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INTRODUCTION

Heterocyclic compounds capable of forming che�
late structures with coordination spheres MN4,
MN4O2, and MN2S2 (M = Zn, Cd) attract much
interest due to the possibility to obtain metal com�
plexes with photo� and electroluminescence proper�
ties. Practical importance of these metal chelates is the
use of such compounds as emitting layers in organic
light emitting diodes (OLED) and also as electron�
transport layers in these devices. Metal chelates lumi�
nescing in the blue spectral range, for example, the
zinc complexes with 7�azaindoles [1–3], di�2�pyridy�
lamine, 2,6�bis(2�pyridylamino)pyridine [4], 2,6�
bis(benzimidazolyl)pyridine [5, 6], 1,3,4�oxadiazole,
2�(2'�hydroxyphenyl)�5�phenyl�1,3�oxadiazole [7],
and 2�(2'�hydroxyphenyl)�2�oxazoline [8], which is
rarely met for standard inorganic luminophores.

The OLED devices were produced in which the
heterocyclic zinc(II) complexes with 2�(2'�hydro�
xyphenyl)benzimidazole [9–11], 2�(2'�hydroxyphe�
nyl)benzoxazole [12–14], 2�(2'�hydroxyphenyl)ben�
zothiazole [15–20], and 2�(2'�tosylaminophenyl)ben�
zoxazole [21, 22] were used as electroluminescent lay�
ers. These complexes are resistant to the exposure,

light, and temperature. They are synthetically accessi�
ble, have suitable pholuminescent (PL) and electy�
roluminescent (EL) properties, can be readly modi�
fied for optimization of characteristics, and form
homogenous thin films upon vacuum thermal evapo�
ration.

However, an information about the electronic
structures of the complexes is very important, along
with the structure, photophysical properties, thermal
stability, and volatility, for the development of new
electroluminescent layers in OLED. One of criteria for
the selection of materials for the production of OLED
is the correspondence of the work functions of the
electrode materials to the positions of the HOMO
(highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) of the sub�
stance of the active electroluminescent layer [23–25].

In this work, the data on the synthesis, X�ray dif�
fraction analysis, and photoluminescence properties
of the bis[2�(4'�bromopyrazolyl�1')�3�tosylaminopy�
ridinato]zinc(II) complex (ZnL2, I) are presented.
The experimental results and the data on the elec�
tronic structure of ZnL2 were compared to the quan�
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tum�chemical calculation data in the density func�
tional theory (DFT) approximation.

EXPERIMENTAL

Commercially accessible (Aldrich) 2�chloro�3�
nitropyridine, 4�bromopyrazole, and p�toluenesulfo�
nyl chloride were used.

Synthesis of 2�(4'�bromopyrazolyl�1')�3�nitropyri�
dine (L1). Sodium hydride (60%, 4.0 g, 0.1 mol) was
added by portions of 0.5 g with cooling and stirring in
a nitrogen atmosphere to a solution of 4�bromopyra�
zole (14.7 g, 0.1 mol) in anhydrous DMF (60 mL),
maintaining the temperature of the reaction mixture
lower than 10°С. The mixture was stirred for 1 h at
room temperature, 2�chloro�3�nitropyridine (15.8 g,
0.1 mol) was added on cooling by portions of 0.5 g, and
the mixture was stirred for 30 min and poured into
water (300 mL). The precipitate was filtered off,
washed with water, and dried. The yield was 16.2 g
(60%). The product was recrystallized from ethanol,
mp = 132–133°С; according to [26], mp = 133–
134°C.

