Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 133 (2014) 307-317

Y

Contents lists available at ScienceDirect SPECTROCHIMICA
ACTA

Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy

journal homepage: www.elsevier.com/locate/saa S

Structural investigation of a self-assembled monolayer material @CwssMark
5-[(3-methylphenyl) (phenyl) amino] isophthalic acid for organic
light-emitting devices

E. Babur Sas?, M. Kurt®* M. Can®, S. Okur®, S. icli9, S. Demic®

4 Department of Physics, Ahi Evran University, Kirsehir, Turkey

b Department of Engineering Sciences, Faculty of Engineering, Izmir Katip Celebi University, Cigli, 35620 Izmir, Turkey
Izmir Katip Celebi University, Material Science and Engineering, Cigli, Izmir, Turkey

dEge University, Solar Energy Institute, 35040 Bornova, Izmir, Turkey

HIGHLIGHTS GRAPHICAL ABSTRACT

« Molecular structure of 5-[(3- 362502
methylphenyl) (phenyl) amino]
isophthalic acid was studied.

e The FT-IR, Raman, NMR and UV-vis
spectra of studied molecule were
compared with calculated spectra.

« The vibrational frequencies were
calculated by DFT method and
discussed.

« The complete assignments are
performed on the basis of the
potential energy distribution (PED).
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HOMO-LUMO analysis and molecular electrostatic potential (MEP) analysis were performed. The
theoretical calculations for the molecular structure and spectroscopies were performed with DFT
(B3LYP) and 6-311G(d,p) basis set calculations using the Gaussian 09 program. After the geometry of
the molecule was optimized, vibration wavenumbers and fundamental vibration wavenumbers were
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TPD known as a triarylamine compound with two triphenyl-
amine (TPA) moieties is widely used in organic light-emitting
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TPA molecules with nitrogen atom is planar. This means, that the
nitrogen atom and the three carbon atoms covalently bonded to
the nitrogen atom are in the same plane [11-17]. The development
of organic light-emitting diodes (OLEDs) has progressed due to their
potential applications in many fields [16-18]. Multilayer OLEDs are
known as one of the potential technologies for the next generation
flat-panel display devices [18,19]. Multilayer OLED are fabricated as
sandwich like structures between an indium tin oxide (ITO) anode
and a metal cathode with an electron-transporting material (ETM)
layer, a hole-transporting material (HTM) layer inside [18].

In this work, the spectroscopic approach of 5-[(3-methyl-
phenyl) (phenyl) amino] isophthalic acid (MePIFA) molecule was
investigated. The structure of molecule was optimized with DFT/
B3LYP 6-311G(d,p). Infrared and Raman spectra were calculated
and vibrational assignments were performed based upon potential
energy distributions (PED). NMR and UV absorption spectra were
recorded and compared with theoretically obtained spectra in
DMSO. Additionally, HOMO LUMO and natural bond orbital
(NBO) analysis were also carried out for MePIFA by DFT. Besides
the total density of states (TDOS or DOS), the partial density of
states (PDOS) and overlap population density of states (OPDOS)
spectra of molecule were calculated using GaussSum 2.2 [20].

Table 1
Same selected vibrational frequencies of MePIFA molecule.

Experimental

The title compound was synthesized for the first time by Okur
et al. [21]. The compound MePIFA in solid form were prepared
using a KBr disc technique. The infrared spectrum of the compound
was recorded in the range of 4000-600 cm™! on a Perkin-Elmer
FT-IR system spectrum BX spectrometer. The spectrum was
recorded at room temperature, with a scanning speed of 10 cm™!
min~! and the spectral resolution of 4.0 cm~'. The Raman spectra
of the compound were recorded between 3500-40 cm~! with a
Thermo Fisher Scientific model DXR dispersive Raman instrument
using 532 and 780 nm laser excitation. FT-Raman spectrum of
MePIFA did not provide any spectra. An InGaAs detector was used
at room temperature. One hundred scans were collected with
4 cm™! resolution by using a laser power of 100 mW. The ultravio-
let absorption spectra of sample solved in DMSO was examined
between 200 nm and 1100 nm with resolution of 1 nm by using
Princeton Instrument Model of Acton Advanced SP2300A with
two monochromator, UV-Vis recording spectrometer. The sample
spectrum was taken inside a quartz tupe with DMSO. NMR exper-
iments were performed in Bruker at 300 K. Chemical shifts were
reported in ppm relative to tetramethylsilane (TMS) for 'H and

No Experimental wavenumber Theoretical wavenumber PED® (>10%)

