
Bull. Mater. Sci., Vol. 40, No. 2, April 2017, pp. 289–299. c© Indian Academy of Sciences.
DOI 10.1007/s12034-017-1375-3

Synthesis, structure and Hirshfeld surface analysis, vibrational
and DFT investigation of (4-pyridine carboxylic acid)
tetrachlorocuprate (II) monohydrate

KHAOULA AZOUZI∗ , BESMA HAMDI, RIDHA ZOUARI and ABDELHAMID BEN SALAH
Laboratory of Materials Science and Environment, Faculty of Sciences of Sfax, University of Sfax, Sfax, Tunisia

MS received 26 April 2016; accepted 2 March 2017

Abstract. The new organic–inorganic hybrid compound [C6H6NO2]2CuCl4·H2O has been grown from an aque-
ous mixture by the solvent evaporation method. X-ray diffraction, Hirshfeld surface analysis, FT-IR and FT-Raman
spectroscopy were applied to characterize the composition and crystal structure of the complex. It is crystallized in
a triclinic system (P 1̄ space group). The structure of this compound might be described as layered with two parallel
anionic and cationic layers. The first layer is composed of isolated square planar [CuCl4]2− and the second layer
of [C6H6NO2]2+. The water molecule is placed between the layers formed by organic cations along the b axis. Net-
work hydrogen-bonding and π–π interactions lead to the formation of a three-dimensional architecture. Hirshfeld
surface analysis for visually analysing intermolecular interactions in crystal structures employing molecular sur-
face contours and 2D fingerprint plots has been used to scrutinize molecular shapes. The vibration properties of this
structure were studied by IR spectroscopy and Raman scattering. Vibration spectra were also calculated theoreti-
cally by means of Gaussian 03 package of programs within the density functional theory (DFT) framework using
the B3LYP/LanL2DZ level of theory. To sum up, good consistency is found between the calculated results on one
hand and the IR and Raman spectra and experimental structure on the other. This study confirms the presence of
the organic cations [C6H6NO2]2+, the inorganic anions [CuCl4]2− and H2O.
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1. Introduction

In recent years, layered hybrid organic–inorganic compounds
based on metal halide units have attracted much attention due
to their possibility to combine the properties of organic and
inorganic materials at the molecular level [1]. In fact, organic
compounds offer a number of useful properties, including
structural diversity, mechanical plasticity and ease of pro-
cessing [2]. Inorganic materials have a distinct set of advan-
tages, including good electric mobility, tunable band gap
property, magnetic property and thermal stability [3,4]. In
these materials, the structural arrangement can be described
as an alternation of inorganic sheets and layers of the organic
molecules. The nature of the interface has been used to
grossly divide these materials into two distinct classes. In
class I, organic and inorganic compounds are embedded and
only weak bonds (hydrogen, van der Waals or ionic bonds)
give the cohesion to the whole structure. In class II materials,
the two phases are linked together through strong chemical
bonds (covalent or iono-covalent bonds). Much of the recent
research has focused on the synthesis of crystalline organic–
inorganic halogenocuprates (II) due to the fact that they
show a high variety of coordination numbers and geometries
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(tetrahedral [5], trigonal bi-pyramidal [6] square pyramidal
and octahedral [7]). This large structural variability of Cu (II)
is due to the presence of an active Jahn–Teller effect in the d9

electronic system [8].
In this work, we focused our attention on the syn-

thesis and characterization of a new hybrid material
[C6H6NO2]CuCl4·H2O, which is crystallized in space group
P 1̄. We have used X-ray diffraction measurements, which
provided us with information about the complete crystal
structure at room temperature. An investigation of close
intermolecular interactions in this compound via Hirshfeld
surface analysis is also reported. Besides, the geometric
parameters and vibrational frequencies of (4-pyridine car-
boxylic acid) tetrachlorocuprate (II) monohydrate have been
investigated by the DFT/B3LYP/LanL2DZ method. More-
over, the FT-IR and FT-Raman spectra have been recorded in
the range of 400–4000 and 50–4000 cm−1, respectively.

