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Abstract

A new zinc(Il) complex, [Zn(CB),(INA),] (where CB is 4-chlorophenylacetate and INA is 4-pyridine carboxamide) was
synthesized. The structure of the complex was characterized by elemental analysis, FT-IR spectroscopy and single-crystal X-
ray diffraction technique. Besides, the thermal stability of the complex was investigated by TGA/DTA analysis method.
Moreover, the optical absorption and the emission features of the complex were examined by using UV-Vis and fluorescence
spectrophotometers, respectively. Furthermore, Density Functional Theory (DFT) calculations were carried out to support the
experimental results. Accordingly, it was determined that the complex crystallized in a monoclinic system with space group Pc,
a=8.3329 (2) A, b=25.6530 (4) A, ¢=13.5048 (3) A, «=90°, $=91.703 (3)° and 'y =90°. The complex consists two
crystallographically independent molecules. In each molecule, the Zn" ion adopts a distorted trigonal pyramidal coordination
formed by two O atoms from the two 4 chlorophenylacetate ligand and two N atoms of the two 4-pyridine
carboxamide ligands. It was observed that the linear absorption spectra of the complex were similar to linear
absorption spectra of the semiconductors. In addition, two emission peaks were observed in the fluorescence spectra
which could be due to the formation of excimer and the interactions of the benzene and pyridine rings. The energy
gap (AEg, =Erumo - Enomo) of the complex has been calculated as 3.712 eV and this value is very close to the
experimentally measured value (3.86 eV). Therefore, because of higher fluorescence intensity of emission peak that
was observed between 309 and 556 nm wavelength besides other traits, the complex could potentially be used in the
blue light OLED application by filtering of the emission peak around 710 nm wavelength.
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has been determined that the structure is affected by weak
forces despite the strong forces in action [21, 22].

Carboxylate ligands are widely used in the construction of
mixed ligands complexes due to their ability to exhibit various
coordination modes [23]. Flexible carboxylic acids with C —
O —M — O cyclic mode are the ideal ligands for the construc-
tion of new coordination compounds with central metal ions,
increasing the stability of transition metal complexes [24].
One of these flexible ligands is phenylacetic acid. Some metal
complexes of phenylacetic acid and its derivatives consisting
of fluoro, chloro, methoxy, hydroxyl and nitro groups are
known [24-28]. The 4-chlorophenylacic acid, which is a de-
rivative of phenylacetic acid, which we use in our study, has a
carboxylate group that can be used as a versatile binder.
Howeyver, so far, there are a few studies on the metal com-
plexes of 4-chlorophenylacetic acid [25, 29]. In the structure
of these complexes, there are also some auxiliary ligands. The
N-, O-, S- donor heteroaromatic ligands are good candidates
for the design and synthesis of different crystal architectures.
The 4-pyridine carboxamide which is known as
isonicotinamide (INA), is an important N- and O- donor li-
gand. There are 24 complexes transition metal arylcarboxylate
with isonicotinamide complexes whose crystal structure has
been examined. Half of these complexes exhibit a monomeric
structure, three of which are dimeric structure and three of
which are polimeric structure. 4-pyridine carboxamide has
two potential donor sites: the nitrogen atom of pyridine ring
and the carboxamide oxygen atom. Except for one complex,
among all its complexes, 4-pyridine carboxamide acts as a
monodentate ligand in which the nitrogen atom of pyridine
ring is coordinated with the metal ions. In addition, there is an
only complex in which 4-pyridine carboxamide is coordinated
as bidentate and there are also several complexes that are ionic
[30-32].

In light of these assessments, we chose the 4-
Chlorophenylacetic acid as an O-donor candidate and 4-
pyridine carboxamide ligand as an interesting N-donor candi-
date to create the [Zn(4-CB),(INA),] complex. We are
reporting the crystal structure, thermal behavior, optic and
fluorescence properties of this complex.

