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Molecular structure, atomic charges, dipole moments, total energies, and vibrational
frequencies of 4-(benzhydryloxy)phthalonitrile in the ground state have been calcu-
lated using density functional theory (DFT) calculations and compared with the
experimental data. Calculated frequencies are in good agreement with the corre-
sponding experimental data. To determine conformational flexibility, the molecular
energy profile of the title compound was obtained by semi-empirical (RAMI) cal-
culations with respect to the selected torsion angle, which was varied from —180° to
+180° in steps of 10°. In addition, frontier molecular orbitals (FMOs) analysis and
thermodynamic properties of the title compound were investigated using theoretical
calculations.

Keywords ab initio calculation; conformational analysis; frontier molecular orbi-
tals; IR spectra; x-ray structure determination

Introduction

Substituted phthalonitriles have been used as starting materials for phthalocya-
nines [1]. Phthalocyanines (Pcs) have received much attention because of their
synthetic and structural aspects, spectral properties, and electrochromic behavior
[2-5]. Phthalocyanines, in particular their readily soluble peripherally substituted
derivatives, possess a wide range of chemical and physical properties that make
them interesting building blocks for a number of applications and new materials
[2]. The properties of phthalocyanines such as high absorptivity in the near-
infrared (IR) region, the ability to exhibit varying conductivities upon doping,
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Scheme 1. Synthetic pathway for synthesis of the title compound.

and photocatalytic effects are due to the presence of highly conjugated n-clectron
systems [6]. The high absorptivity of phthalocyaninates at long wavelengths of the
visible spectrum has received considerable attention as a probe for photodynamic
therapy of tumors by laser [7].

4-(Benzhydryloxy)phthalonitrile is also a precursor in the synthesis of new phtha-
locyanines with various functional groups or macrocycles. We report the molecular
and crystal structure of 4-(benzhydryloxy)phthalonitrile, determined by 'H-nuclear
magnetic resonance (NMR), IR, and X-ray studies, together with related theoretical
calculations. The title compound has a different space group, P2, /c, than a reported
space group, P2;/n [8]. We performed X-ray crystallographic analysis of the title
compound. We have also calculated geometric parameters of the molecule in the
ground state to compare the results with the experimental geometric parameters using
three different methods: RB3LYP/6-31G(d, p), RPBEIPBE/6-31G(d, p), and
RB3PW91/6-31G(d, p). The conformational analysis of the title molecule
with respect to selected torsion angle T(C1-C13-O1-C14) was performed using a
RAMI1 semi-empirical method. Finally, we calculated frontier molecular orbitals
(FMOs) for the compound at RB3LYP/6-31G(d, p), RPBEIPBE/6-31G(d, p), and
RB3PW91/6-31G(d, p).

Experiment
Synthesis of Compound 4-( Benzhydryloxy )phthalonitrile

The compound was synthesized according to reported procedures [9]. A mixture of
4-nitrophthalonitrile (0.173 g, 0.0l mol) and diphenylmethanol (1.84g, 0.01 mol)
was dissolved in 35mL dry dimethylformamide (DMF) under argon atmosphere
and the reaction was carried out at room temperature for 10 min. Then the tem-
perature increased to 70°C-100°C, and (3.45g, 0.025mol) finely powdered dry
K,COj; added to the reaction mixture portionwise for 2h. The reaction was carried
out for 12h under argon an atmosphere. Then the dark brown solution was
poured into water and the pericipitate was filtered, washed with water, dried,
and crystallized from ethanol. Yields 2.60g (84%). '"H NMR (dimethylsulfoxide,
DMSO), o(ppm): 6.3 singlet 1H, (CH), 7.2-7.7 multiplet 13H (aromatic CH).
M.P. 152°C-154°C.

Measurement

IR spectra were recorded on an ATI Unicam-Mattson 1000 Fourier transform
infrared (FTIR) spectrophotometer using KBr pellets. 'H NMR spectra were
obtained by using a Bruker 300 MHz spectrometer.
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X-ray Crystallography

The data collection was performed at 293K on a Stoe-IPDS-2 diffractometer
equipped with a graphite monochromated Mo-K, radiation (1=0.71073 A). The
structure was solved by a direct method using SHELXS-97 and refined by a full-
matrix least-squares procedure using the SHELXL-97 program [10]. Molecular
graphics were drawn by ORTEP-3 for Windows [11]. All nonhydrogen atoms were
easily found from the difference Fourier map and refined anisotropically. All hydro-
gen atoms with carbons were included using a riding model and refined isotropically
with C—H =0.93 A (for phenyl groups) and C-H =0.98 A, Uj,,(H) =1.2U.4(C).