FT-IR Dispersive Raman Scaled” Iir SRa Ira Assignments

532 nm 780 nm

9 63w 61 0.51 7.60 52.33 SCCN(39) + I'CCCC(21)
10 86m 122 0.46 0.45 0.88 3CCC(67)
15 214w 206 3.78 4.71 3.68 I"CCCC(55) + I'CCCH(11) + I’'CCNC(15)
16 221w 230 1.96 6.80 4.40 3CCN(22) + I'CCCC(51) + T'CCNC(11)
21 333vw 340 3.68 5.16 1.80 vCC(48) +8CCC(22) + 30CO(18)
34 591 1.95 7.98 1.23 YOH[T"CCOH(85)]
39 642vw 640vw 636 47.52 7.84 1.08 8CCC(35) + I'CCCC(16) + YOH[T'CCOH(11)]
43 696m 702vw 693 37.07 2.66 0.32 I'CCCC(34) + I'CCCH(28) + I'CCNC(16)
46 758w 759 19.70 1.14 0.12 T"CCCC(28) + I'CCCH(30) + I’'CNCH(19)
48 776vw 776 4.90 341 0.35 I"CCCC(11) + I'CCCH(41) + 'OCOC(19)
55 902vw 905 2.16 0.12 0.01 I"CCCC(20) + yCH[I'CCCH(73)]
57 935vw 930 0.84 2.93 0.23 YCH[T'CCCH(77)]
60 950vw 952 0.10 0.23 0.02 I"CCCC(20) + yCH[I"CCCH(79)]
65 994m 983 12.63 36.65 2.66 vCC(26) + 3CCC(59)
66 998vs 1007 72.10 5.77 0.41 vCC(18) +8CCC(27) + 8CCH(10) + T'CCCH(16)
69 1060vw 1069 9.38 1.05 0.07 vCC(45) + SCH[3CCH(44)]
78 1166vw 1164 184.96 22.86 1.29 vCC(30) + SCH[3CCH(18)] + 5COH(24)
79 1218vw 1206 48.77 125.46 6.72 vCC(34) + LCN(20) + 8CCC(12) + SCH[3CCH(13)]
80 1238 40.18 19.22 0.99 vCC(19) + SCH[3CCH(63)]
81 1255 36.60 49.19 247 vCC(50) + LVCN(14) + SCH[3CCH(22)]
83 1273vs 1279 77.91 72.76 3.55 vCC(27) + VCN(24) + 3CCC(11) + SCCH(30)
84 1292vw 1289 29.17 28.52 1.37 vCC(52) + VCN(11) + 3CCH(17)
88 1321m 1316 45.59 19.83 0.93 vCO(14) + 50C0O(12) + 3OH[3COH(33)]
89 1340vw 1354 487.22 79.57 3.55 vCC(28) + vCO(14) + 3CCC(12) + 0CO(10) + 3COH(20)
93 1428m 1429 37.32 4.88 0.20 vCC(48) +8CCC(10) + 3CCH(26)
94 1441 16.18 2.78 0.11 vCC(32) + 8CCC(11) + pCH[3CCH(40)]
95 1442 7.76 13.76 0.55 pCH[SHCH(53)] + T'CCCH(14)
96 1452m 1452 18.56 2.76 0.11 vCC(14) + 8CCH(12) + SHCH(53) + T’'CCCH(14)
98 1493m 1474 110.92 15.70 0.61 vCC(14) + 8CCC(18) + 3CCH(58)
103 1587s 1586w 1585 64.59 98.52 3.36 vCC(61) + 8CCC(17) + 3CCH(16)
104 1594m 1593 13.70 145.90 4.94 vCC(46) + 8CCC(16) + 3CCH(18)
105 1688vs 1742 509.80 21.19 0.61 vCO(84)
106 2027vw 2230w 1747 56.13 122.68 3.50 vCO(84)
107 2656w 2918vw 2924 29.38 231.36 2.03 vCH(100)
108 2863w 2977 18.66 84.25 0.70 vCH(99)
109 3002 16.98 71.89 0.59 vCH(100)
110 3058 4.61 78.56 0.61 vCH(100)
111 3033w 3061vw 3060 345 3534 0.27 vCH(100)
121 3185vw 3135 5.97 50.88 0.37 vCH(100)
122 3633vw 3380vw 3647 114.08 193.68 0.86 vOH(100)
123 3648 93.21 242.02 1.08 vOH(100)

" PED: potential energy distribution, v; stretching, y; out-of plane bending, 5; in-plane bending, t; torsion, p; scissoring, @; twisting, r; rocking.

" Scaling factor was used as 0.967.



E.B. Sas et al./Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 133 (2014) 307-317 309

13C NMR spectra in DMSO. NMR spectra were obtained at the base
frequency of 400 MHz for 3C and 'H nuclei.

Computational details

MePIFA molecule has been optimized by DFT/B3LYP
6-311G(d,p) method. Bond lengths, bond angles and vibrational
wavenumbers were calculated with the same method and vibra-
tional wavenumbers were presented with the scale factors. The
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Fig. 1. The experimental infrared and Raman spectra of MePIFA.