2. Experimental

2.1 Synthesis of [C6H6NO2]CuCl4·H2O

The (4-pyridine carboxylic acid) tetrachlorocuprate (II) mono-
hydrate crystals were prepared by dissolving CuCl2·6H2O
in a minimum volume of water and [C6H6NO2] in concen-
trated HCl. After the solutions were mixed, it remained clear
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without any precipitate. The resulting aqueous solution was
left to evaporate slowly at room temperature. After 2 weeks,
high-quality yellow crystals appeared in the solution and
became stable under normal conditions of temperature and
humidity. The average value of density, D = 2.601 mg m−3,
is in agreement with that calculated, D = 2.649 mg m−3.

2.2 Crystal data and structure determination

For the structural study we chose a crystal with the dimen-
sions of 0.31 × 0.28 × 0.19 mm3. The single crystal was
fixed on a Bruker APEXII CCD four-circle diffractometer;
MoKα radiation (λ = 0.71073 Å) was used in order to study
its structural analysis. The crystal structure has been solved
in the triclinic system, space group P 1̄ according to the auto-
mated search for space group available in WINGX [9]. The
crystal structure has been solved using the classical method:
interpretation of the three-dimensional Patterson function fol-
lowed by successive difference Fourier maps after introduc-
ing anisotropic thermal factors for the non-hydrogen atoms
and isotropic thermal factors for H atoms. The structure was
solved and refined using SHELXS-97 and SHELXL-97 pro-
grams [10,11] respectively, down to R = 0.04 and wR2 =
0.10. The structural graphics were created with ORTEP
[12] and DIAMOND [13]. The crystallographic data and

some details of the structural refinement are summarized in
table 1. The atomic coordinates and equivalent isotropic and
anisotropic thermal agitation factors are listed in tables 2 and 3,
respectively.

2.3 Hirshfeld surfaces computational method

The Hirshfeld surfaces and the associated 2D fingerprint
plots were calculated using the Crystal Explorer [14] pro-
gram, which accepts a structure input file in the CIF format.
A Hirshfeld surface is the outer contour of the space which a
molecule or an atom consumes in a crystalline environment.
The normalized contact distance dnorm based on both de (dis-
tance from the point to the nearest nucleus external to the
surface) and di (distance to the nearest nucleus internal to
the surface) and the van der Waals (vdW) radii of the atom,
given by equation (1), enables identification of the regions of
particular importance to intermolecular interactions [15]:

dnorm = (di − rvdw
i )

rvdw
i

+ (de − rvdw
e )

re
. (1)

The value of the dnorm is negative or positive when inter-
molecular contacts are, respectively, shorter or longer than
vdW separations. Because of the symmetry between de and
di in the expression for dnorm, where two Hirshfeld surfaces

Table 1. Crystal data and structure refinement for [C6H6NO2]2CuCl4·H2O.

Crystal data
Empirical formula [C6H6NO2]CuCl4·H2O
Formula weight 489.62
Crystal system Triclinic
Space group P 1̄
Unit cell dimensions
a (Å) 7.0791(10)
b (Å) 8.5514(13)
c (Å) 8.9031(13)
α (◦) 81.237(4)
β (◦) 74.171(4)
γ (◦) 65.686(4)
Volume (Å3) 376.52
Z 1
Dcalc (mg m−3) 2.649
Absorption coefficient (mm−1) 1.753
F (000) 372
Crystal colour Green
Range of θ for data collection (◦) 2.38–26.38
Data collection
Reflections collected 4952
Independent reflections 1700
Reflections with I > 2σ(I) 1405
Limiting indices h = −8 → 8, k = −10 → 10, l = −11 → 11
Refinement
Refinement method Full-matrix least squares on F 2

R[F 2 > 2σ(F 2)] 0.04
wR(F 2) 0.10

W = 1/[σ 2(Fo2) + (0.0000P)2 + 0.0000P ], where P = (Fo2+2Fc2)/3.
(�/σ)max <0.001. Extinction correction: SHELXL.
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Table 2. Atomic coordinates and equivalent thermal agitation Ueq (Å2) and isotropic Uiso
(Å2) in [C6H6NO2]2CuCl4·H2O.

