on the type of the coordination center.2-6 The struc-
ture and spectral properties of these compounds and their

dependence on the above factors canbe predictedbyquantum
chemical simulation. At the same time, these calculations can
provide better understanding of the experimental data on the
optical properties of the compounds.7

Density functional theory (DFT) is an efficient and cost-
effective tool for studying the structure of metal complexes
with organic ligands. For example, in ref 8 the geometric
parameters, dipole moments, and dissociation energies were
calculated for a series of zinc coordination compounds
(Zn(H2O)2

2þ, Zn(NH3)2
2þ, Zn(NH3)2(OH)2, etc.) using

various DFT-based methods in a nonrelativistic approxima-
tion and quasi-relativistic multielectron-fit pseudopotentials
(MEFIT). The authors compared the results obtained using a
wide variety of functionals with the results of coupled-cluster
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calculations with single and double excitations and nonitera-
tive triples corrections (CCSD(T)) and with the results of
semiempirical methods. The authors showed that hybrid
exchange-correlation functionals, in particular, PBE0 and
B3LYP, provide a satisfactory agreement with CCSD(T)
results both for the dissociation energies and the geometry of
the complexes. Taking relativistic effects into account results
in longer Zn-L bond lengths and slightly changes the
dissociation energies.
The introduction of different substituents in the ligand

provides a way of tuning the optical properties of these
compounds.6,9-11 According to the Kasha rule,12 the emi-
ssion occurs from the lowest singlet excited state. Therefore, a
correct description of emitting species and the nature and
energy of the lowest singlet excited state is of crucial impor-
tance. Conventional methods used to describe spectral pro-
perties of large molecules include configuration interaction
singles method (CIS)13-15 and time-dependent density func-
tional theory (TD DFT).16,17 For some types of excitations
(charge-transfer (CT) and Rydberg states), the TD DFT
results depend on the nonlocal behavior of the chosen
exchange-correlation functional.17-21Thus, large errors can
occur in CT excitations because the spatial overlap between
the orbitals participating in the transition is small.22 One of
the goals of this paper is to elucidate the importance of the
inclusion of the exact exchange in the EXC functional by
simulating the absorption spectra of these molecules using
various quantum-chemical methods.
It is known that the studied zinc complexes (Scheme 1) can

be crystallized as mononuclear monohydrates ZnLi
3H2O

23

or binuclear anhydrous [ZnLi]2
24 molecules. However, the

conventional synthetic procedure,25 namely, the reaction
of zinc acetate dihydrate (Zn(CH3COO)2 3 2H2O) with the
corresponding Schiff base in ethanol at room temperature,
produces ZnLi

3H2O complexes with high yield. The (1:1)
composition of the hydrated zinc complexes with Schiff base
ligands was studied in detail in our previous work9 using a
combination of elemental, IR spectroscopy, thermal analysis
under nitrogen atmosphere, and X-ray powder diffraction
analysis of the complexes in combination with single crystal
X-ray diffraction data. It is these complexes that were used as
precursors for the deposition of emissive layers to construct
new prototype OLEDs by thermal evaporation method
( p ∼10-5 mbar).26 The composition and physicochemical
properties of the layers have an immediate effect on the
characteristics of OLEDs. However, it is difficult to charac-
terize the composition of these complexes in films, since these
films are rather thin (∼60-100 nm).
The experimentalX-ray diffraction data of ZnL1

3H2Oand
[ZnL1]2 monocrystals indicate only minor structural changes
occur in the monomeric unit when going from the hydrated
mononuclear complex to the binuclear one. Therefore, one
could expect that thermal evaporation used to prepare thin
films should result in the dehydration of the ZnLi

3H2O
complexes, ZnLi

3H2O f ZnLi þ H2O (1), followed by the
dimerization of the anhydrous molecules, 2 ZnLi f [ZnLi ]2
(2). To verify this suggestion,we investigated the composition
of the deposited thin films using a combination of different
experimental techniques and molecular modeling appro-
aches. Since the evaporation process takes place in vacuum
at a rather high temperature, we considered only a gas-phase
reaction. Experimentally, we characterized the composition
of the initial and evaporated zinc complexes using elemental
analysis, IR spectroscopy, laser desorption/ionization mass
spectrometry (LDI-MS), and X-ray diffraction. Theoreti-
cally, we simulated the changes in theGibbs free energy in the
dehydration and dimerization reactions in vacuum and the
absorption spectra of monohydrate (ZnLi

3H2O) and binuc-
lear ([ZnLi]2) forms of zinc complexes by TD DFT. The TD

Scheme 1. Schematic structures of the Schiff bases (H2L
i) and Zn-

complexes (ZnLi)
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DFT calculations were performed using the local gradient-
corrected PBE,27 hybrid B3LYP,28 and PBE029 functionals
with different basis sets. Calculations for the monohydrate
(ZnLi

3H2O) zinc complexes and for the free ligandswere also
performed by the CIS method to elucidate the role of the
exact exchange in the description of the excitation energy for
different type transitions. The results were comparedwith the
experimental absorption spectra of H2L

i solutions and thin
films of their zinc complexes.