Raman activities (Sg,) were converted to relative Raman intensities
(Ira) by using the following relationship and derived from the
intensity theory of Raman scattering [22,23]:

f(vo — vi)'S;

i vl - exp ("))

(M

where 1, is the wavenumber of the exciting laser
(10=9398.5cm™ "),  is the vibrational wavenumber of the ith
normal mode and S; is the Raman scattering activity of the normal
mode . fis a constant and equal to 107!, H, k, c and T are Plank
and Boltzmann constant, the speed of light and the temperature
in Kelvin, respectively. The vibration modes are assigned on the
basis of PED computed by using VEDA 4 program [24].

After optimization of the molecule, 'H and '>*C NMR chemical
shifts were calculated using B3LYP with 6-311G(d,p) basis set by
the GIAO method. These calculations were made in DMSO, water
and gas phase with reference to TMS. Chemical shifts calculated
in the DMSO solution are in agreement with the experimental data
obtained from DMSO solution. UV-Vis spectra, excitation energies,
absorption wavelength and oscillator strengths were calculated in
gas phase with TD-DFT and CIS methods. Furthermore, the same
parameters were calculated by using TD-DFT method including
IEF-PCM, and CIS method. In both methods, DMSO and water sol-
vents were taken into account. HOMO and LUMO energies were
performed with TD-DFT method with 6-311G(d,p) basis set. The
natural bonding orbitals (NBO) calculations [25] were done using

] v ) v ] v )
109 Theoretical IR
(with scaling factor) i

P 0,8 4
k=
=)
= 0,64 T
=
)
)
< 0,4
S~ -
2 7 i
w e
S ]
E 0,2 4 /J

0,0 - M L

v ) M ) v ) v ) ) v ] M L] v
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm!y

1,0 4 Theoretical Raman

(with scaling factor)

0.8
0,6 ]
04
02 _'
0,0 -J w
————

4000 3500 3000 2500 2000 1500 1000 500 0

Intensity/ Arbitr. Units

Wavenumber (cm-!)

Fig. 2. The calculated infrared and Raman spectra of MePIFA.
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the DFT/B3LYP 6-311G(d,p) method. Furthermore, GaussSum 2.2
program were used to obtain density of states (TDOS or DOS),
the partial density of states (PDOS) and overlap population density
of states (OPDOS) spectra [20]. The PDOS and OPDOS spectra were
generated by convolution of the molecular orbital information
with Gaussian curves of unit height and a FWHM (Full Width at
Half Maximum) of 0.3 eV. All calculations were made on the per-
sonal computer using Gaussian 09 program package [26].

Result and discussion
Molecular geometry

The title molecule optimized with DFT/B3LYP/6-311G(d,p)
method are shown in Fig. S1 (Supporting information) with its
molecular geometry. Bond lengths and bond angles with X-ray
data of triphenylamine were listed in Table S1 [27]. In this
molecule, the central nitrogen and three adjacent carbon atoms
are within the same plane. Torsional angles attached to nitrogen
are N1—C2—C4—C7 =179.92°, N1—C13—C14—C16 = 179.07° and
N1—C23—C25—C28 = 179.45° for MePIFA. COOH and CH3 groups

are coplanar according to benzene ring in MePIFA molecule and
torsional angles are (23—C24—(C26—C32=179.998°, (C23—C25
—(28—C36=179.97° and (C13—C14—C16—C40=178.65°. Bond
angles of molecule between C2—N1—C23 and C13—N1—C23 are
~120° and bond angle of C2—N1—C13 is ~119°.

The optimized bond lengths of the C—C bond in ring systems
were calculated in the range of 1.387-1.410A for 2-fluor-
ophenylboronic acid [28] and were observed 1.365 A to 1.406 A
for 3-flurophenylboronic acid [29]. In this study, the same bond
lengths were calculated at 1.39 A. But, C2—C3, C2—C4, (23—C24
and C23—C25 bond lengths (1.40 A) slightly longer than the rest
of the substituents. Bond lengths of molecule between N1—C2
and N1—C13 are around ~1.425 A and bond length of N1—C23 is
obtained as 1.411 A.