Atoms x y z Uiso/Ueq

O1 0.1738(2) 0.5386(4) 0.3481(4) 0.0822(18)
O2 0.3824(2) 0.2750(2) 0.4141(4) 0.0828(14)
N −0.1325 0.1851(4) 0.1981(4) 0.0441(5)
C1 0.0124(3) 0.0774(2) 0.2739(4) 0.0460(14)
C2 0.1322(3) 0.1366(2) 0.3279(4) 0.0434(5)
C3 0.1014(3) 0.3079(4) 0.3025(4) 0.0371(5)
C4 −0.0520 0.4161(4) 0.2241(4) 0.0448(13)
C5 −0.1669 0.3505(2) 0.1714(2) 0.0468(14)
C6 0.2329(4) 0.3749(3) 0.3611(2) 0.0498(14)
Cu 0.50000 0.00000 0.00000 0.0356(7)
Cl1 0.73046(12) −0.11489 0.15775(13) 0.0538(4)
Cl2 0.54081(12) 0.25272(5) −0.01993 0.0500(4)
O3 0.6047(2) 0.2982(4) 0.6046(4) 0.0593(5)
H −0.20722 0.14598 0.16494 0.0530
H1 0.03201 −0.03779 0.28996 0.0548
H2 0.23367 0.06235 0.38143 0.0523
H4 −0.07653 0.53219 0.20746 0.0538
H5 −0.26900 0.42134 0.11702 0.0562
H11 0.25210 0.56609 0.38181 0.1231
H13 0.549(9) 0.283(4) 0.689(3) 0.09(7)
H23 0.50814 0.31021 0.55914 0.0709

Uiso is the isotropic thermal agitation.

Table 3. Factors of anisotropic thermal agitation for [C6H6NO2]2CuCl4·H2O.

Atoms U U22 U33 U12 U13 U23

O2 0.059(7) 0.107(28) 0.090(7) −0.037 −0.039 −0.015
N 0.039(7) 0.0461(15) 0.0533(13) −0.0105 −0.0139 −0.0179
C1 0.048(28) 0.0360(13) 0.053(7) 0.0002(12) −0.0106 −0.017
C2 0.038(7) 0.0392(13) 0.048(7) 0.0001(18) −0.0136 −0.0085
C3 0.031(7) 0.0393(13) 0.0399(13) −0.0110 −0.0034 −0.0124
C4 0.042(28) 0.0305(15) 0.060(7) −0.0026 −0.0165 −0.0091
C5 0.042(28) 0.040(7) 0.058(7) 0.0008(12) −0.0238 −0.009
C6 0.036(28) 0.057(7) 0.057(7) −0.018 −0.0083 −0.015
Cu 0.0377(4) 0.0304(28) 0.0396(28) 0.0014(7) −0.0110 −0.0139
Cl1 0.0610(4) 0.0371(2) 0.0779(4) 0.0123(2) −0.0413 −0.0228
Cl2 0.0704(8) 0.0372(2) 0.0580(3) 0.0097(4) −0.0339 −0.0283
O3 0.069(7) 0.072(7) 0.0528(13) 0.0101(18) −0.0233 −0.0416

touch, both will display a red spot identical in colour inten-
sity as well as size and shape. The dnorm values are mapped
onto the Hirshfeld surface using a red–blue–white colour
scheme: red regions correspond to closer contacts and nega-
tive dnorm value, the blue regions correspond to longer con-
tacts and positive dnorm value and the white regions are those
where the distance of contacts is exactly the vdW separation
and with a dnorm value of zero. The combination of de and
di in the form of a 2D fingerprint plot provides summary of
intermolecular contacts in the crystal.

2.4 Spectroscopic measurements

The vibrational measurements were carried out at room tem-
perature. The infrared spectrum was taken on a ‘Nicole

Impact 410 FT-IR’ spectrophotometer in the region 400–
4000 cm−1. The sample for this measurement was finely
ground and mixed with KBr. This mixture was then pressed
under vacuum at high pressure to obtain a transparent disc,
which was then placed in the sample compartment. The
Raman spectrum of polycrystalline sample was performed
in the 50–4000 cm−1 range employing a LABRAMHR 800
triple monochromatic instrument using the 514.5 nm line
spectra-physics argon ion lasers.

2.5 Computational details

The density functional theory (DFT) approaches, especially
those using hybrid functionals, have evolved to a power-
ful and very reliable tool, being commonly used for the
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determination of various properties of molecules. Within
the framework of the DFT approach, the B3LYP hybrid
functional has often been preferred since it proved effi-
cient in reproducing various molecular properties. The com-
bined use of B3LYP functional with the LanL2DZ basis set
has previously been shown to provide an excellent com-
promise between accuracy and computational efficiency of
vibrational spectra for large and medium size molecules.