Results and Discussion

Experimental Data.To characterize the composition of
the complexes in thin films deposited by thermal evapora-
tion in vacuum, we have analyzed the composition of the
initial ZnLi

3H2O complexes and their sublimates by
elemental analysis, IR spectroscopy, LDI-MS, and
X-ray powder diffraction. The results of elemental analy-
sis of the sublimed samples correspond to anhydrous
compounds. Their IR spectra, in contrast to hydrated
complexes (ZnLi

3H2O), display no broad absorption
band corresponding to vibrations of the water mole-
cule at ∼3500-2500 cm-1 (Figure 1). However, for
both the initial and sublimed samples, the positions of the
characteristic C-H, CdN, aromatic ring, and C-O
vibrations remain almost the same, which indicates that
the structures of these species are rather similar. Themost
intense signals in the LDI mass spectra (Table S1) of
ZnLi

3H2O dissolved in dimethyl formamide correspond
to mononuclear ions [ZnLi þ Naþ]þ or [ZnLi]þ.
However, binuclear ions have also been detected by
LDI-MS.
Using the known data of X-ray diffraction analysis for

both ZnLi
3H2O and [ZnLi]2 (i=1, 2) single crystals,10-24

we simulated their theoretical XRD patterns to evaluate
the composition of the sublimed samples (Figure S1).
Hence, from the analysis of the experimental results, we
can conclude that the anhydrous compounds consist of
binuclear zinc complexes [ZnLi]2.

Molecular Simulation. The equilibrium geometries of
the studied compounds are shown in Figure 2. The
molecules of the Schiff bases are symmetric (C2). The
salicylidene moieties in H2L

1 and H2L
3 are parallel, while

two salicylidene moieties and o-phenylene bridge in H2L
2

and H2L
4 together with adjacent nitrogen atoms form an

angle R = 39�. Nevertheless, the salicylidene moieties in
H2L

1 and H2L
3 are not conjugated because of the alipha-

tic bridge between them, whereas two salicylidene moie-
ties and the o-phenylene bridge in H2L

2 and H2L
4 form a

common π-conjugated system.
Both ZnL2

3H2O and ZnL4
3H2O molecules exhibit Cs

symmetry. The mirror planes are perpendicular to the
molecule plane andCar-Car bond of the aromatic bridge.
In contrast, ZnL1

3H2O and ZnL3
3H2O monohydrates

are asymmetric. In this case, the complexation with zinc
results in the rearrangement of the salicylidenemoieties as
compared to the initial Schiff bases. The donor O and N
atoms of the Schiff base in ZnL1

3H2O andZnL3
3H2O are

located in different planes relative to each other, whereas
in ZnL1

3H2O and ZnL3
3H2O they are coplanar. Obvi-

ously, the zinc complexes are more rigid than the struc-
tures of the ligands.
The calculated binuclear structures [ZnLi]2 are cen-

trally symmetric (Figure 3). The M-L bond lengths
satisfactorily agree with the X-ray diffraction data. Zn
and O atoms of the salicylidene moieties form a planar
tetragon (nearly square) with Zn-O distances ∼2.1 Å,
O-Zn-O and Zn-O-Zn angles ∼83-86 and 97-94�,
respectively. In projection to the rms (root-mean-square)
planes of the ligands, the salicylidene moieties overlap,
while the bridges are opposite to each other. This means

Figure 1. IR spectra of the initial complexes ZnLi
3H2O and their

sublimates ([ZnLi]2) ((a) - i= 1; (b) - i= 2).

Figure 2. Equilibrium geometries of H2L
i and ZnLi

3H2O. Lines indi-
cate the 2-fold axis (for C2 symmetric structure) andmirror planes (for Cs

symmetric structure).
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that the molecular orbitals (MOs) of the salicylidene
moieties interact, which will result in substantial spectral
changes, as will be seen below.
The calculation of the thermodynamical parameters of

dehydration (1) and dimerization (2) processes in vacuum
demonstrates that the Gibbs energy of the cumula-
tive reaction (3) is negative for all studied complexes
and increases in absolute value with the temperature
(Table 1).