Materials and Methods

All reagents and solvents reactive grade chemicals were pur-
chased commercially and used without any purification.
Micro analytical (C, H and N) data were obtained with the
LECO, CHNS-932 clemental analyzer. FT-IR spectra were
recorded with a Perkin Elmer Frontier™ FT-IR Spectrometer
in the region 4000-600 cm ™' using ATR method. TGA was
carried out with a Schimadzu DTG 60 thermal analyzer (in N,
atmosphere; the temperature range: 25-1000 °C; the heating
rate: 10 °C min '; the reference material: highly sintered oc-
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Al,O3). The complex was dissolved in dimethylformamide
(DMF) solution at 0.05 g/mL concentration [33]. The linear
absorption characteristics of the complex were measured by
UV-Vis spectrophotometer (Shimadzu UV-1800) at room
temperature. The emission measurements of the complex
were recorded by fluorescence spectrophotometer (Perkin
Elmer LS55). The complex was excited with a lot of excitation
wavelengths among 200 nm and 700 nm. But the maximum
emission intensity was obtained under 200 nm excitation
wavelength.

Preparation of bis(4-chlorophenylacetate)
bis(4-pyridine carboxamide)zinc(ll)

In order to prepare sodium 4-chlorophenylacetate, 0.84 g
(10 mmol) NaHCO3; and 1.71 g (10 mmol) 4-
chlorophenylacetic acid were mixed in 100 mL distilled water
and the solution was stirred and heated up to 60 °C which CO,
gase was completely removed. Then, in another beaker, 0.89 g

Table 1 Experimental details for complex

Empirical formula CosH24CLN,4OgZn
Formula weight 648.80
Colour/shape colourless/prism
Temperature (K) 293(2)
Wavelenght (A) 0.71073
Crystal System monoclinic
Space Group Pc

a(A) 8.3329 (2)
b(A) 25.6530 (4)
c(A) 13.5048 (3)
a(°) 90

5(°) 91.703 (3)

7 ) 90

V(A% 2885.56 (10)
z 2

1 (Mo Kg) (mm™") 1.09

p (calcd) (mg m73) 1.493
Number of Reflections Total 27,799
Number of Reflections Unique 10,952

Rine 0.059

20max (©) 52.8

Tnin ! Tmax 0.574 /0.745
Number of Parameters 740

GOF 1.19

R [F?>20(F)] 0.064

wR 0.144
(AP)max (€ A7) 0.38

(AP)min (€ A7) ~0.50
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(5 mmol) ZnSO4.H,0 and 1.22 g (10 mmol) 4-pyridine
carboxamide were dissolved in 20 mL distilled water. 4-
pyridine carboxamide and sodium 4-chlorophenylacetate so-
lutions were added on ZnSO,4.H,O solution, respectively. The
obtained colorless crystals were filtered off and washed with
distilled water. The crystals were dried at room temperature
[34].

Yield 2.46 g (76%). Anal. Calcd. (%) for the Complex,
CosHo4C1LN4O6Zn (MW =648.80 g/mol) C, 51.83; H, 3.73;
N, 8.64. Found: C, 47.24; H, 3.13; N, 8.82.

X-ray Crystallography

Single-crystal X-ray diffraction analysis of the obtained com-
plex was performed on a Bruker APEX-II CCD diffractome-
ter. Structure was solved by direct methods and refined by
full-matrix least squares against F~ using SHELXS-97 [35].
All non-H atoms were refined anisotropically. The N- and C-
bound H atoms were positioned geometrically at distances of
0.86 A (NH), 0.93 A (for CH) and 0.97 A (for CH,) from the
parent N and C atoms; a riding model was used during the
refinement processes and the Uy, (H) values were constrained
to be 1.2U,q (carrier atom). Experimental details are given in
Table 1.

