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Abstract: In this study, we reported structural properties of the 3-nitrophthalonitrile
compound using spectral techniques such as FT-IR, *H-NMR, *C-NMR, X-ray single
crystal diffraction. The quantum chemical computational calculations were realized
with DFT/B3LYP method and 6-311G(d,p) basis set. Results of the spectral analysis
were compared with theoretical molecular geometry parameters, vibrational
frequencies, and chemical shift values. Some global reactivity structure parameters of

the 3-nitrophthalonitrile were examined using the same method and basis set.

PACS -31.15.E, 33.20.Tp

1. Introduction

Phthalonitriles are essential building blocks for the
synthesis of phthalocyanines and can be used as
starting materials [1]. Phthalocyanines have a wide
range of applications, such as a catalysis, chemical
sensors, dyes, pigments and colors, gas sensors,
electrochromism, batteries, semiconductive
materials, liquid crystals, non-linear optics and
photodynamic therapy [2].

In this paper, our aim is to determine structural
features of  3-nitrophthalonitrile by  using
experimental and theoretical approaches. For this
purpose, the compound has been characterized by
FT-IR, 'H-NMR, ®C-NMR, X-ray single crystal
analyses and theoretical calculations have been
compared with the results obtained from
experimental values. To better understand
molecular structure properties of that compound,
some global reactivity descriptors were examined
using computational methods.

2. Experimental Details

The single-crystal X-ray data were collected on a
Bruker D8 QUEST diffractometer. IR spectra were

recorded on a Perkin Elmer Frontier FT-IR
Spectrometer as KBR pellets. *H-NMR and **C-
NMR studies were done on an Agilent 400/54 (400
MHz) spectrometer. 3-nitrophthalonitrile  was
synthesized according to the reported procedure [3].
All other reagents and solvents were of reagent-
grade quality and were obtained from commercial
suppliers. DMF was dried and purified as described
by Perrin and Armarego [4].

3. Computational Details

All the computational analysis of the 3-
nitrophthalonitrile were realized at DFT (Density
Functional ~Theory)/B3LYP (Becke’s Three-
Parameter Hybrid Functional using the Lee, Yang
and Parr Correlation Functional) method with 6-
311G(d,p) basis set using Gaussian 09W [5]
electronic structure program and GaussView 5.0
interface  program  [6]. The  geometrical
optimization of 3-nitrophthalonitrile was made over
the geometry formed with crystallographic data and
other theoretical analyses were carried out based on
this constitution. The molecular geometry of the
compound was optimized by DFT/B3LYP with 6-
311G(d,p) basis set in the ground state. To
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determine characteristic functional groups of the 3-
nitrophthalonitrile, theoretical harmonic vibrational
frequencies were obtained and scaled by 0.9682 for
B3LYP/6-311G(d,p) basis set so as to eliminate
systematic deviation in computed values [7]. The
theoretical 'H-NMR and “C-NMR and TMS,
which is the internal standard for calibrating NMR
spectroscopy, chemical shifts were calculated using
the Gauge-Independent Atomic Orbital (GIAO)
method with DMSO as the solvent. The GIAO
method provides an effective prediction of the
theoretical chemical shift values [8]. Also, some
structure parameters for the compound were
examined using the same method and basis set.

4. Results and Discussion

4.1. The Single-Crystal Structure and Optimized
Structure Analysis

The 3-nitrophthalonitrile compound crystallizes in
the orthorhombic crystal system and P2,2,2, space
group  with a=6.2575(5) A, b=8.8306(8) A,
c=28.326(2) A and Z=8 unit cell parameters, the
asymmetric unit contains two independent
molecules (CCDC Number:1440852). The ORTEP-
3 view of the compound has shown in Figure 1. It
can be said that the crystal structure parameters are
in agreement with the theoretical ones. C7-N1, C8-
N2 bond lengths are 1.149, 1.091 A accordingly X-
ray analysis data, 1.153, 1.154 A for
DFT/B3LYP/6-311G(d,p) method and these values
are in agreement with a typical carbon-nitrogen
triple bond (about 1.16 A). These lengths were
stated 1.138 A as experimental, 1.146 A for 6-
31G(d,p) basis set [9] and 1.154 A for 6-
311++G(d,p) in other DFT study containing nitrile
group [10]. For the nitro groups, the bond lengths
of N3-O1, N3-02 are 1213, 1216 A

Figure 1. An ORTEP-3 view of 3-nitrophthalonitrile
showing the atom-numbering scheme

Also, N1-C7-C2, N2-C8-C3 bond angles are 174.6,
175.9° and 172.1, 178.5° experimental and
theoretical, respectively, while these values are
recorded 178.3, 178.6° for 6-311++G(d,p) basis set
in a similar paper [11].