The geometry and frequencies were fully optimized at the
density functional level of theory with the Becke 3 param-
eter hybrid functional combined with the Lee–Yang–Parr
correlation functional (B3LYP), implemented with Gaussian
03 program [16]. LanL2DZ was used as the basis set. The
atomic coordinates for calculations were obtained from the
X-ray data. First, the geometry optimization was performed
using DFT with the B3LYP correlation functional. It is to
be noted that LanL2DZ was used as the basis for all atoms.
Therefore, the calculations converged to optimized geome-
tries that corresponded to true energy minima, as revealed by
the lack of imaginary values in the vibrational mode calcula-
tions. Besides, the vibrational frequencies calculations were
performed at the DFT/LanL2Dz level.

The calculated geometrical parameters of the title com-
pound are reported and compared to the experimental ones
in table 4.

3. Results and discussion

3.1 Structure description

The (4-aminopyridinium) tetrachlorocuprate (II) monohydrate
compound crystallizes in the triclinic system P 1̄ at room
temperature with the following parameters: a=7.0791(10) Å,

b = 8.5514(13) Å, c = 8.9031(13) Å, α = 81.237(4)◦, β =
74.171(4)◦, γ = 65.686(4)◦ and Z = 1. The formula unit
of the title compound (shown in figure 1a), drawn with 50%
probability thermal ellipsoids shows the presence of one
anionic entity [CuCl4]2−, one molecule of water and one
cation [C6H6NO2]2+.

The examination of the structure has clearly shown an
alternation of organic–inorganic layers that run parallel to the
a axis. The first layer is composed of isolated square planar
[CuCl4]2− and the second layer of [C6H6NO2]2+. The water
molecules are sandwiched between the [CuCl4]2− anion and
the [C6H6NO2]2+ cation on both sides of the layer (figure 2).

Inorganic layers are extended as zero-dimensional (0D)
network by isolated square planar [CuCl4]2− (figure 3), form-
ing chains running along the axis b. The [CuCl4]2− anions
are located in the [110] plane at x = 1/2. The copper (II) ion
is coordinated by four chlorine atoms, with Cu–Cl distances
ranging from 2.2601(14) to 2.2703(12) Å and Cl–Cu–Cl
angles varying from 90.50(4) to 390.50(4)◦. The distortion of
the [CuCl4]2− square planar is correlated to the deformations
resulting from hydrogen bond interactions [17,18]. The two
negative charges of the anionic species are contra-balanced
by the two positive charges of the organic cation.

The organic part consists of one organic cation type, which
orients its nitrogen towards the neighbouring anion. Table 4
reports the main geometrical features of [C6H6NO2]2+ enti-
ties. The C–C bond lengths vary from 1.364(4) to 1.502(8)
Å; the C–O bond lengths vary from 1.283(3) to 1.211(4) Å
and the mean value of the N–C bond lengths is 1.325(3) Å.

The compound has an extensive network of hydrogen
bonding due to numerous acceptor and donor atoms. In
the crystal structure the 4-cyanopyridine cations are linked
to [CuCl4]2− by C–H....Cl and N–H....Cl hydrogen bond,
forming infinite chains. At the same time the compo-
nents of the structure are linked to molecule of water in

Table 4. Comparison between experimental and theoretical interatomic parameters of [C6H6NO2]2CuCl4·H2O.

Bond length (Å) Experimental Theoretical Bond angle (◦) Experimental Theoretical

[CuCl4]2−
Cu–Cl1 2.2603(12) 2.285 Cl1–Cu–Cl2 90.51(4) 90.66
Cu–Cl2 2.2704(10) 2.259 Cl1–Cu–Cl1 180.00 179.37
Cu–Cl1 2.2603(12) 2.271 Cl1–Cu–Cl2 89.49(4) 89.82
Cu–Cl2 2.2704(10) 2.249 Cl2–Cu–Cl2 180.00 178.61
[C6H6NO2]2+
O1–C14 1.283(3) 1.297 C1–N–C5 122.8(4) 123.76
O2–C14 1.211(4) 1.238 N–C1–C2 119.86(4) 119.32
N2–C1 1.325(3) 1.34 C1–C2–C3 119.4(4) 118.74
N2–C3 1.325(2) 1.34 C2–C3–C4 119.2(4) 119.17
C1–C6 1.364(4) 1.384 C2–C3–C6 120.8(28) 120.16
C3–C4 1.365(4) 1.381 C4–C3–C6 120.8(4) 121.82
C4–C5 1.387(3) 1.408 C3–C4–C5 119.2(28) 118.01
C5–C14 1.502(8) 1.512 N–C5–C4 119.7(4) 118.82
C5–C6 1.384(3) 1.394 O2–C6–C3 119.8(4) 121.27