Theoretical Method

The molecular geometry optimization of crystal structure was
performed by the DFT method employing Becke’s three pa-
rameter hybrid functional (B3) and combined with gradient
corrected correlation functional of Lee—Yang—Parr (LYP)
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Table 3 Hydrogen-bond geometry for the complex (A, °)
N2—H2C-+012! 0.86 216  2995(8) 163
N2—H2D--O11 0.86 2.11 2.956 (9) 167
N4—H4C--041 0.86 244 3.089(8) 133
N4—H4D--03" 0.86 210 29229 161
N6—H6C-08" 0.86 204 2871 (8) 163
N6—H6D-07" 0.86 198  2.807 (8) 160
N8—HS8C-05" 0.86 222 3.031(8) 158
N8—H8D-09" 0.86 212 29689 169
C20—H20--011 0.93 233 3.191(8) 154
C21—H21--06"! 0.93 243 330909 158
C26—H26--03" 0.93 243  33488) 169
C27—H27--06"1 0.93 233 3.158 (9) 149
C41—H41--CI2' 0.93 276 3556(11) 144
C48—H48--07" 0.93 244  3336(8) 163
C49—H49--011™ 0.93 223 29939 139
C54—H54--09'" 0.93 235 3.180(9) 148
C7—H7--Cg5™ 0.93 258 3468 (11) 159

[36, 37] and employing Los Alamos National Laboratory 2-
Double-Zeta (LanL.2DZ) basis set [38]. After optimization, the
vibrational frequency, polarizability (), the hyperpolarizability
(3), highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) values have been
calculated at B3LYP/6-31G level of theory. Gaussian 09 pro-
gram package and Gauss view 5.0 molecular visualization pro-
gram were used for all of the calculations [39, 40].

Table 2 Selected bond lengths

(A) and angles (°) for the complex Molecule I Molecule II

Experimental Experimental DFT
Zn1—02 1.949 (5) Zn2—O08 1.956 (5) 1.9710
Zn1—04 1.984 (5) Zn2—010 1.943 (6) 1.9857
Zn1—N1 2.046 (5) Zn2—N5 2.045 (5) 2.0992
Zn1—N3 2.026 (5) Zn2—N7 2.011 (6) 21,152
01—C1 1.217 (9) 07—C29 1.204 (9) 1.2681
02—C1 1.289 (9) 08—C29 1.285(9) 1.3157
03—C9 1.211 (8) 09—C37 1.236 (9) 1.2776
04—C9 1.273 (8) 010—C37 1.270 (9) 1.3229
02—Znl—04 95.0(2) 08—Zn2—N5 102.8 (2) 104.5
02—Znl—NI1 110.0 (2) 08—Zn2—N7 1154 (2) 106.5
02—Znl—N3 114.6 (2) 010—Zn2—08 96.8 (2) 98.8
04—Znl—N1 120.5 (2) 010—Zn2—N5 1143 (2) 113.2
04—Znl—N3 104.2 (2) 010—Zn2—N7 114.1 (3) 110.8
N3—Znl—NI1 111.7 (2) N7—Zn2—N5 112.0 (2) 111.9
01—C1—02 122.9 (7) 07—C29—08 122.3 (8) 1244
03—C9—04 121.6 (6) 09—C37—010 122.8 (8) 121.9
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Result and Discussion
Crystal Structures of the Complex

The X-ray structural analyses of the complex confirm the as-
signment of its structure from spectroscopic data. Obtained
experimental and theoretical bond lengths and angles are giv-
en in Table 2. For bond lengths and angles, there is a good
agreement between obtained values from single crystal X-ray
and DFT studies. Hydrogen bond geometry is given in
Table 3. The molecular structure along with the atom-
numbering scheme is depicted in Fig. 1, while the parial pack-
ing diagram is given in Fig. 2.

The asymmetric unit of the crystal structure of the mono-
nuclear complex contains two crystallographically indepen-
dent molecules, where the metal atoms, Znl and/or Zn2, are
coordinated by two 4-chlorophenylacetate (CB) anions and
two 4-pyridine carboxamide (INA) ligands coordinating in a
monodentate manner (Fig. 1). The Zn" cations are tetra-
coordinated via two nitrogen atoms of INA and two oxygen
atoms of CB anions. The two carboxylate O atoms of the
monodentate CB anions and the two N atoms of the INA
ligands form a distorted trigonal pyramidal coordination
sphere around the Zn atoms. The average Zn—O and Zn—