4.2. Assignments of the Vibrational Modes

The compound, which has 32 atoms and 90
fundamental vibrational frequencies, consists
phthalonitrile and nitro groups. The vibrational
spectra of the 3-nitrophthalonitrile has some
characteristic bands of the stretching vibrations
such as C-H, C=N, N=0O. The asymmetric and
symmetric C-H stretching vibrations modes in
recorded at 3080-2878 cm® 1 in the FT-IR
spectrum and 3109-3096 cm™ in the theoretical IR
spectrum of the 3-nitrophthalonitrile as a result of
characteristic feature C-H stretching bands are
assigned at 3100-3000 cm-1 region in aromatic
groups [12,13]. The C=N stretching band which is
characteristic of the phthalonitrile moiety is
recorded at 2238 cm® and 2274 cm®, as
experimental and computed values, respectively. In
some other phthalonitrile studies, the band is
observed about 2232-2237 cm™ and 2230 cm™ as
experimental [14,15]. The NO, stretching vibration
band, which is a characteristic band of nitro
compounds, is assigned at 1539 cm™ in IR
spectrum, 1562 cm™ as theoretical and these values
are agreement with the literature that recorded
about 1505-1565 cm™ [16]. And, C-H in-plane
scissoring and rocking, out-of plane bending
vibration bands belong to phthalonitrile group were
observed at 1447-767 cm® FT-IR spectrum,
appeared at 1425-813 cm™ in theoretical
assignments. Also, especially below at these peak
values, dominant a ring breathing, deformation in-
plane and out of-plane modes were observed in the
region 802-431 cm™, 813-424 cm™ as spectrum and
computed values.

4.3. NMR Analysis

The spectral and theoretical *C-NMR (APT), 'H-
NMR chemical shift values of the compound were
recorded within the range of 149.40-111.45 ppm,
159.84-117.09 ppm, and 8.66-8.13 ppm, 8.96-8.26
ppm respectively. C1 atom has the highest chemical
shift values for both experimental and theoretical
values by the reason of the effect electron
withdrawing nitro group. The C4, C5, C6 atoms
have chemical shift values special to aromatic ring
carbon atoms (100-150 ppm) [17] and recorded as
139.13-130.22 ppm experimental, 148.80-137.22
ppm theoretical. The spectral and computed with
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GIAO method chemical shift values are belong to
aromatic hydrogen atoms H4, H5, H6, in concert
with the literature [18] that indicates as 6.0-8.5 ppm
for aromatic protons. The theoretical and
experimental chemical shift values together with
NMR spectrums are shown in Figure 2. (The values
marked in the bold form on the NMR spectrums
represent theoretical values).
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Figure 2. (@)The ®*C-NMR (APT),(b) *H-NMR spectrums
of the 3-nitrophthalonitrile (Note: The atom numbering
according to Fig.1).

4.4 Global Reactivity Descriptors Analysis

The global reactivity descriptors give knowledge
about fundamental properties chemical reactivity
and stability of the compounds. The DFT method is
an important tool used to calculate these parameters
and gives very reliable results [19, 20]. HOMO
(highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) energy
values used in calculation of these parameters such
as ionization potential, electron  affinity,
electronegativity, chemical potential, global
hardness and global softness. Also, HOMO-LUMO
band gap energy value is the most important
determinant of chemical stability [21, 22]. The

39

molecules have the large band gaps, which are
usually stable and unreactive. The ionization
potential is the minimum energy required to remove
an electron from an atom or molecule and can be
expressed as, 1=-Ejomo. According to Koopman’s
Theory [23], electron affinity (A) is described as
the change in energy when is an electron added to a
neutral atom in the gas phase and is given as, A=-
ELumo- Electronegativity (y) and chemical hardness
(n) [24] help to predict the formation of chemical
bonds and the physical, chemical properties of the
compound, can be calculated as y=(I+A)/2 and
n=(I-A)/2. And, chemical softness (S) [25],
electronic chemical potential (n) electrophilicity
index () [26] which defined as S=1/2n, p=-
(I+A)/2, ®= p’/2n, respectively. The results are
shown in Table 1.

Table 1. Some global reactivity features calculated by
B3LYP/6-311G(d,p) in the gas phase of the 3-
nitrophthalonitrile.

Parameters
Enomo
ELumo

-8.37eV
-3.68 eV
8.37eV
3.68eV
6.02 eV
2.34eV
0.21eVv?
-6.02 eV
7.74V

SR NRI>IN

5. Conclusions

3-nitrophthalonitrile  was  synthesized  and
characterized by FT-IR, 'H-NMR, *C-NMR and
X-ray crystallographic technique. The theoretical
geometric parameters, vibrational frequencies,
chemical shift wvalues and chemical activity
properties of the compound were examined with
DFT/B3LYP/6-311G(d,p) basis set over the ground
state and gas phase. When the experimental values
compared with theoretical values, the minor
discrepancy is observed between them, because the
compound is accepted in the gas phase during
theoretical calculation process, whereas it is the
solid phase in the experimental analysis. We hope
that these consequences will be created an
infrastructure for researchers carrying out other
phthalonitrile derivatives or similar studies and can
be used for the further analysis.
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