O1–C6–O2 125.6(2) 124.62
O1–C6–C3 114.6(4) 112.10
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Figure 1. Atom numbering scheme of the title compound: (a) experimental results
and (b) optimized geometry.

Figure 2. Packing diagram showing the alternation between different entities in [C6H6NO2]CuCl4·H2O.

the crystallographic c direction by O–H....O and O–H....Cl
hydrogen bond to form a second set of infinite chains
(figure 4a). In addition to these hydrogen interactions, we
also note that the cohesion in the crystal is ensured by
weak interactions type π–π stacking observed between the
planes containing the fused aromatic rings. The interstacking
distances are equal to 3.210 Å, which is comparable to
interplanar distances found in the aromatic π -system (figure 4b)
[19].

Both hydrogen bond and π–π stacking interactions cause
the formation of a three-dimensional architecture.

According to the charge compensation hypothesis, the
observed structure of copper (II) halides salts can be visual-
ized as a balance between crystal field stabilization effects

and an electrostatic ligand–ligand repulsion effect. In four-
coordinate compounds, the former favours a square-planar
and the latter a tetrahedral geometry. As long as hydrogen
bonds tend to remove charge from the Cl atoms they will
promote the [CuCl4]2− ion to move towards a square-planar
geometry.

DFT is developing rapidly as a cost-effective general
procedure for studying vibrational properties of molecules.
Optimized geometry of the title compound model is pre-
sented in figure 1b. Selected measured bond lengths and
bond angles together with the calculated ones are presented
in table 4 in accordance with the atom numbering scheme
given in figure 1a. After careful comparison, we find that
most of the optimized bond lengths are slightly larger than
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Figure 3. Drawing showing the arrangement of the square plane [CuCl4]2−.

Figure 4. Packing diagram showing the two interactions between different entities in [C6H6NO2]CuCl4·H2O.
(a) Hydrogen bonds among [CuCl4]2− anion, H2O and [C6H6NO2]2+ cation and (b) π–π interaction between the
chains of aromatic ring.

the experimental values, which is not surprising given that
theoretical calculation belongs to the isolated molecule in the
gaseous phase at 0 K and the experimental result belongs to the

molecule in the solid state with intermolecular interactions
and crystal packing effect. As shown in table 4, the optimized
parameters are in good agreement with the experimental data.
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Figure 5. (a) Hirshfeld dnorm surfaces and (b) full fingerprint for [C6H6NO2]
CuCl4·H2O.

Table 5. Hydrogen bonds for [C6H6NO2]2CuCl4·H2O.

D–H . . . A D–H (Å) H . . . A (Å) D . . . A (Å) D–H . . . A (Å)

N–H . . . Cl1 0.8600 2.4600 3.189(4) 143.00
N–H . . . Cl2 0.8600 2.5500 3.234(4) 137.00
O1–H11 . . . O3 0.8200 1.8600 2.632(2) 156.00
O3–H13 . . . Cl2 0.77(2) 2.55(2) 3.233(4) 149(4)
O3–H23 . . . O2 0.8500 1.8800 2.685(2) 159.00
C4–H4 . . . Cl1 0.9300 2.7700 3.673(28) 163.00
C5–H5 . . . Cl2 0.9300 2.8200 3.674(4) 153.00

Symmetry codes: −x, 1−y, −z.

Figure 6. Hirshfeld surfaces mapped for shape index and curvature of [C6H6NO2]
CuCl4·H2O.

The difference between the calculated and experimental
bond lengths and bond angles of the title compound is very
small. This indicates that the calculation precision is satisfac-
tory and the DFT/B3LYP/LanL2DZ level is suitable for the
complex system studied here.