N2
cl2

N bond lengths are [1.967(5) A and 2.036(5) A (for molecule
)] and [1.950(6) A and 2.028(6) A (for molecule II)], respec-
tively, while the average O—Zn—N bond angles are
[112.3(2)° (for molecule )] and [111.7(2)° (for molecule II)]
(Table 2). On the other hand, the O—Zn—O0O and N—Zn—N
bond angles are [95.0(2)° and 111.7(2)° (for molecule I)] and
[96.8(2)° and 112.0(2)° (for molecule II)], respectively
(Table 2). The near equalities of the {O1—C1[1.217(9) A],
02—C1[1.289(9) A], 03—C9[1.211 (8) A], 04—
C9[1.273(8) A])° (for molecule I)} and {O7—C29 [1.204(9)
A], 08—C29 [1.285(9) A], 09—C37 [1.236(9) A], O10—
C37[1.270(9) A])° (for molecule I1)} bonds in the carboxylate
groups indicate delocalized bonding arrangements rather than
localized single and double bonds. The {O1—C1—02
[122.9(7)°], O3—C9—04 [121.6(6)°])° (for molecule 1)}
and {O7—C29—08 [122.3(8)°], 09—C37—O010
[122.8(8)°])° (for molecule IT)} bond angles may be compared
with the corresponding value present in a free acid [122.2°].
The Zn1 atom lies 0.0645(7) A below and 0.2267(6) A above
of the planar (O1/02/C1) and (03/04/C9) carboxylate
groups, respectively, while Zn2 atom lies 0.5586(6) A below
and 0.0101(7) A above of the planar (07/08/C29) and (09/
010/C37) carboxylate groups, respectively. In the CB anions,
the carboxylate [(O1/02/C1) and (03/04/C9)] groups are

N8

C56

C30

C31 C32
C36 %033
5 ‘@%34

CI3

Fig. 1 An ORTEP-3 view of the complex. The thermal ellipsoids are drawn at the 30% probability level. Hydrogen atoms have been omitted for clarity [49]
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twisted away from the attached benzene [A (C3—CS8) and B
(C11—C16)] rings by 70.3(5)° and 70.1(6)°, respectively,
while the carboxylate [(O7/08/C29) and (09/010/C37)]
groups are twisted away from the attached benzene [E
(C31—C36) and F (C39—C44)] rings by 79.8(7)° and
65.2(7)°, respectively. The pyridine [C (N1/C17—C21), D
(N3/C23—C27)] and pyridine [G (N5/C45—C49), H (N7/
C51—C55)] rings are oriented at dihedral angles of [A/B =
86.8(2)°, A/IC=9.4(3)°, A/ID="75.3(2)°, B/IC="78.3(2)°, B/
D =23.03)°, C/D=65.9(2)°] and [E/F=37.3(3)°, E/G =
34.1(2)°, E/H=34.1(2)°, F/IG=T71.4(3)°, F/H=3.2(3)°, G/
H=68.2(2)°].

In the crystal structure, NH, groups link to the carboxylate
and INA oxygen atoms via intermolecular N—H:--O hydro-
gen bonds (Table 3) through the R,%(8) ring motifs [41] (Fig.
2), while both of the N—H:+-O and C—H---O hydrogen bonds
(Table 3) link the molecules into a supramolecular structure.
The 77t interactions between the benzene [A (C3—CS8) and
F (C39—C44)] and pyridine [C (N1/C17—C21) and H (N7/
C51—C55)] rings, Cg3—Cgl' and Cg8—Cg6'" [symmetry
codes: (1) x - 1, v, z, (il)) x+ 1, y, z, where Cgl, Cg3, Cgb
and Cg8 are the centroids of the rings A (C3—C8), C (N1/
C17—C21), F (C39—C44) and H (N7/C51—C55), respec-
tively] may further stabilize the structure with the centroid-
centroid distances of 3.815(5) A and 3.735(5) A, respectively.
There is also a weak C—H-* 7t interaction (Table 3).

