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Synthesis, structural characterization, Hirshfeld surface
analysis, and theoretical investigations of bis(benzene-1,2-
dicarboxylato)bis(4-methylbenzohydrazide)zinc

C. Balakrishnan, M. Manonmani, S. P. Meenakshisundaram, and R. M. Sockalingam

Department of Chemistry, Annamalai University, Annamalainagar, Tamilnadu, India

ABSTRACT
Single crystals of bis(benzene-1,2-dicarboxylato)bis(4-methylbenzohydra-
zide)zinc (ZPTH), a novel Zn(II) complex of phthalic acid and hydrazide,
were grown from aqueous solution by slow evaporation solution
growth technique. The compound C32H30N4O10Zn crystallizes in triclinic
system with centrosymmetric space group P�i. Its structure is built up
from octahedral (ZnO4N2) linked to each other through the phthalate
and hydrazide groups. The good crystallinity of the as-grown specimen
is confirmed by the powder X-ray diffraction pattern. The band gap
energy is estimated using diffuse reflectance data by the application of
Kubelka–Munk algorithm. ZPTH exhibits fluorescent emission at 401nm
in the solid state at room temperature. Theoretical calculations were
performed using density functional theory (DFT) method. Experimental
observations are well supported by theoretical studies.
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Introduction

The chemistry of mixed organic–inorganic architectures has received much attention
due to the assembly of metal-centered building units with organic linkers [1]. This type
of metal-organic frameworks have promising applications in the area of catalysis [2]
and biological activity [3]. Phthalate anion is a well-known piezoelectric, pyroelectric,
and electro-optic versatile ligand able to chelate metal ions leading to the formation of
polynuclear and low-dimensional systems [4,5].
Hydrazides are potential chelating agents and form noncovalent interactions. Transition

metal complexes with hydrazides and hydrazones, mono- and dinuclear 2,6-diacetylpyridine
hydrazone copper [6], unsymmetric bishydrazide [7], zinc(II) complex with methanesulfo-
nylhydrazine [8], aqua(4-methyl- 1-naphth- 1-yl-2,3-diaza- 1,3,5-heptatriene-1,6-
diolato)copper(II) [9], Ni (II)/Co (II) complexes of 3-methoxysalicylaldehyde benzoylhydra-
zide [10], and polymeric copper(II) complexes of 2- chlorobenzhydrazide [11] were reported.
We have investigated the analysis of isonicotinohydrazide [12], furan-2-carbohydrazide
monohydrate [13], 4-benzoylpyridine isonicotinyl hydrazone monohydrate [14], benzophe-
none-2-furoyl hydrazone [15], and (E)-N0-(diphenylmethylene) isonicotinohydrazide dihy-
drate [16] crystals.
Recently, we have reported a novel Zn(II) complex coordinated with ligands phthalic

acid and thiourea [17]. As part of our investigation in the study of Zn(II) phthalate com-
plex, in this study, we report a novel coordination polymer, Zn(II) complex of phthalic
acid and hydrazide. It has not been reported as far as our knowledge is concerned.
Structural characterization, optical studies, quantification of molecular interactions by fin-
ger print plots derived from Hirshfeld surfaces, and theoretical studies of bis(benzene-1,2-
dicarboxylato)bis(4-methylbenzohydrazide)zinc are reported in this study.

Experimental

Synthesis

ZPTH was synthesized by mixing AR grade zinc chloride, p-toluichydrazide and
phthalic acid in a stoichiometric ratio of 1:2:2 in aqueous medium, stirred for 6 h. The
colorless, clear solution was kept at a constant temperature. Crystallization took place in
20–24 days and the crystals were harvested. Optical images of as-grown ZPTH crystals
are shown in Supplementary Fig. S1.

Zncl2 þ 2CH3C6H4CONHNH2 þ 2 C6H4ðCOOHÞ2 �����!Water

Stirring; 6h

½ZnðCH3C6H4CONHNH2Þ2ðC6H4COOðCOOHÞÞ2�
Bisðbenzene-1;2-dicarboxylatoÞ-

bisð4-methylbenzohydrazideÞzinc ðZPTHÞ

:

Characterization techniques

The FT-IR spectrum was recorded using a CARY 630 FT-IR instrument in the range of
400–4000 cm�1. A Bruker AXS (Kappa Apex II) X-ray diffractometer was used for single
crystal XRD studies. The powder X-ray diffraction was performed by using Philips Xpert
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pro triple-axis X-ray diffractometer at room temperature at a wavelength of 1.540˚A with a
step size of 0.0500�. The samples were examined with CuKa radiation in the 2h range of
10–80�. The surface morphologies of the sample were observed using a JEOLSM 5610 LV
SEM with the resolution of 3.0 nm, an acceleration voltage range of 0.3–20 kV. The
UV–DRS spectra were recorded using Shimadzu UV2600 UV–Vis spectrophotometer.
Photoluminescence spectra was recorded by HJY:Fluorolg F3-111 Fluorescence spectrom-
eter. Thermogravimetric (TG) and differential thermal analysis (DTA) were carried out
using a NETZSCH STA 449 F3 thermal analyzer in nitrogen atmosphere.