DFT Calculations

Geometric optimization for the compound in the ground state (in vacuo) was
performed on a personal computer using experimental geometry as input, employing
the Gaussian 03 [12] program and Gaussview molecular visualization program at
density functional theory (DFT) wave functions RB3LYP/6-31G(d, p), RPBEIPBE/
6-31G(d, p), RB3PW91/6-31G(d, p) methods [13,14]. Then, we calculated vibrational
frequencies for optimized molecular structures. To identify low energy conformation,
selected degrees of torsion angle, T(C1-C13—01—-C14), were varied from —180° to
+180° in steps of 10°, and the molecular energy profile was obtained at the
semi-empirical RAMI level.

Mulliken atomic charges were calculated at RB3LYP/6-31G(d, p), RPBEIPBE/
6-31G(d, p) and RB3PW91/6-31G(d, p), levels. On the basis of vibrational analysis,
the thermodynamic properties of the molecule at different temperatures were
calculated. In addition, FMOs were carried out with the same level of theory for
RB3LYP/6-31G(d, p), RPBEIPBE/6-31G(d, p), and RB3PW91/6-31G(d, p).

Results and Discussion
Description of the Crystal Structure

The compound crystallizes in the monoclinic space group P2;/c. Details of crystal
parameters, data collection, structure solution, and refinement are given in Table 1.
The structure of the title compound is shown in Figure 1 [11]. The title compound con-
tains three benzene rings. The dihedral angles between ring A(C1-C6), ring B(C7—
C12), and ring C(C14-C19) with two cyano groups are 77.76(5)° (A/B), 8.88(6)°
(A/C), and 76.11(5)° (B/C), respectively. The cyano bond distances, 1.137(2) A
and 1.138(2) A, for C20=N1 and C21=N2 agree well with literature values [8,15].
The C-C=N angles are almost linear and also show good agreement with literatue
values [8,16].

Analysis of the crystal packing of the title compound and reported structure [§]
shows significant differences. The reported structure is stabilized by n-7 stacking
interactions [8]. The title compound has both C-H ... = and n-= interactions. Within
the title compound, there is also an intramolecular C-H...O hydrogen bond
(Table 2), with the O atom acting as an acceptor in the formation of an S(5) motif
[17]. In crystal packing, no classical hyrogen bond is found. The title molecules are
linked in a head to head fashion by n-7 interactions. The aromatic ring A at (x, y, z)
acts as a 7-7 interaction to ring C at (1 —x, —y, 1 —z), which centered at (1/2, 0,
1/2). Similarly, the aromatic ring at (x, 1/2 —y, — (1/2) + z) acts as a n-7 interaction
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Table 1. Crystallographic data for the title compound

H. Saracoglu et al.

Empirical formula C, H14N,O
Molecular weight 310.34
Temperature, T (K) 293
Wavelength (A) 0.71073
Crystal system monoclinic
Space group P2,/c

a (A) 8.9048(5)
b (A) 15.1095(10)
c(A) 14.7759(9)
A 124.695(4)
Volume, V (A%) 1634.56(17)
V4 4
Calculated density (g/cm’) 1.261
F(000) 648

Crystal size (mm)
® range (°)
Index range (h, k, 1)

Reflections collected 7908
Independent reflections (R;,() 2855(0.019)
Observed reflections [I > 2a(1)] 2021
Tonin> Trax 0.9616, 0.9814
Data/parameters 2855/218
Goodness-of-fit on F? 1.03
Final R indices [I > 2a(I)] 0.035

wR indices [I > 2a(1)] . 0.089
Largest diff. peak and hole (e. A™?) 0.13 and —0.11

0.600 x 0.483 x 0.400

2.2/25.0

~10/10, —17/17, —17/17

Figure 1. ORTEP drawing of the basic crystallographic unit, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at the 30% probability level and H atoms are
shown as small spheres of arbitrary radii.
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Table 2. Hydrogen bond geometries in crystal structure (A, °)