FT-IR Spectra

The found absorption bands of the experimental and theoret-
ical IR spectra have been given in Table 4. In the IR spectra of
the complex, two absorption bands were appeared around
3313 cm ' and 3107 cm ', These absorption bands can be

Fig. 2 A partial packing diagram
of the complex viewed down the
a-axis. Only N—H:--O hydrogen
bonds are shown as dashed lines.
The other H atoms have been
omitted for clarity

attributed to the v,4((NH,) and v{(NH,) stretching vibration
of N-H bond of 4-pyridine carboxamide, respectively
[42]. These stretching vibrations were obtained among
3500-3300 cm ' with help of B3LYP-6-31G calcula-
tions. The stretching vibrations related to the methylene
group (CH,) of the CB appeared around 3000 cm .
The mentioned peak computed at 2991 c¢m™'. The FT-
IR spectroscopy provides useful information about the
coordination type of the carboxylate ion. Asymmetric
and symmetric vibrations of the COO moiety have
been showed at 1583 cm ™' and 1375 cm ™, respectively.
The Av(COO") value of the complex is calculated from
difference between asymmetric and symmetric vibrations
of the COO™ group. This value was found to be
209 ¢cm ' for the synthesized complex. Under light on
this information, the coordination type of the carboxyl-
ate group was determined as monodentate and the X-ray
diffraction result confirmed the calculation [25, 29, 43].
Asymmetric and symmetric vibrations of the COO  vi-
brations were found at 1560 cm™' and 1337 cm ' for
B3LYP-6-31G (Supplemental Figs. 1 and 2).

Thermal Analysis

Thermal Analysis results showed that the complex was stable
in the temperature range of 25—125 °C. The complex started to
decomposition from 125 °C. In the temperature range of 125—
330 °C, INA ligands released (calc.36.60%; exp.34.80%) and
accompanied by an exothermic heat effect at 226 °C and
277 °C. In the ongoing decomposition step, the other organic
ligands (CB) removed from the structure of the com-
plex. The final product of thermal decomposition was
ZnO (calc.87.78%; exp.86.65%) (Supplemental Fig.3).
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Table4 The experimental and theoretical FT-IR spectra of the complex

Assignment Experimental Theoretical
V(N-H),s, (N-H),, 3313w, 3107w 3494, 3307
V(C-H) 3007w 3087
Vaiph(C-H) 2960w, 2910 w 3000, 2938
C=0) 1689s 1632
O(N-H) 1617s 1670

U C=C) 1490 m -

UCOO ),y 1547s 1560
COO ), 1375s 1337
A(COO) 199 223
C-0) 1375s 1360

UCN )y 1283 m 1266

U C-Cl) 856 m 854
(Me-O) 654 s 678

Molecular Electrostatic Potential (MEP)

The three-dimensional (3D) molecular electrostatic po-
tential (MEP) surface map is showing the electron den-
sity of the molecule. The value of MEP, V(r), consti-
tuted by molecule system at any point, 1(x, y, z), gives
the electrostatic energy on the unit positive charge po-
sition r(x, y, z). The Calculated 3D plot of MEP for the
complex has been shown in Fig. 3. The electrostatic
energy values ranges from —8.156x 1072 a.u. to

Fig. 3 3D MEDP illustration of the
complex obtained from (B3LYP/
6-31G) calculation

@ Springer

+8.156 x 1072 a.u. The red, blue and green colors, tak-
ing place in the Fig. 3 indicate the negative, positive
and zero potentials, respectively. The negative and pos-
itive potentials are consisted of the oxygen atoms of
carbonyl groups and hydrogen atoms of amino groups,
respectively. On the other hand, chlorine atoms bonded
to the benzene rings lead to smaller negative potential
(orange or yellow color) according to the oxygen atoms
of carbonyl groups.

HOMO-LUMO Analysis

HOMO (Highest Occupied Molecular Orbitals) and
LUMO (Lowest Unoccupied Molecular Orbitals) ener-
gies of the complex were calculated by B3LYP/6-31G
method and the results have been given in Table 5. The
3D plots of both of highest occupied and lowest unoc-
cupied molecular orbitals of the complex are shown in
Fig. 4. The determination of the HOMO and LUMO
orbitals are extremely significant for the optic and op-
toelectronic applications. The energy gap which was
taken place between HOMO and LUMO orbitals of
the complex found to be 3.712 eV and this value close
to the experimentally found value (3.86 ¢V). In addition, the
experimental and theoretical energy gaps values of the com-
plex were found to be compatible with the energy gap of Zn
(II) bis(3,4-dimethoxybenzoate)bis(nicotinamide) dihydrate
in the literature [44].The determination of the HOMO and
LUMO energies as negative demonstrate the stability of the
complex [45].
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Linear Absorption and Emission Behaviors