1H NMR (DMSO�d6; δ, ppm: 7.63 (1H, q, J =
4.8 Hz, H5

pyridine),  7.70 (1H, s, H3
pyrazole),  8.39 (1H, dd,

J = 8.1 Hz, J = 1.5 Hz, H6
pyridine),  8.57 (1H, s,

H5
pyrazole),  8.67 (1H, dd, J = 4.8 Hz, J = 1.5 Hz,

H4
pyridine).
Synthesis of 2�(4'�bromopyrazolyl�1')�3�aminopy�

ridine (H2L2). A mixture of ethanol (200 mL), pow�
dered iron (30 g), and concentrated hydrochloric acid
(5 mL) was refluxed with stirring for 1 h. Ligand L1

(26.9 g, 0.1 mol) was added by portions of 2 g for 2 h to
the boiling reaction mixture with vigorous stirring, and
the mixture was refluxed for additional 3 h. Powdered
potassium carbonate (12 g) was added by portions of
1 g to the boiling mixture. The mixture was refluxed
for 30 min and filtered. The solution was reduced to a
volume of 100 mL, and an excess of an alcohol solu�
tion of hydrochloric acid was added with stirring. 2�
(4'�Bromopyrazolyl�1')�3�nitropyridine hydrochlo�
ride that formed was filtered off and treated with a 22%
solution of ammonia. The yield was 12.9 g (54%). The
beige�colored crystals with mp = 108–109°C were
obtained.

1H NMR (DMSO), δ, ppm: 6.25 (2H, s, NH2),
7.02 (1H, q, J = 4.5 Hz, H5

pyridine),  7.25 (1H, d, J =
7.8 Hz, H6

pyridine or H4
pyridine),  7.62 (1H, d, J = 3.6 Hz,

H4
pyridine or H6

pyridine), 7.69 (1H, s, H3
pyrazole), 8.55 (1H,

s, H5
pyrazole).  IR, ν, cm–1: 3412 νas(NH2), 3290

νs(NH2), 1614 δ(NH2).

Synthesis of 2�(4'�bromopyrazolyl�1')�3�tosylami�
nopyridine (HL3). A mixture of H2L

2 (2.39 g,
0.01 mol), p�toluenesulfonyl chloride (1.91 g,
0.01 mol), and sodium acetate trihydrate (1.36 g,
0.01 mol) in ethanol (10 mL) was refluxed for 2 h and
cooled. The precipitate was filtered off, washed with
ethanol and water, and dried. Then the precipitate was
dissolved in chloroform and passed through an alu�
mina layer. The solvent was distilled off, and beige
crystals with mp = 132–133°C were obtained. The
yield was 3.11 g (79%).

1H NMR (DMSO�d6), δ, ppm: 2.30 (3H, s, CH3),
7.23 (2H, d, J = 8.1 Hz, H3

phenyl and H5
phenyl),  7.43–

7.46 (3H, m, H5
pyridine,  H2

phenyl,  and H6
phenyl),  8.00

(1H, d, J = 8.1 Hz, H4
pyridine),  8.07 (1H, s, H5

pyrazole),
8.26 (1H, d, J = 3.6 Hz, H6

pyridine),  8.50 (1H, s,
H3

pyrazole ), 10.59 (1H, s, NH). IR, ν, cm–1: 3153
ν(NH), 1334 νas(SO2), 1166 νs(SO2).

Synthesis of complex I. A solution of zinc acetate
dihydrate (92 mg, 0.5 mmol) in ethanol (3 mL) was
poured to a solution of HL3 (393 mg, 1 mmol) in eth�
anol (6 mL), and the mixture was refluxed for 2 h.
After cooling, the precipitate that formed was filtered
off, washed with ethanol, and dried. The yield was
292 mg (69%). The product was recrystallized from
acetonitrile, and colorless crystals with mp > 300°C
were obtained.

1H NMR (DMSO�d6), δ, ppm: 2.27 (6H, s,
2CH3), 7.13–7.18 (8H, m, H4

pyridine, H5
pyridine,

H3
phenyl, and H5

phenyl), 7.51 (4H, br.s, H2
phenyl and

H6
phenyl), 7.75 (2H, d, J = 7.2 Hz, H6

pyridine), 8.03 (2H,
s, H5

pyrazole), 10.06 (2H, br.s, H3
pyrazole). IR, ν, cm–1:

1271 νas(SO2), 1136 ν]s(SO2).

The synthesis of complex I is shown in the scheme

For C8H7N4Br 

anal. calcd., %: C, 40.19; H, 2.95; N, 23.44. 

Found, %: C, 40.15; H, 3.04; N, 23.47.