D-H...A D-H H...A D...A D-H...A
C2-H2...01 0.93 2.35 2.703 (2) 102
Cl6-Hl16...Cg2' 0.93 2.72 3.6096 (19) 159

Cg2 is the centroid of the B ring.
Symmetry operation: (i) 1 —x, 1/2+y, 1/2—2z.

to thering at (1 —x, 1/2+y, 1/2 — z), which centered at (1/2, 1/2, 0). In this way, the
special position of n-7 interaction is centered at (m+1/2, n, k+1/2) and (m+1/2,
n+ 1/2, k) (where m, n, and k independently take the value zero and integer). The
C16 atom of phthalonitrile in the molecule at (x, y, z) acts as a hydrogen-bond
donor, via atom H16, to the phenyl ring (B) of the cation at (1 —x, 1/2+y, 1/2—
z), linking the chain along the b axis, as shown in Figure 2. In addition, the dimers
are linked by a C-H ... n intermolecular hydrogen bond.

Optimized Structure

The molecular structure of the title compound (C,H4N,0) in the ground state (in
vacuo) was optimized using DFT. Some selected geometric parameters experimen-
tally obtained and theoretically calculated using three different methods (B3LYP,

Figure 2. Packing of the title compound, showing hydrogen bonds and =-n stacking interac-
tions. C-H hydrogens are omitted for clarity. Displacement ellipsoids are drawn at the 30%
probability level.



Downloaded by [University of California, San Diego] at 12:16 07 August 2012

116 H. Saragoglu et al.

Table 3. Selected geometrical parameters for X-ray structure and DFT methods

DFT/6-31G(d, p)

Experimental B3LYP PBEIPBE B3PWI1
Bond lengths (A)
N1-C20 1.137 (2) 1.1628 1.1610 1.1628
N2-C21 1.138 (2) 1.1634 1.1616 1.1634
C18-C20 1.438 (2) 1.4341 1.4308 1.4315
C17-C21 1.435 (2) 1.4301 1.4268 1.4275
0O1-Cl14 1.3615 (16) 1.3544 1.3468 1.3489
01-C13 1.4460 (16) 1.4425 1.4357 1.4333
RMSE“ 0.013 0.014 0.015
Max. difference” 0.026 0.024 0.026
Bond angles (°)
N1-C20-C18 179.2  (2) 178.34 178.45 178.30
N2-C21-C17 178.54  (19) 178.36 178.44 178.33
C14-01-C13 119.27 (11) 120.63 119.80 120.42
C1-C13-C7 111.18  (11) 112.39 114.60 112.06
01-C13-C7 110.71  (10) 111.65 111.50 111.62
RMSE“ 0.57 0.49 0.57
Max. difference” 1.36 3.42 1.15

“RMSE and maximum differences between the bond lengths and the bond angles computed
by the theoretical method and those obtained from X-ray diffraction.

PBEIPBE, and B3PW91 with a 6-31G(d, p) basis set) are compared in Table 3.
Using the root mean square error (RMSE) for evaluation, RB3LYP/6-31G(d, p)
is the ab initio calculation that best predicts the bond distances, with a value of
0.013A. RPBEI1PBE/6-31G(d, p) calculation provided the lowest RMSE for bond
angles (0.49°). The highest RMSE for bond angles is obtained with a value of
0.57° for RB3LYP and RB3PWOI1.

The dihedral angles between optimized counterparts of the title compound are
calculated at 73.24° (A/B), 29.07° (A/C), and 84.09° (B/C) for RB3LYP/6-31G(d,
p); at 89.39° (A/B), 48.61° (A/C), and 87.62° (B/C) for RPBE1PBE/6-31G(d, p);
and at 77.32° (A/B), 20.20° (A/C), and 83.00° (B/C) for RB3PW91/6-31G(d, p).

Vibrational Spectra

FTIR spectra were obtained in KBr discs using a Mattson 1000 FTIR spectrometer
and are shown in Figure 3. Harmonic vibrational frequencies of the title compound
were calculated using RB3LYP/6-31G(d, p), RPBEIPBE/6-31G(d, p), and
RB3PW91/6-31G(d, p) methods and the obtained frequencies were not scaled.
Vibrational bands assignments were made using the Gaussview molecular visualiza-
tion program [12,13]. In order to facilitate assignment of the observed peaks we ana-
lyzed vibrational frequencies and compared our calculation of the title compound
with experimental vibrational frequencies and these are shown in Table 4. It is
known that ab initio calculations systematically overestimate the vibrational wave-
numbers and discrepancies. We noted that the experimental results belong to the
solid phase and theoretical calculations belong to the gaseous phase.
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Figure 3. Experimental FTIR spectrum of the title compound.