Computational studies

All the theoretical calculations were performed using the GAUSSIAN 09W [18] program
package on a personal computer without any constraints on the geometry using density
functional group theory (DFT) B3LYP method with LANL2MB as the basis set. Using the
GAUSSVIEW 5.0 molecular visualization program [19], the optimized structure of the
molecule has been visualized. HOMO and LUMO energies, molecular electrostatic poten-
tial (MEP), Mulliken charge population have been computed. Polarizability and first-order
molecular hyperpolarizability were calculated by using finite field method as default.
Hirshfeld surfaces and fingerprint plots were generated from the crystal data using the
CrystalExplorer (Version 3.1), using DFT method with 6-31G(d,p) as basis set [20–23].

Results and discussion

FT-IR

The functional groups are identified by FT-IR spectrum (Supplementary Fig. S2). The
hydrazide ligand C¼O stretching frequency appears at 1745 cm�1 and carboxylate C¼O
stretching frequency at 1654 cm�1. An absorption band in the region 3100–3300 cm�1 is
due to N–H stretching frequency. The C–O stretching frequency appeared as sharp
intensity band around 1205 cm�1. Absorption band appearing at 2986 cm�1 is due to

Figure 1. Simulated and experimental powder XRD patterns.
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C–H stretching frequency of aromatic ring. The band at 1555 cm�1 is due to C¼C
stretching frequency of aromatic region.

Powder XRD

The powder XRD pattern of ZPTH shows that the sample is of single phase without
detectable impurity. The well-defined Bragg’s peaks at specific 2h angles show good
crystallinity of the material. Peak positions in the powder XRD patterns match with
simulated single crystal
XRD pattern with varied intensities. Possibly this could be due to the preferred orien-

tation of the sample used for the diffractogram measurement and the difference in the
mosaic spread of the powder and single crystal patterns. High intensity sharp peaks
indicate the good crystalline nature of the complex (Fig. 1).

Single crystal XRD

Single crystal XRD shows the refinement of ZPTH in the triclinic system with centro-
symmetric P�i space group. An ORTEP view and optimized molecular structure are
shown in Fig. 2. The crystal data and structure refinement parameters are presented in
Table 1. The bond lengths, bond angles are listed in Supplementary Table S1 and tor-
sion angles in Supplementary Table S2. The centrosymmetric unit of ZPTH consists of
one Zn(II) atom, two phthalate anions, and two p-toluichydrazide ligands with Zn(II)
located at the inversion center i. The coordinated sphere around every Zn(II) is a octa-
hedral environment constructed by two oxygen atoms from two partially deprotonated
phthalate anions, two nitrogen atoms and two oxygen atoms from two p-toluichydra-
zide ligands. The carboxylate oxygen-metal bond length is 2.1794(13) Å, whereas Zn–O
is equal to 2.0830(12) Å in hydrazide and the N–Zn bond length is 2.0994 (15) Å. The
O–Zn–O bond angles range from 87.28(5) to 180.0�. The carboxylate oxygen-carbon
bond lengths are, C8-O1¼ 1.247(2) and C8-O2¼ 1.269(3)Å whereas the hydrazide oxy-
gen-carbon (C9-O5) bond length is equal to 1.251(2) Å. Metal–metal distance across

Figure 2. (a) ORTEP (b) Optimized molecular structure of ZPTH.
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complex backbone is 5.5275(4)Å. Supplementary Table S3 lists the polyhedral bond
lengths and effective coordination number of the system is 5.9152. The polyhedral
structure has an average bond length value of 2.1206 Å with a volume of 12.4337 Å3.
Weak (O–H… .O and N–H… .O) intra- and intermolecular interactions are listed in

Table 2. N(1)—H(1)… .O(4) intramolecular hydrogen bond with a bond distance of
2.763(2) Å, and N(2)-H(2A)… .O(3) intermolecular interaction with a bond distance of
3.1091(19) Å are observed. There are only van der Waals interactions between the
chain. Strong hydrogen bond is O(3)-H(3A)… .O(2) with a bond distance of
2.4015(18). Three-dimensional perspective of the crystal packing polyhedral structure
along the a-, b-, and c—axes are displayed in Supplementary Fig. S3. The optimized
molecular structure of ZPTH (Fig. 2b) closely resembles the displacement ellipsoid dia-
gram (Fig. 2a).