3.2 Hirshfeld surface analysis

In order to profoundly examine the strength and role of
the hydrogen bonds and other intermolecular contacts, and
to estimate their importance for the crystal lattice stability,
Hirshfeld surface analysis has been conducted. The Hirsh-
feld surface of the title compound is illustrated in figure 5a,

showing surfaces that have been mapped over a dnorm range
of –0.5 to 1.5 Å. The surfaces are shown as transparent to
allow visualization of the molecular moiety, in a similar ori-
entation for all of the structures. It is clear that the informa-
tion presented in table 5 is summarized effectively in these
spots, with the large circular depressions (deep red) visible
on the surfaces indicative of hydrogen-bonding contacts.

The 2D fingerprint plots, which are used to analyse all of
the intermolecular contacts at the same time, revealed that
the main intermolecular interactions in the compound were
H...Cl, H...O and H...H (figure 5b).

The Hirshfeld surfaces of (4-aminopyridinium) tetra-
chlorocuprate (II) monohydrate are illustrated in figure 6,
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showing surfaces that have been mapped for shape index and
curvature.

Curvature conveys similar information as that of shape
index. In fact, the π–π stacking is shown by the pattern of
red and blue triangles on the same region of the shape index
surfaces. It is shown by the large flat region delineated by a
blue outline on the curvature surfaces.

In order to find out directional interactions, the characteris-
tic features in the fingerprint plots obtained from the Hir-
shfeld surface were further analysed. This analysis shows

the relative contribution of each contact present in the title
compound (figure 7). As previously observed, the highest
contribution occurs due to Cl...H and H...Cl contacts (46%).
The O...H interactions are represented by a spike in the bot-
tom left (donor) area of the fingerprint plot, which represents
the water oxygen interacting with acid oxygen, forming a 2D
network of hydrogen bonds. The H...O interactions are repre-
sented by a spike in the bottom right region of fingerprint plot
(acceptor). The proportion of H...H interactions comprises
18.6% of the total Hirshfeld surfaces. Lower percentages

Figure 7. Relative contributions to the percentage of Hirshfeld surface area for the various intermolecular contacts in
the title compounds.
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are observed for the C...H/H...C (5.4%) and O...Cl/Cl...O
(4.4%) contacts, with the last contact contribution corre-
sponding largely to other interactions. The relative contribu-
tion of the different interactions to the Hirshfeld surface is
presented in figure 7; the Cl...H/H...Cl interactions have the
most participations in crystal structures.

3.3 Vibrational studies

To gain more information on the crystal structure, we have
undertaken a vibrational study using infrared spectroscopy
and Raman scattering. The FT-infrared and the FT-Raman
spectra of the title compound are shown in figures 8 and 9,

Figure 8. (a) Experimental and (b) simulated FT-IR spectra of
the title compound in the region 400–4000 cm−1 recorded at room
temperature.

Figure 9. (a) Experimental and (b) simulated FT-Raman spectra
of the title compound in the region 50–4000 cm−1 recorded at room
temperature.

respectively. Although a detailed assignment of all the bands
is difficult, the most important attribution mode is realized by
comparison with similar compounds [20,21]. The observed
and computed wavenumbers and detailed assignments are
summarized in table 6.

3.3a [CuCl4] anion mode: The bands observed at 92
and 84 cm−1 are assigned to Cl–Cu–Cl bending and the
DFT calculations give this mode at 107 and 84 cm−1.
The Cl–Cu–Cl deformation mode is found at 145 and
116 cm−1 and it is predicted at 154 and 130 cm−1 accord-
ing to DFT/B3LYP/LanL2DZ calculations. The observed
large bands at 296 and 255 cm−1 are assigned to the
asymmetric and symmetric Cl–Cu–Cl stretching, respec-
tively, and are predicted at 322 and 261 cm−1 according to
DFT/B3LYP/LanL2DZ calculations. It is obvious that the
agreement between the observed and calculated frequencies
is reasonable, showing that the DFT/B3LYP/LanL2DZ per-
formed for the system presented in figure 1b has accurately
modelled the system.

3.3b [H2O] molecule mode: When the water molecule is
in isolated state, it has the C2v symmetry and 3N–6 internal
vibrations are presented where N = 3 is the number of atoms.
The H2O deformation mode is observed at 1595 cm−1. This
value will shift towards higher ones if at least one of the H
atoms is involved in a hydrogen bond.