2ZnLi
3H2O f ½ZnLi�2 þ 2H2O ð3Þ

Thus, dehydration of ZnLi
3H2O complexes followed

by the dimerization into [ZnLi]2 in the course of their
thermal evaporation and formation of thin films on the
substrate is favorable. This is supported by the experi-
mental data above.

Simulation of the Absorption Spectra. Adding an aro-
matic moiety (H2L

1fH2L
2, H2L

3fH2L
4) or a donor

substituent (H2L
1fH2L

3, H2L
2fH2L

4) to the ligand
results in the bathochromic shift of the absorption bands
both in the short-wave and long-wave parts of the spectra
(Table S2, Figure 4). The energies and intensities of the
transitions calculated by the TD DFT method using the
hybrid PBE0 functional qualitatively agree with the
experimental absorption spectra and reproduce the regu-
larities mentioned above, although not exactly. Solvation
by a polar solvent can affect relative intensities of the
bands so that the intensity of this transition changes in
solution.
As noted in refs 14 and 15, the transition energies inCIS

calculations are strongly overestimated, and it is nece-
ssary to scale them by a factor k = 0.72 to match the
experimental data. As one can see from a comparison of
the results of CIS, TD DFT/PBE, and TD DFT/PBE0
calculations (Table S2), many low-lying transitions with
low intensities are observed for all systems with high
dipole moments of excited states only in the TD DFT/
PBE calculation. This means that an addition of the exact
exchange in the EXC functional is of crucial importance

for the correct description of excitation energies for the
systems studied.
The transition energies calculated by TD DFT with a

hybrid functional PBE0 and different basis sets are close;
the difference in the transition energies is ∼0.02-0.07 eV
(Table S3). Adding polarization d and p functions to the
basis set only slightly changes the transition energy (ΔE≈
0.05) and its intensity (Δf ≈ 0.03).
The intense transitions in the complexes in study are of

πfπ* type. The analysis of the orbitals involved in the
intense transitions showed that, in the Schiff bases with
the aliphatic bridge H2L

1 and H2L
3, both HOMO - 1

andHOMO andLUMO andLUMOþ 1 are a sum and a
difference of the orbitals of the salicylidene moieties. As a
result of the arrangement of the salicylidene moieties, the
orbitals participating in the low-lying transitions in
ZnL1

3H2O and ZnL3
3H2O are mainly localized on each

salicylidene moiety, whereas in ZnL2
3H2O and

ZnL4
3H2O they are delocalized over the entire π system

of the molecule (Figure 6). In the case of ZnL1
3H2O and

ZnL3
3H2O, only the transitions localized within each

salicylidene moiety are allowed.
As shown above, thermal evaporation of the hydrated

zinc complexes results in the formation of thin films
consisting of binuclear species [ZnLi]2. This should be
taken into account in simulation of the absorption spectra
of the films. Figure 5 shows the comparison of the
calculated absorption spectra of the monohydrates and
binuclear zinc complexes with H2L

1 and H2L
2 Schiff

bases with the experiment.
The absorption spectra of [ZnL1]2 and [ZnL2]2 are

shifted to the long wavelengths compared to the spectra
of the corresponding monomers. This accounts for the
larger broadening of the absorption band in the spectrum
of ZnL1 film and indirectly supports that the concentra-
tion of binuclear species in the ZnL2 film is high.

Relationship between theLigandStructure andHOMO-
LUMO Gap. The positions of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are important molecular
parameters immediately associated with the electron
and hole transport properties of the substance. The
HOMOs of the studied compounds are mainly localized
on the oxygen atoms (including those in the methoxy
groups). On the other hand, the LUMOs are mainly
localized on the nitrogen atoms of the salicylidene moi-
eties. Therefore, adding an aromatic moiety to the struc-
ture (replacing the ethylenediamine bridge by o-phenyl-
enediamine) slightly (by ∼0.1 eV) decreases the HOMO

Figure 3. Equilibrium geometries of [ZnL1]2 and [ZnL2]2.