The aromatic C-H stretching vibrations occur in the range of 3100-3000 cm ™'

[18]. In the present study, the experimental C—H symmetric, asymmetric stretchings
modes were observed at 3109, 3060, and 3039 cm ™', respectively. As can be easily
seen, the experimental values of C—H stretching modes are smaller than calculated
frequencies, because the title compound is involved in hydrogen bonding. The
experimental C=N stretching mode was observed at 2226cm ™', and was calculated
with RB3LYP/6-31G(d, p), RPBEIPBE/6-31G(d, p), and RB3PW91/6-31G(d, p)
methods at 2348, 2381, and 2358 cm ™., respectively. The characteristic C-O stretch-
ing vibration of the title structure was observed at 1008 cm™'. The other calculated
vibrational frequencies can be seen in Table 4. In general, when the calculated IR
frequencies are compared with the experimental data of the title compound, all data
agree with calculated vibrations.

Conformational Analysis

When the X-ray structure of the title compound is compared with its DFT-optimized
counterparts (see Figure 4), conformational differences are shown between them.
These differences are given an RMSE of 0491 A for RB3LYP/6-31G(d, p),
0.777 A for RPBEIPBE/6-31G(d, p), and 0.429 A for RB3PW91/6-31G(d, p). The
calculated energy profile from RAMI1 versus the torsion angle C1-C13-01-C14 is
given in Figure 5. The respective value of the selected degree of torsion angle,
T(C1-C13-01-C14), is 177.8° in the X-ray structure, whereas the corresponding
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Table 4. Comparison of the observed and calculated vibrational spectra of the title
compound

DFT/6-31G(d, p)

Assignment Experimental B3LYP PBE1PBE B3PWO1
vs C-H (aromatic) — 3223 — 3237
v, C-H (aromatic) 3109 3213 3239 3224
v,s C-H (aromatic) — 3208 3234 3220
v,s C-H (aromatic) — 3205 3232 3216
v,s C-H (aromatic) — 3196 3227 3208
v,s C-H (aromatic) — 3176 3223 3207
v.s C-H (aromatic) 3060 3168 3218 3189
vas C-H (aromatic) 3039 — 3196 3176
v C-H (aliphatic) — 3035 3029 3034
v C=N — 2354 2386 2363
v C=N 2226 2348 2381 2358
v C-C (aromatic) — 1658 1687 1670
v C-C (aromatic) 1593 1651 1678 1664
v C-C (aromatic) — 1643 1669 1654
v C-C (aromatic) — 1642 1668 1616
v C-C (aromatic) — 1603 1633 —
y CH (aromatic) 1496 1541 1554 1544
y CH (aromatic) 1457 1538 1548 1540
y CH (aromatic) — 1537 1546 1537
y CH (aromatic) + 1451 1497 1504 1497
7 CH (aliphatic)
7 CH (aromatic) 1417 — 1498 1492
v C-C(aromatic) 1402 1451 1470 1458
v CH (aliphatic) + — — 1404 1394
v C-C (aromatic)
7 CH (aliphatic) — 1389 — —
v C-C (aromatic) — — 1395 1384
v C-C (aromatic) — — 1389 —
v C-C (aromatic) + — — — 1382
y CH (aliphatic)
y CH (aromatic) + — — 1375 1371
7 CH (aliphatic)
y CH (aromatic) — 1366 — —
y CH (aliphatic) + — 1363 — —
v C-C
(aromatic) +y CH
(aromatic)
y CH (aromatic) — 1362 — —
y CH (aromatic) + 7y — — — 1361
CH (aliphatic)
y CH (aliphatic) — — 1359 —

(Continued)
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Table 4. Continued

DFT/6-31G(d, p)