Table 1. Crystal data and structure refinement.

Crystal data ZPTH
Empirical formula C32H30N4O10Zn
Formula weight 695.97
Temperature 296(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P�i
Unit cell dimensions a¼ 5.5275(3) Å a¼ 94.541(3)�

b¼ 10.1497(5) Å b¼ 92.174(3)�
c¼ 14.6095(9) Å c¼ 104.280(3)�

Volume 790.41(8) Å3

Z 1
Density (calculated) 1.462Mg/m3

Absorption coefficient 0.841mm�1

F(000) 360
Crystal size 0.150 x 0.100 x 0.100mm3

Theta range for data collection 2.399 to 27.476�
Index ranges �7<¼h<¼7, �13<¼k<¼13, �18<¼l<¼18
Reflections collected 16012
Independent reflections 3597 [R(int)¼ 0.0367]
Completeness to theta ¼25.242� 99.90%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7455 and 0.6863
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3597 / 4 / 227
Goodness-of-fit on F2 1.005
Final R indices [I> 2sigma(I)] R1¼ 0.0326, wR2¼ 0.0878
R indices (all data) R1¼ 0.0453, wR2¼ 0.0956
Extinction coefficient n/a
Largest diff. peak and hole 0.244 and �0.223 e.Å�3

Table 2. Hydrogen bonds [Å and �].

D-HA d(D-H) d(HA) d(DA) < (DHA)

O(3)-H(3A)…O(2) 0.82 1.58 2.4015(18) 178.7
N(1)-H(1)…O(4)#2 0.831(15) 1.946(15) 2.763(2) 167(2)
N(2)-H(2A)…O(2)#1 0.853(14) 2.126(16) 2.853(2) 142.9(18)
N(2)-H(2A)…O(3)#2 0.853(14) 2.57(2) 3.1091(19) 122.1(17)
N(2)-H(2B)…O(1)#3 0.835(14) 2.324(17) 3.070(2) 149.0(17)

Symmetry transformations used to generate equivalent atoms: #1 �x, �y þ 1, �z þ2 #2 x, y�1, z #3 �x þ 1, �y þ1,
�z þ 2.
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SEM

The SEM micrographs at different magnifications (Fig. 3) give information about the
surface morphology revealing the imperfections. The rod like structure exhibits a high
surface roughness and defect centers.

UV–Vis–NIR diffuse reflectance spectrum

The UV–visible spectrum of ZPTH reveals high transmittance and the lower cut-off
wave length is observed at �296 nm. The direct band-gap energy of the specimen is
estimated as 4.0 eV, from the Tauc plot, [F(R)ht]2 versus ht (eV) (Fig. 4), where F(R) is
Kubelka–Munk function [24] derived from equation,

F Rð Þ ¼ 1� Rð Þ2=2R ¼ Ac=s;

R is the reflectance, A is absorbance, c is concentration of the absorbing species and s is
scattering coefficient.

Photoluminescence spectrum

Fluorescent emission is exhibited at kmax 401 nm (�3.09 eV) in the solid state at room
temperature (Fig. 5b) under the excitation at 284 nm (Fig. 5a) and it could be due to
intraligand fluorescent emission. Phthalic acid exhibits a similar fluorescent emission at
kmax 345 nm [25] and a bathochromic shift is observed.

Thermal analysis

Thermogravimetric (TG) analysis and DTA have been carried out simultaneously
(Fig. 6) under nitrogen atmosphere at a heating rate 20 K min�1 in the temperature
range 30–1100 �C. DTA curve shows two endothermic peaks at �217 and 262 �C

Figure 3. SEM images of ZPTH.
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corresponding to the decomposition of ZPTH. The TGA curve shows weight loss in the
range 175–800 �C, attributed to the decomposition of coordinated hydrazide and phthal-
ate ligands. It is observed that the ZPTH is stable up to 175 �C. There is no decompos-
ition up to the melting point showing the stability.

First-order molecular hyperpolarizability

Calculated polarizability (a), first-order molecular hyperpolarizability (b) and dipole
moment (l) of the specimen are, 169.8229� 10�24 esu, 1.6529� 10�33 esu and 0.0026 D,

Figure 4. UV-vis spectrum of ZPTH (Tauc plot is given as an inset).

Figure 5. (a) UV-Vis absorbance spectrum (b) Photoluminescence emission spectrum of ZPTH in the
solid state at room temperature.
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Figure 6. TG/DTA of ZPTH.

Figure 7. Hirshfeld surfaces of ZPTH (a) dnorm, (b) de, (c) di, and (d) shape index.
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Figure 8. Quantities of molecular interactions represented in a pie chart.