Table 1. Gibbs Free Energy of the Reaction 3 in Vacuum Calculated Using
Partition Functions for Different Temperatures

T, K
ΔGT(ZnL1),
kcal/mol

ΔGT(ZnL2),
kcal/mol

ΔGT(ZnL3),
kcal/mol

ΔGT(ZnL4),
kcal/mol

298.15 -9.6 -9.6 -8.6 -9.5
373.15 -11.5 -11.5 -10.1 -11.2
473.15 -13.9 -14.0 -12.2 -13.6
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energy and substantially (by 0.4-0.5 eV) decreases the
LUMO energy and, therefore, decreases the energy gap
by 0.6-0.7 eV in the Schiff bases and by ∼0.3 eV in the
complexes. At the same time, a donor substituent

(methoxy group) has a greater effect on the HOMO
energy (by 0.3-0.4 eV) than on the LUMO energy (by
∼0.15 eV), but it also reduces the energy gap by∼0.2 eV.
Hence, the energy gap in the compounds in study changes

Figure 4. Experimental absorption spectra (solid lines) of H2L
i (methanol solutions, c=10-5 M) and ZnLi

3H2O (thin films with thickness of∼60-100
nm) and calculated ones (TDDFT, PBE0/TZV(d,p), vertical lines). The calculated spectra are broadened (dashed lines) and scaled to fit the experimental
ones by a factor of 0.3 and 1.3 for the solution and film spectra, respectively.
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Figure 5. Long-wavelength (300-500 nm) part of the absorption spectra of [ZnLi]2 (dashed lines) and ZnL
i
3H2O (dash-dotted lines) (i=1, 2) calculated

by TDDFT, PBE0/TZV(d,p), (vertical dashed and solid lines, respectively) as compared to the experimental absorption spectra of the∼60-100-nm-thick
films of zinc complexes (solid lines).

Figure 6. Molecular orbitals involved in the intense transitions of (a) ZnL1
3H2O and (b) ZnL2

3H2O from the DFT calculation (PBE0/TZV (d,p)).
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in a following way:

ΔEðH2L
1=ZnL1

3H2O=½ZnL1�2Þ
> ΔEðH2L

3=ZnL3
3H2O=½ZnL3�2Þ

> ΔEðH2L
2=ZnL2

3H2O=½ZnL2�2Þ
> ΔEðH2L

4=ZnL4
3H2O=½ZnL4�2Þ

Conclusions

The structure of zinc complexes with Schiff base ligands
deposited in thin films was investigated using a combination
of experimental and theoretical methods. It is demonstrated
that the thermal evaporation of mononuclear ZnLi

3H2O
complexes results in the deposition of binuclear complexes
[ZnLi]2, which form anhydrous thin films on the surface of
the substrates. This fact is of great importance for the
prediction of both the transport and luminescence properties
of the zinc complexes in thin films.
It is shown that TD DFT calculations with the hybrid

PBE0 functional qualitatively describe the positions and
intensities of the absorption bands and reproduce the
dependences observed in the absorption spectra upon varia-
tions of the ligand structure. However, a comparison of the
results of CIS, TD DFT/PBE, and TD DFT/PBE0 calcula-
tions demonstrated that the inclusion of the exact exchange in
the EXC functional is of the crucial importance for the correct
description of excitation energies in the systems studied.
These conclusions should be taken into account in the further
consideration of potential energy surfaces of excited states
for the correct description of the emission spectra of zinc
complexes.

Experimental Section

Characteristics of Zinc Complexes. [ZnL1]2 (bis-(N,N0-ethy-
lene-bis(salycilidenediamine))zinc). Found (%): C 58.5, H 4.7,
N 8.5. Calcd (%): C 57.9, H 4.2, N 8.5, C32H28N4O4Zn2. IR
(Diamond ATR): ν(C-H) 2898, 2846; υ(CdN) 1628, 1653;
vibrations of aromatic ring 1436, 946, 860, 734; ν(C-O) 1184,
1130, 1125, 1090 cm-1.

[ZnL2]2 ((N,N0-(o-phenylen)-bis(salycilidenediamine))zinc).
Found (%): C 63.6, H 3.4, N 7.6. Calcd (%): C 63.3, H 3.7, N
7.4, C40H28N4O4Zn2. IR (Diamond ATR): ν(C-H) 3076, 3009,
2904; υ(CdN) 1610; vibrations of aromatic ring 1442, 916, 844,
797, 746; ν(C-O) 1177, 1148, 1124 cm-1.

Materials and Measurements. The Schiff bases (H2L
i, i =

1-4) and corresponding zinc complexes (ZnLi
3H2O) were

synthesized and characterized by elemental, IR, 1H NMR,
thermal and electron impact ionization mass spectrometry
analyses, see ref 9.

Isothermal dynamic sublimation experiments were per-
formed only with the ZnL1

3H2O and ZnL2
3H2O samples

(∼200 mg) placed in glass test tubes for about 30 min at
280-320 �C and a pressure of 10-2 Torr. Weight loss was equal
to ∼80%.

The composition of the sublimed samples was determined
using the following experimental techniques.

Elemental analyses (C, H, N) were performed by the Micro-
analytical Service of the Center for Drug Chemistry (Moscow,
Russia).