Assignment Experimental B3LYP PBE1PBE B3PWO1
y CH (aromatic) — — 1348 —
y CH (aromatic) + — 1335 — 1338
y CH (aliphatic)
y CH (aromatic) + 1278 1315 1327 1322
v CH (aliphatic)
y CH (aromatic) + — 1297 1315 1300
y CH (aliphatic)
y» CH (aromatic) 1252 1283 1290 1285
y CH (aromatic) 1206 1238 1251 1242
y CH (aromatic) + 1183 — 1237 —
v CH (aliphatic)
o CH (aromatic) — — 1222 1216
o CH (aromatic) — 1207 1211 1206
o CH (aromatic) — 1204 1206 1205
o CH (aromatic) 1163 1195 1200 1197
o CH (aromatic) — 1120 1123 1123
o CH (aromatic) 1086 1115 1120 1116
o CH (aromatic) — 1058 1070 1065
o CH (aromatic) 1031 1056 1068 1061
v C-O 1008 1035 1055 1053
0 (aromatic) — 1017 1021 1016
0 (aromatic) — — 1020 1015
0 CH (aromatic) — 706 26.69 —
0 CH (aromatic) — — 989 —
0 CH (aromatic) 946 — 987 978
0 CH (aromatic) — 971 — —
0 CH (aromatic) — — 939 —
0 CH (aromatic) — 655 41.16 652
0 CH (aromatic) + 912 887 902 889
p CH (aromatic)
f CH (aromatic) 879 874 878 849
o CH (aromatic) 836 852 858 849
o CH (aromatic) 829 846 856 846
o CH (aromatic) 758 776 783 774
o CH (aromatic) 741 761 762 758
o CH (aromatic) + — 751 752 753
0 (aromatic)
0 (aromatic) 726 741 741 742
o CH (aromatic) 703 720 720 718
o CH (aromatic) 695 709 714 709
p C-C=N+10 655 663 665 661
(aromatic)

(Continued)
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Table 4. Continued

DFT/6-31G(d, p)

Assignment Experimental B3LYP PBE1PBE B3PWO1

p C-C=N+0 633 642 647 641
(aromatic)

0 CH (aromatic) 623 640 646 640

0 (aromatic) 618 633 633 630

f C-C=N+0 610 624 627 623
(aromatic)

o CH (aromatic) + 557 571 — 568
p C-C=N

o CH (aromatic) 526 548 552 549

p C-C=N+ C-0-C 490 522 528 524

o CH (aromatic) 467 — — —

Vibrational modes: v, stretching; 8, bending; o, scissoring; y, rocking; w, wagging; J, twisting;
0, ring breathing; s, symmetric; as, asymmetric.

C

Figure 4. Atom-by-atom superimposition of the structures calculated (red) (A =B3LYP/6-
31G(d, p), B=PBEIPBE/6-31G(d, p), and C=B3PW91/6-31G(d, p) over the X-ray structure
(black) for the title compound. Hydrogen atoms omitted for clarity.
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Figure 5. Molecular energy profile of the optimized counterpart of the title compound versus
selected degrees of torsion angle.

value in optimized geometry is —161.2° for RB3LYP/6-31G(d, p), —160.3° for
RPBEIPBE/6-31G(d, p), and —161.8° for RB3PW91/6-31G(d, p). According to
Figure 5, the minimum energy is located at —150° (energy of 110.812kcal mol™"),
the maximum energy is located at 130° (energy of 115.326 kcal mol~'). The energy
difference between the most favorable and unfavorable conformers, which arises
from rotational potential barrier calculated with respect to the selected torsion angle,
was calculated as 4.514 kcal mol~' when both selected degrees of torsion angle are
considered. The conformations with maximum and minimum energy are shown in
Figures 6a and 6b, respectively. When Figures 6a and 6b are compared, ring B
and ring C in Figure 6b are closer than in Figure 6a. In Figure 6b, the atom-atom
distances of ring B and ring C are smaller than those in Figure 6a. Whereas the dis-
tances of C7...Cl4 and C6...01 atoms are 2.754 and 2.772 A in Figure 6b, the
same distances in Figure 6a are 3.177 and 3.594 A. Therefore, the electrostatic repul-
sions are increased in the title molecule, and the energy of the system is also
increased. Conversely, the distance of the C2...01 atom (3.624 A) in Figure 6b is

Figure 6. (a) Molecular structure at —150°; (b) Molecular structure at 130°.
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greater than in Figure 6a (2.752 A). The difference between experimental (Figure 1)
and calculated conformers (Figure 6a) can occur intra-molecular hydrogen bond.
The molecular energy can be divided into bonded and nonbonded contributions.
The bonded energy is considered to be independent of torsional angle changes and
therefore vanishes when relative conformer energies are calculated. The nonbonded
energy is further separated into torsional steric and electrostatic terms [19]. The title
compound contains an intramolecular hydrogen bond, and it can be deduced from
the computational results that the most stable conformer of the title compound is
principally determined by the nonbonded torsional energy and electrostatic energy
terms affected by packing of the molecules. Because the reported structure has no
intramolecular hydrogen bond, it is less resistant to rotation about this torsion angle,
so it can be expected to show better agreement with the calculated torsion angle.