Figure 9. Electron density surface (a) MEP, (b) total electron density, (c) electron contour, and
(d) ESP.
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respectively (Supplementary Table S4). Interestingly, b value of bis(benzene-1,2-dicarboxy-
lato)bis(thiourea)zinc [17], (C18H18N4O8S2Zn) is estimated as 6.1375� 10�30 esu (�31.5
times of urea: �3700 times of ZPTH) and l¼ 17.1437 D. Negligible microlevel nonlinear-
ity in the case of title compound in comparison could be attributed to packing and orienta-
tion cancelling charge transfer leading to the absence of NLO response. Literature survey
of reported transition metal hydrazide complexes (Supplementary Table S5) clearly reveals
that mostly they crystallize centrosymmetrically.

Hirshfeld surface analysis

The Hirshfeld surface was derived using the data obtained from single crystal XRD ana-
lysis. The normalized contact distance dnorm is based on de and di representing the dis-
tances of the nearest nucleus external and internal to the surface respectively. The shape
index indicates the shape of the electron density surface around the molecular interac-
tions. The visible deep red circular depressions indicate hydrogen bonding contacts
(Fig. 7a–c) and bright red areas in surface plot indicate O…H and H…O dominant
interactions. The small light color range areas represent the weaker and longer contacts.
Quantification of all intra- and intermolecular interactions are displayed as a pie

chart Fig. 8 and fingerprint plots shown in Supplementary Fig. S4. A spike in the lower
left area represents O…H interactions whereas right region represents the H…O inter-
actions. Strong interactions are, H…H, C…H, H…C, O…H, and H…O and weak
interactions are, O…O, C…O, O…C, N…H, H…N, and C…C.

Molecular electrostatic potential

Negative regions of MEPs are for the electrophiles (red) and the positive MEPs are for
nucleophiles (blue). In MEP, light green region corresponds to the halfway. These
potential surfaces give an idea about the net electrostatic effect produced by the total
charge distribution of atom or molecule. Electrostatic potential maps and electron den-
sities of MEPs are displayed in Fig. 9.

HOMO (-2.8330 eV) LUMO (-0.1279 eV) 

(a) (b)

Figure 10. (a) HOMO and (b) LUMO of ZPTH.
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Mulliken population analysis

Mulliken atomic charges are calculated by determining the electron population of each
atom as defined by the basis function (Supplementary Table S6). Supplementary Fig. S5
shows the Mulliken atomic charge distribution and Mulliken plot of
[Zn(C6H4COO(COOH))2(CH3C6H4CONHNH2)2]. All the oxygen and nitrogen atoms
have a negative charge and behaved as electron donors. Carbon atoms (C2, C3, C5, C7,
C9, C11, C14, C15, C17, C20, C22 C24, C41, C42, C44, C46, C48, C50, C53, C54, C56,
C59, C61, and C63) have negative charge. All the remaining atoms and carbon atoms
(C1, C12, C13, C19, C40, C51, C52, and C58) are positive.

Frontier molecular orbital analysis (FMO)

The frontier orbital gap facilitates in characterizing the chemical reactivity and kinetic
stability of the molecule. Fig. 10 displays the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), calculated using B3LYP/
LANL2MB as basis set. The HOMO is the orbital that primarily plays as an electron
donor and the LUMO is the orbital that mainly plays as an electron acceptor.

Conclusions

Single crystals of a novel Zn(II) complex, bis(benzene 1,2-dicarboxylato)bis(4-methylbenzo-
hydrazide)zinc were successfully grown and characterized. The presence of the functional
groups has been identified by FT-IR spectroscopic technique. The X-ray diffraction study
confirms the crystal structure and crystallinity of the grown crystal. The band gap energy of
this complex is 4.0 eV as estimated from the optical reflectance spectrum. Fluorescent emis-
sion studies indicate that this complex is a promising photoactive material. The material
has a good thermal stability as revealed by thermal pattern. Negligible beta value and cen-
trosymmetric crystallization rule out NLO responses. The two-dimensional fingerprint plots
give an idea about intermolecular interaction patterns and as revealed H… .H, C… .H and
O… .H interactions are predominant whereas O… .O, C… .O, N… .H and C… .C interac-
tions are weak. Noncovalent forces are mainly responsible for crystal cohesion. Electron
delocalization is confirmed by MEP, ESP, and total electron density, Mulliken population
analysis reveals the intermolecular charge transfer present in the complex system. Further
research is underway to synthesize novel transition metal complexes of phthalic acid and
other ligands and comparison of properties will reveal interesting insights.
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Crystallographic data of ZPTH has been deposited with the Cambridge Crystallographic
Data Centre [CCDC 1583827]. Copies of the data can be obtained free of charge at
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