IR spectra were recorded in the range of 4000-600 cm-1

using a Perkin-Elmer Spectrum One spectrometer equipped
with a universal attenuated total reflection sampler.

Direct laser desorption/ionization mass spectrometry (LDI
MS) experiments of zinc complexes were performed with an
Autoflex II (Bruker Daltonics, Germany) instrument. The
spectra were recorded in positive mode using an accelerating
voltage of 19 kV, whereas the desorption/ionization of the
samples was achieved with nitrogen laser (337 nm, impulse of
1 ns). The typical procedure of sample preparation for LDI was
applied.30 Zinc complexes were dissolved in dimethyl forma-
mide. The interpretation of the mass spectra was based on the
general rules of fragmentation described for electron impact
ionization mass spectrometry.31

XRD powder patterns (T = 293 K) for the initial hydrated
and sublimed zinc complexes were collected using an Enraf-
Nonius FR 552 Guinier Johansson camera equipped with a
curved 111 quartz monocromator (Cu KR, λ = 1.540598 Å).

Absorption spectra of the Schiff base solutions (c= 10-5 M,
methanol) were recorded using an UV-vis Lambda 35 spectro-
photometer (Perkin-Elmer) (spectral resolution 1 nm, optical
path length l= 1 cm). The absorption spectra are corrected for
the absorption of the solvent.

Thin films of zinc complexes were deposited on quartz sub-
strates using thermal evaporation of ZnLi

3H2O complexes with
deposition rate∼1-3 Å/s in vacuum atmosphere (∼10-5 mbar).
The deposition temperature (140-200 �C) was lower than the
temperature of the decomposition of the complexes (225-
320 �C).9 The film thickness and growth rate were monitored
using a quartz crystal microbalance with an Inficon IC-6000
control unit. The thickness of the deposited films was in the
range of ∼60-100 nm. The absorption spectra of the thin films
were recorded using an UV-vis SPECORD M40 spectrophot-
ometer (Carl Zeiss Jena, Germany). The absorption spectra are
corrected for the absorption of the silica substrates.

Molecular Modeling and Computational Details. X-ray dif-
fraction data of H2L

4,10 ZnL1
3H2O,23 and [ZnL1]2

24 were used
for constructing the starting structures of the free ligands and
complex monohydrates for geometry optimization. The calcu-
lations were performed using PRIRODA32 and PCGAMESS/
Firefly33 program packages.

The geometry of the studied compoundswas optimized byDFT
using local PBE functional,27 3z basis set32 of contractedGaussian
functions ((5s1p)/[3s1p] forH, (11s6p2d)/[6s3p2d] forC,O, andN,
and (17s13p8d)/[12s9p4d] for Zn), and auxiliary density-fitting
basis set of uncontracted Gaussian functions ((5s2p) for H,
(10s3p3d1f ) for C, N, and O, and (18s6p6d5f5g) for Zn).

The thermodynamic parameters of the complexes in study
were calculated by PBE/3z in the “harmonic oscillator-rigid
rotor” approximation for the partition function at different
temperatures.

The transition energies and oscillator strengths were calcu-
lated by CIS and TDDFTmethods. TDDFT calculations were
performed using PBE,28 B3LYP,29 and PBE030 functionals with
6-31G(d,p) basis set and using PBE0 functional with TZV,
6-31G(d,p), and TZV(d,p) basis sets.

To compare the calculated absorption spectrawith the experi-
mental ones, we simulated the spectra through Doppler broad-
ening of the calculated spectral lines taking into account their
oscillator strengths:

ID ¼ I0 3 exp½-ððν-ν0Þ=γÞ2� ð4Þ
where γ ¼ ð1= ffiffiffiffiffiffiffi

ln2
p Þ 3w1/2, and w1/2 is the half width at the half

height of the spectral band (ChemCraft v.1.6 program34). The

(30) Hunsucker, S. W.; Watson, R. C.; Tissue, B. M. Rapid Commun.
Mass Spectrom. 2001, 15, 1334.

(31) Gerbeleu, N. V.; Indrichan, K. M. Mass-Spectrometry of Coordina-
tion Compounds; Shtiintca: Kishinev, 1984 (in Russian).

(32) Laikov, D. N. Chem. Phys. Lett. 1997, 281, 151.
(33) Granovsky, A. A.; PC GAMESS version 7.1. http://classic.chem.msu.

su/gran/gamess/index.html.
(34) Zhurko, G.A.;ChemCraft version 1.6. http://www.chemcraftprog.com.
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resulting curves were scaled to match the integral intensities of
the calculated and experimental spectral bands.
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