Mulliken Atomic Charges and Frontier Molecular Orbitals

The Mulliken atomic charges were calculated with RB3LYP/6-31G(d, p),
PBEIPBE/6-31G(d, p), and B3PW91/6-31G(d, p) methods and illustrated in
Table 5. Atomic charge analysis revealed that the negative charges on the oxygen
atom and nitrogen atoms are significantly greater than on the other atoms. In the
C2-H2...0l intramolecular hydrogen bond, the mean charge distributions of C2,
H2, and Ol are —0.12, 0.12, and —0.54, respectively. These values from DFT method
are fairly suitable to explain electrostatic interactions between intra-acting atoms.

The FMOs are important in determining such properties as molecular reactivity
and the ability of a molecule to absorb light. These FMOs are very important for
optical and electric properties [20]. The molecular orbital (MO) calculations indicate
that the title compound has 81 occupied MOs. The distributions and energy levels of
the HOMO-1, HOMO, LUMO, and LUMO +1 orbitals computed at the RB3LYP/
6-31G(d, p), RPBEIPBE/6-31G(d, p), and RB3PW91/6-31G(d, p) levels for the title
compound are shown in Figures 7a, 7b, and 7c. The HOMOs and HOMO-1s for
RB3LYP/6-31G(d, p) and RB3PW91/6-31G(d, p) levels have approximately similar
shapes and seem to be the m-bonding-type orbitals. The electron clouds of the
HOMO-1s are localized on rings A(C1-C6) and C(C14-C19), and those of the
HOMOs are localized on rings A(C1-C6) and B(C7-C12). But HOMOs and
HOMO-1s are different shapes for the RPBEIPBE/6-31G(d, p) level. The LUMOs
and LUMO + 1s for three methods have the same locations, whereas the HOMOs
and HOMO-1s are different. LUMOs and LUMO + 1s orbitals are mainly localized
on ring C with two cyano groups. In all cases, LUMOs are n*-anti-bonding orbitals.
HOMO and LUMO energies, the energy gap, total energies, and dipole moments of
the title compound for the three methods were calculated and are given in Table 6.

An electronic system with a larger HOMO-LUMO gap should be less reactive
than one having a smaller gap [21]. The HOMO-LUMUO gap values of the molecule
are between 4.79 and 5.20 eV as seen in Table 6. In addition, the intermolecular inter-
actions have a significant influence in decreasing the HOMO-LUMO gaps in solids
[22,23].

Thermodynamic Properties

On the basis of vibrational analysis at the RB3LYP/6-31G(d, p) level, the standard
statistical thermodynamic functions, viz. standard heat capacity (Cl(im), standard
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Table 5. Mulliken atomic charges of the title compound

Atom  B3LYP/6-31G(d, p) PBEIPBE/6-31G(d, p)  B3PW91/6-31G(d, p)

(0] —0.547 —0.539 —0.546
N1 —0.467 —0.466 —0.482
N2 —-0.471 —0.470 —0.486
Cl 0.093 0.040 0.054
C2 —0.104 —0.116 —0.130
H2 0.097 0.133 0.134
C3 —0.090 —0.135 —0.128
H3 0.091 0.133 0.126
C4 —0.080 —0.118 —0.115
H4 0.091 0.132 0.126
Cs —0.088 —0.138 —0.126
H5 0.092 0.133 0.128
C6 —0.107 —0.131 —0.126
H6 0.082 0.142 0.120
C7 0.120 —0.002 0.094
C8 —0.107 —0.115 —0.127
Hg& 0.096 0.145 0.135
9 —0.083 —0.129 —0.120
HO9 0.095 0.138 0.131
Cl10 —0.081 —0.121 —0.116
H10 0.095 0.138 0.132
Cl1 —0.085 —0.127 —0.123
H11 0.097 0.140 0.134
Cl12 —0.125 —0.144 —0.156
H12 0.086 0.135 0.123
Cl13 0.040 0.036 0.019
H13 0.107 0.151 0.142
Cl4 0.372 0.366 0.372
Cl15 —0.113 —0.156 —0.150
H15 0.119 0.164 0.157
Cl6 —0.091 —0.113 —0.115
H16 0.128 0.170 0.166
Cl17 0.140 0.091 0.112
C18 0.126 0.077 0.097
C19 —0.117 —0.128 —0.131
H19 0.130 0.171 0.163
C20 0.233 0.259 0.263
C21 0.224 0.250 0.254

entropy (S°), and standard enthalpy (Hg‘m) for the title compound, were obtained
from the theoretical frequencies and are listed in Table 7.