For C15H13N4O2SBr 

anal. calcd., %: C, 45.81; H, 3.33; N, 14.25.

Found, %: C, 45.72; H, 3.41; N, 14.29.

For C30H24N8O4S2Br2Zn 

anal. calcd., %: C, 42.40; H, 2.85; N, 13.18; Zn, 7.69.

Found, %: C, 42.29; H, 2.94; N, 13.25; Zn, 7.80.
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IR spectra were recorded on a Varian 3100�FTIR
Excalibur instrument in powders by the frustrated total
internal reflectance method. 1H NMR spectra were
measured on a Varian Unity�300 instrument
(300 MHz) in the internal stabilization mode at the 2H
polar line in DMSO�d6.

Absorption spectra were recorded on Varian Cary
1E and UNICAM Helios Gamma spectrophotome�
ters in toluene solutions. Photoluminescence spectra
were detected on a Varian Cary Eclipse lattice spec�
trofluorimeter (spectral range from 200 to 800 nm,
photoexcitation wavelength 380 nm).

The X�ray diffraction analysis of complex I was car�

ried out
1
 on a Bruker SMART APEX II diffractometer

equipped with a CCD detector and a monochromatic
radiation source (MoK

α
, λ = 0.71073 Å) using a stan�

dard procedure [27]. A semiempirical absorption cor�
rection was applied [28]. The structure was solved by a
direct method and refined in the full�matrix least�
square anisotropic approximation for all non�hydro�
gen atoms. The hydrogen atoms at the carbon atoms of
the organic ligands were specified geometrically and
refined in the rider model. The calculations were per�
formed according to the SHELXS�97 and SHELXL�97
programs [29]. The crystallographic parameters of
complex I are the following: FW = 849.88, crystal size
0.15 × 0.10 × 0.10 mm, colorless, prismatic, T =

173(2) K, triclinic crystal system  a = 9.779(11),
b = 11.063(13), c = 16.341(19) Å, α = 88.273(17)°,
β = 79.556(18)°, γ = 71.376(16)°, V = 1647(3) Å3,
Z = 2, ρ = 1.714 g/cm3, μ = 3.348 mm–1, θ = 2.23°–
27.0°, –12 ≤ h ≤ 12, –14 ≤ k ≤ 14, –20 ≤ l ≤ 20; total
number of reflections 15377, independent reflections
7149, reflections with I ≥ 2σ(I) 4625, Rint = 0.0741,
Tmin/Tmax = 0.6336/0.7307, S = 0.920, R1 = 0.0949,
wR2 = 0.1577 (for all data), R1 = 0.0605, wR2 = 0.1446

(for I ≥ 2σ(I)), Δρmin/Δρmax = –1.550/1.704 е Å–3.
The full array of X�ray diffraction data was deposited
with the Cambridge Crystallographic Data Centre
(no. 965634; deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk/data_request/cif).

The geometry of molecule I in the ground state was
calculated using the GAUSSIAN03 program [30] in
the DFT approximation. The hybrid three�parametric
B3LYP functional [31, 32] and standard split�valence
polarized 6�31G(d) basis set [33, 34] were chosen for
the calculations. This calculation scheme was several
times and successfully used for molecular structure
optimization for both organic compounds and metal
complexes.

The absorption spectra in the UV and visible ranges
for molecules were calculated in the framework of the
time�dependent DFT–TD�DFT nonstationary den�
sity functional theory using optimized parameters of
the atomic structure and taking into account the sol�
vent (toluene) effect. The forms of the functional and
basis set for the calculation of the absorption spectra
were chosen to be the same as those for the molecular
geometry calculation.

RESULTS AND DISCUSSION

According to the IR and 1H NMR spectral data,
ligand НL3 exists in the aminopyridine tautomeric
form both in the solution and solid state. This is con�
firmed by a broadened singlet in the 1H NMR spec�
trum of HL3 at 10.59 ppm (proton of the NH group)
and the stretching vibration band at 3153 cm–1 in the
IR spectrum. On going to the spectra of complex I, the
corresponding signals disappear, indicating the depro�
tonation of the tosylated amino group and complex
formation.