The bands, observed at 3450 cm−1 and calculated at
3525 cm−1 in FT-IR, are ascribed to stretching vibration of
O–H. The asymmetric and symmetric stretching vibrations
of H2O group are not observed in the FT-IR and FT-Raman
spectra but predicted at 3675 and 3502 cm−1 according to
DFT/B3LYP/LanL2DZ calculations, respectively.

3.3c [C6H6NO2] cation mode: In our present work, the
C–H stretching vibrations are observed at 3113 cm−1 as
weak bands in Raman spectrum. The C–H ring stretching
modes are found to be weak, which is due to the charge
transfer between the hydrogen atoms and carbon atoms. The
scaled vibrations by the B3LYP/LanL2DZ method predicted
at 3163 cm−1 show good agreement with recorded spectral
data.

The weak bands at 1710 cm−1 in the infrared are assigned
to the COOH bending modes. The corresponding vibrations
in the FT-Raman spectrum appear at 1730 cm−1. As seen
from table 6, the calculated COOH vibration wavenumbers
show good agreement with experimental data. Besides, the
band located at 1620 and 1600 cm−1 in the FT-IR and FT-
Raman spectra, respectively, corresponds to the CH rocking;
the corresponding calculated value is 1624 cm−1.

The O–H stretching mode is located experimentally at
1060 cm−1 in infrared spectrum, at 1065 cm−1 in FT-Raman
spectrum and predicted theoretically at 1069 cm−1. Concern-
ing the wavenumbers found between 770 and 782 cm−1 in
FT-IR and FT-Raman spectra, they are attributed to C–N–C
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Table 6. Wavenumbers (cm−1) and relative assignments of the observed and calculated bands in the
FT-infrared and FT-Raman spectrum of [C6H6NO2]2CuCl4·H2O.

Observed wavenumbers (cm−1)
Wavenumbers calculated by

FT-IR Raman B3LYP/LanL2DZ (cm−1) Assignments

— — 3675 H2O asymmetric stretching
3450 — 3525 O–H bending
— — 3502 H2O symmetric stretching
— 3113 3163 N–H stretching
1710 1730 1707 COOH stretching
1620 1600 1624 C–H rocking
— 1507 1516 H2O deformation
— 1435 1460 C–C–C scissoring
1410 — 1407 C–H rocking and N–H in-plane bending
1290 — 1317 C–O–H deformation
1230 1237 1260 C–C–H deformation
— 1155 1183 C–N–C deformation
1060 1065 1069 O–H stretching
— 1019 1020 C–C–C deformation
840 838 85 C–H out-of-plane bending
770 782 77 C–N–C and C–C–C deformation
680 650 68 C–H out-of-plane bending
550 — 57 H2O wagging
460 — 49 COO rocking
— 405 42 Ring deformation
— 296 32 Cl–Cu–Cl asymmetric stretching
— 265 28 H2O twisting
— 255 26 Cl–Cu–Cl symmetric stretching
— 190 22 H2O scissoring
— 145–116 15–13 Cl–Cu–Cl deformation
— 92–84 10–84 Cl–Cu–Cl bending

deformation. Our DFT calculations give these modes at
777 cm−1.

The bands in FT-IR spectrum and in FT-Raman spectrum,
located at 680 and 650 cm−1, respectively, are assigned to
the mode stretching of C–H. The computed wavenumber is
680 cm−1.

Finally, as table 6 shows, the experimental wavenumbers
of the title compound are found to compare well with the data
obtained by DFT/B3LYP/LanL2DZ method.

4. Conclusion

In summary, a novel organic–inorganic hybrid compound,
[C6H6NO2]CuCl4·H2O, has been successfully synthesized at
room temperature by slow evaporation. The structure con-
sists of alternation of organic and inorganic layers. Hirshfeld
surfaces display all of the intermolecular interactions within
the crystal at once and are therefore ideal for analysing the
crystal packing. The vibrational properties of this structure
were studied by FT-infrared spectroscopy and FT-Raman
scattering. The assignment of the vibrational bands was
based on comparisons with vibrational mode frequencies of
homologous compounds and theoretical vibrational mode
calculated by DFT/B3LYP/LanL2DZ.
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