From Table 7, we can find that the standard heat capacities, entropies and
enthalpies are increasing with temperatures ranging from 100 to 1000 K due to the
fact that the vibrational intensities of molecules increase with temperature. The cor-
relation equations between these thermodynamic properties and temperature T are
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Figure 7. Plots of the frontier orbitals of the title compound for three different methods.

Table 6. Calculated energy values and dipole moments in the title compound

B3LYP/ PBEIPBE/ B3PWOI1/
Orbital 6-31G(d, p) 6-31G(d, p) 6-31G(d, p)
HOMO (a.u.) —0.252 —0.263 —0.256
LUMO (a.u.) —0.076 —0.072 —0.080
A (a.u) (eV) 0.176( 4.79) 0.191(5.20) 0.176(4.79)
Total energies (a.u.) —993.4 —-992.2 -993.0

Dipol moments (D) 8.309 8.312 8.274
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Table 7. Thermodynamic properties of the title compound at different temperatures
at B3LYP/6-31G(d, p) method

T (K) CY,, (cal-mol - K™ SY (cal-mol ' -K ™) HY (kcal -mol™ ")
100.00 30.637 97.130 2.179
200.00 52.074 126.073 6.477
298.15 75.882 152.074 12.946
300.00 76.329 152.556 13.091
400.00 99.114 178.282 22.088
500.00 118.159 202.963 33.184
600.00 133.436 226.271 45.991
700.00 145.685 248.100 60.168
800.00 155.642 268.491 75.449
900.00 163.858 287.546 91.636
1000.00 170.724 305.386 108.574
as follows:

Cy,, = 0.11414 4 0.29578T — 1.2559 x 107*7> (R* =0.99921) (1)

S = 67.45188 4 0.30416T — 6.61596 x 10> 7> (R* =0.99999) (2)

H° = —3.29875 +0.033717 +7.9372 x 10°T? (R* =0.99943) (3)

All of the thermodynamic data provide helpful information for further study of
the title compound. They can be used to compute the other thermodynamic energies
according to relationships of thermodynamic functions and estimate the directions
of chemical reactions according to the second law of thermodynamics in the thermo-
chemical field [24].

Conclusions

In this work, the title compound was characterized by '"H NMR, X-ray analysis, and
FTIR spectra. The X-ray structure was found to be very slightly different from its
optimized counterparts, and the crystal structure is stabilized by C-H...n and
n-7 interactions. It was noted that the experimental results belong to the solid phase
and theoretical calculations belong to the gaseous phase. In the solid state, the exist-
ence of the crystal field along with the intra- and intermolecular interactions have
connected the molecules together, which is presumably responsible for the discrepan-
cies of bond parameters between the calculated and experimental values. Despite
the differences observed in the geometric parameters, the general agreement is good
and the theoretical calculations support the solid-state structures. The theoretical
vibrational spectrum assignments of 4-(benzhydryloxy)phthalonitrile, C,;H4N,O,
were calculated and the experimental vibrational spectrum assignments of the title
compound were compared with theoretical results. Computed spectra seemed to
be in a good agreement with experimental results. The energy gap value of the title
compound is between 4.79 and 5.20 ¢V. This result indicates that the title structure is
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quite stable. The energy levels between HOMO and LUMO should be expected to
occur with n-* transitions. The correlations between the thermodynamic properties
Gy, Sy Hy), and temperatures T were also obtained. These calculations and the
thermodynamic data will provide helpful information for further studies of the title

compound.

Supplementary Data

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, CCDC No. 723055. Copies of this infor-
mation may be obtained free of charge from the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44-1223-336033; E-mail: deposit@ccdc.cam.ac.uk;
or http://www.ccdc.cam.ac.uk).
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