The X�ray diffraction of compound I revealed that
the aminopyridine tautometric form is retained upon
complex formation with the Zn2+ ion (Fig. 1). The
bond lengths in the ligand (the main structure charac�
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1 The X�ray diffraction analysis was carried out at the Center for
Collective Use of the Kurnakov Institute of General and Inor�
ganic Chemistry, Russian Academy of Sciences.
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teristics are given in Table 1) corresponds to the known
bond lengths in the structurally characterized pyra�
zolylpyridines [35]. The N(3)–N(4) and N(7)–N(8),
C(13)⎯N(3) and C(28)–N(7), and C(15)–N(4) and
C(30)–N(8) bond lengths range in the known ranges:
1.35–1.38, 1.33–1.38, and 1.31–1.34 Å, respectively.
At the same time, the C(12)–N(3) and C(27)–N(7)
bonds are elongated compared to the known (1.40–
1.42 Å) values [35].

Two molecules of monodeprotonated compound
НL3 are coordinated to the central zinc atom through
the chelate mode and act as bidentate N,N�ligands
(Fig. 1). The central zinc atom is in the distorted tet�
rahedral environment of four N atoms. The value of

the N(5)Zn(1)N(1) angle is 152.19(17)°, which most
strongly deviates from the value ideal for a tetrahedron
(109.5°). The chelate rings are nonplanar, and the
angle between the planes N(1)Zn(1)N(4) and
N(5)Zn(1)N(8) is 66.4(2)°. The Zn(1) atom shifts
from the N(1)N(3)N(4) and N(5)N(7)N(8) planes by
0.304(1) and 0.235(1) Å, respectively. The C(8), C(12)
and C(23), C(27) atoms shift from these planes by
0.214(5), 0.284(5) and 0.695(5), 0.666(5) Å, respec�
tively. The planes of the pyrazole and pyridine rings
C(13)–N(4) and C(9)–N(2)C(12) are inclined to
each other by 22.0(2)°. In the adjacent chelate frag�
ment, the angle between the planes of similar rings
C(28)–N(7) and C(23)–N(6)C(27) is 32.9(2)°.
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C(2)
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C(9)

C(10)
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C(14)
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Fig. 1. Molecular structure of complex I according to the X�ray diffraction data (hydrogen atoms are omitted, thermal ellipsoids
with 50% probability).
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The S(1) and S(2) atoms in the tosyl fragments are
characterized by the distorted tetrahedral environ�
ment of the O(1), O(2), O(3) and O(4), N(1), and
N(5) atoms of the secondary amino group and the
C(1) and C(17) atoms of the phenyl rings, respectively.
The angles O(1)S(1)O(2), O(3)S(2)O(4) and
O(2)S(1)N(1), O(4)S(2)N(5), whose values are
117.1(2)°, 116.8(2)° and 103.3(2)°, 102.6(2)°,
respectively, deviate from tetrahedral angles most
appreciably. The nearest to the central zinc ion oxygen
atoms of the SO2 groups are arranged at nonbonding
distances Zn(1)…O(2) and Zn(1)…O(4) equal to
2.673(4) and 2.619(4) Å, respectively.

The phenyl rings of the aldehyde fragments C(1)–
C(6) and C(16)–C(21) are arranged to the pyridine
rings C(8)–N(2)C(12) and C(23)–N(6)C(27) at
angles of 81.4(2)° and 81.4(2)°, respectively. A similar
angle (81.85(6)°) was earlier observed between two
phenyl rings in a 2�tosylaminobenzaldehyde molecule
[36].

As follows from the data in Table 1, the obtained
optimized parameters for the molecular structure of
the complex are consistent with the experimental data
(the maximum deviation for the distances is 4%, and
that for the angles is 0.5%).