The linear absorption spectra help to determine the optical
application of the materials. The measured linear optical
spectra of the complex are given in Fig. 5. As seen from
the figure, the complex has absorption spectra which are
similar to the linear absorption spectra of the semiconduc-
tors [46]. That is, the spectra where there is no linear ab-
sorption in a certain region, but there is a sharp increase at
the absorption edge in one place. The sharp increment of
the linear absorption of the complex started from 321 nm
wavelength and this corresponds to nearly 3.86 eV in en-
ergy. The electron transitions which are cause to the linear
absorption behaviors in the organic complexes can be
shown schematically as in Fig. 6. Related to the Fig. 6, the
n— 7 and 0 — o* electronic transitions are contributing to
the linear absorption spectra of the complex.

Fig. 4 3D HOMO and LUMO
plots of the complex obtained
from the (B3LYP/6-31G)
calculations

HOMO

LUMO

The emission (fluorescence) spectra of the Zn(II)
complex has been shown in the inset of the Fig. 6.
Unlike previous studies [47-51] which are done upon
the investigation of the complexes with Zn(Il), we ob-
served two emission peaks. The n* —n and n—m
emissions lead to fluorescence peak among 309—
556 nm. These emissions are mainly causing from the
relaxations of the electrons between the upper and lower
electronic states of Zn'' cation. When compared the
emission intensity of Zn"' with the literature, here we
found larger fluorescence intensity according to previous
studies [33, 52, 53]. On the other hand, formation of
excimer [54, 55] and interactions of the benzene and
pyridine rings with each other are contributing to a
emission peak among 630-843 nm wavelengths. These
behaviors are supported by the our single crystal X-ray
diffraction results (Figs. 1 and 2) [34].
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Fig. 5 Linear absorption spectra
of the Zn(II) complex under room 40 -
temperature conditions. Inset r
shows the emission spectra of the 35 F
Zn(1T) complex under 200 nm L
excitation 30+
S 25+
@ L
g 2,0
c
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Conclusion

The bis(4-chlorophenylacetate)bis(4-pyridine
carboxamide)zinc(I) was synthesized and characterized. The
characterization of the complex was performed with el-
emental analysis, FT-IR spectroscopy and single crystal
X-ray diffraction. The Zn'"' cation is tetrahedrally coor-
dinated by two oxygen atoms of the two 4-
chlorophenylacetate anions and two nitrogen atoms from
two 4-pyridine carboxamide ligands. The linear

Fig. 6 Schematically
demonstration of the electronic
transitions, causing to the linear
absorption behaviors in the
organic complexes

hv~400-700 nm

hv~150-250 nm

hv~ 200-400 N - Grm—

400 500 600 700 800 900 1000 1100
Wavelength (nm)

absorption spectra of the complex has been started to
absorption edge around 321 nm wavelength and this
corresponds to 3.86 eV in energy. Moreover, from the
fluorescence spectra it was observed that the complex showed
two emission peaks among 309-556 nm and 630-843 nm
wavelengths. Therefore higher fluorescence intensity of emis-
sion peak was observed within the range of 309—556 nm
wavelength, the synthesized complex can be used in the blue
light OLED application by the filtering of the emission peak
around 710 nm wavelength.

Antibonding ¢*
Antibonding n*

Non-bonding n

T—TT* O =—0*

_________________________________________| | Bonding T

S B Onding O
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Table 5  Electronic Energy, dipole moment (), polarizability (o) hyperpolarizability ({3), the highest occupied and lowest unoccupied molecular

orbital Energies (Eyomo and Ep ymo) of the complex

B3LYP/6-31G

Electronic Energy (a.u) n (D) « (a.n) Ba.w)

Enomo (a.u) Erumo (a.w) AEg (eV)

—1847.22588162 8.95 345,52 390.81

—0.238202 —0.101792 3712
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