The main absorption bands in the theoretical UV
spectra of complex I differed from the experimental
values by several nm (Fig. 2, Table 2), which also con�
firms that the calculation of the optimized molecular
structure is valid. The intense electronic transitions in
the spectra mainly correspond to the ligand�to�ligand
charge transfer of the π–π* type. The longest�wave�
length absorption band (320 nm) corresponds to the
electronic transition HOMO → LUMO (Fig. 3) from
which it follows that the electron density in the
HOMO and LUMO is mainly localized on the pyra�
zolyl fragment of the ligand. However, a significant
part of the electron density in the HOMO falls onto
the nitrogen atom of the tosylamine fragment, while
the electron density in the LUMO is not localized on
this atom.

The photoluminescence spectrum of complex I in
a toluene solution is also shown in Fig. 2. The photo�
luminescence band maximum appears at 384 nm and
undergoes a bathochromic shift toward the long�wave�
length absorption maximum by 64 nm. The photolu�
minescence quantum yield of complex I is ~0.04.

Complex I was used as an emission layer in the
OLED device. However, the electroluminescence
spectrum was not detected because of the low intensity
to 16–17 V.

Table 1. Selected bond lengths d (Å) and bond angles ω
(deg) in molecule I according to the data of X�ray diffrac�
tion analysis and quantum�chemical calculations

Bond
d, Å

X�ray diffraction analysis theory

N(3)–N(4) 1.375(5) 1.360(3)

N(7)–N(8) 1.370(5) 1.360(2)

C(12)–N(3) 1.444(6) 1.438(8)

C(13)–N(3) 1.358(6) 1.361(1)

C(15)–N(4) 1.329(6) 1.334(9)

C(27)–N(7) 1.433(6) 1.438(7)

C(28)–N(7) 1.360(6) 1.361(1)

C(30)–N(8) 1.332(6) 1.334(8)

Zn(1)–N(1) 2.000(4) 1.990(5)

Zn(1)–N(4) 2.031(4) 2.070(8)

Zn(1)–N(5) 1.987(4) 1.990(2)

Zn(1)–N(8) 2.079(5) 2.070(5)

Angle
ω, deg

X�ray diffraction analysis theory

O(1)S(1)N(1) 113.3(2) 113.4(4)

O(3)S(2)N(5) 113.9(2) 113.4(3)

O(1)S(1)C(1) 107.6(2) 107.5(8)

O(2)S(1)C(1) 107.6(2) 108.5(1)

O(3)S(2)C(16) 107.5(2) 107.5(7)

O(4)S(2)C(16) 108.2(2) 108.5(6)

C(1)S(1)N(1) 107.6(2) 107.2(1)

C(16)S(2)N(5) 107.3(2) 107.1(4)

N(1)Zn(1)N(4) 89.33(17) 88.65(8)

N(1)Zn(1)N(5) 152.19(17) 155.44(3)

N(1)Zn(1)N(8) 104.14(16) 104.11(6)

N(4)Zn(1)N(5) 104.50(18) 103.97(2)

N(4)Zn(1)N(8) 121.48(17) 117.63(5)

N(5)Zn(1)N(8) 89.25(16) 88.77(1)
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Fig. 2. (Solid line) experimental and (dashed line) theoretical absorption spectra and (solid line) the photoluminescence spec�
trum of complex I.

Table 2. Wavelengths of the main vertical electronic transitions (λ), energies (E), oscillator forces (f), and absorption band
assignments to electronic transitions and their contributions for complex I calculated by the TD�DFT method

λ, nm E, eV Electronic transitions and their contributions, % f

321.5
(320)*

3.857 HOMO → LUMO 86.0 0.14

313.2
(310)

3.958 HOMO�1 → LUMO+1
HOMO → LUMO+1

47.6
43.0

0.16

273.5
(275)

4.534 HOMO → LUMO+2
HOMO → LUMO+3

13.8
72.8

0.17

270.8
(268)

4.579 HOMO�1 → LUMO+2
HOMO → LUMO+2

55.8
21.8

0.13

257.7
(254)

4.812 HOMO�3 → LUMO 73.7 0.16

248.6 4.987 HOMO�5 → LUMO
HOMO�4 → LUMO+1
HOMO�1 → LUMO+4
HOMO → LUMO+5

12.6
19.2
15.2
27.6

0.10

* Experimental values.

 spectrum spectrum

I, arb. units
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