Vibrational spectral analysis

MePIFA molecule with 43 atoms and 123 fundamental
vibrational modes has C; symmetry. These fundamental vibrations
are active in both IR and Raman. Vibrational spectral assignments
were calculated with the B3LYP/6-311G(d,p) basis set and were

Table 2
Second order perturbation theory analysis of Fock matrix in NBO basis for MePIFA.
Donor (i) Type ED/e Acceptor (j) Type ED/e E®2 (k] mol ™) E()—E(i)° (a.u) F(i, j)° (a.u)
N1—C2 a 1.98 N1—C13 a* 0.04 2.21 117 0.046
N1—C23 a* 0.04 2.30 1.19 0.047
C13—C14 " 0.38 0.68 0.79 0.023
N1—C13 a 1.98 N1—C2 a* 0.04 2.21 1.17 0.046
N1—C23 a* 0.04 2.28 1.18 0.047
C2—C4 a* 0.03 1.73 133 0.043
—C4 * 0.39 0.64 0.79 0.022
N1—C23 a 1.98 N1—C2 a* 0.04 2.26 1.19 0.046
N1—C13 a* 0.04 2.26 1.19 0.046
c2—C4 m* 0.39 0.55 0.80 0.021
C13—C14 * 0.38 0.53 0.81 0.020
C26—C32 T 1.97 C23—C24 a* 0.03 3.05 1.23 0.055
C24—C26 a* 0.02 1.97 1.24 0.044
2—C3 a 197 2—C4 a* 0.03 4.35 1.26 0.066
C3—C5 a* 0.02 3.54 1.28 0.060
C28—C36 a 1.97 C23—C25 a* 0.03 3.05 1.23 0.055
C28—C30 a* 0.02 2.42 1.24 0.049
2—C4 T 1.97 N1—C13 a* 0.04 2.61 1.11 0.048
c2—C3 a* 0.03 4.35 1.26 0.066
c4—C7 a* 0.02 3.55 1.28 0.060
2—C4 b 1.66 C3—C5 * 0.33 19.01 0.29 0.067
c7—C9 " 0.34 21.01 0.29 0.070
C13—C14 a 1.97 C13—C15 [ 0.03 445 1.26 0.067
C14—C16 a* 0.02 4.35 1.28 0.067
C13—C14 b 1.66 C15—C18 " 0.33 18.67 0.29 0.066
C16—C20 " 0.35 21.61 0.30 0.072
C16—C20 a 1.97 C14—C16 a* 0.02 3.87 1.27 0.063
C16—C40 a* 0.02 1.99 1.11 0.042
C18—C20 a* 0.02 3.44 1.27 0.059
C16—C20 b 1.65 C13—C14 n* 0.38 20.05 0.27 0.067
C15—C18 " 0.33 22.90 0.28 0.072
C23—C24 a 1.97 C23—C25 a* 0.03 433 1.26 0.066
C24—C26 a* 0.02 3.83 1.27 0.062
C23—C24 b4 1.61 C25—C28 * 0.36 22.26 0.29 0.072
C26—C30 " 0.37 19.61 0.29 0.067
C25—C28 T 1.64 C23—C24 " 0.36 18.28 0.28 0.064
C26—C30 * 0.37 22.04 0.29 0.071
C26—C30 bid 1.64 C23—C24 " 0.36 22.31 0.28 0.071
C25—C28 " 0.36 19.24 0.29 0.066
N1 LP(1) 1.72 2—C4 * 0.39 16.96 0.28 0.063
C13—C14 * 0.38 16.05 0.28 0.061
C23—C24 " 0.36 25.01 0.27 0.075
033 LP(2) 1.85 €26—C32 a* 0.07 18.13 0.68 0.101
C32—034 a* 0.10 32.55 0.61 0.128
034 LP(2) 1.83 C32—033 " 0.24 43.88 0.35 0.112
037 LP(2) 1.85 €28—C36 a* 0.07 18.13 0.68 0.101
C36—038 a* 0.10 32.54 0.61 0.128
038 LP(2) 1.83 C36—037 " 0.24 43.90 0.35 0.112
C13—C14 " 0.38 C16—C20 " 0.35 273.40 0.01 0.085




E.B. Sas et al./Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 133 (2014) 307-317 311

performed with a detailed description of the normal modes based
on the potential energy distribution (PED). The calculations were
done in gas phase. The experimental data were obtained in solid
form. The obtained theoretical wavenumbers (for some selected
vibrational modes) are given together with the experimental
results in Table 1 and Table S2 (whole data). The scaling factor of
0.967 was used to fit the calculated wavenumbers with the
obtained experimental data. The experimental and calculated IR
and Raman spectra were given in Fig. 1 and Fig. 2.

Ring vibrations

The ring C—C stretching vibrations occur between 1430-1625
cm~'. In general, the bands are observed at the frequency ranges
between 1625-1590, 1575-1590, 1470-1540, 1430-1465 and
1280-1380 cm™! for five bands given by Varsanyi [30]. In the pres-
ent work, aromatic C—C stretching vibrations were computed at
the frequency ranges between 1593-1452, 1441-1408, 1354,
1314-1069 and 1015 cm™! by using B3LYP/6-311G(d,p) method
and they are observed at 1587, 1493, 1452, 1428, 1273,
1166 cm~' and at 1594, 1586, 1340, 1292, 1218, 1060 cm™! in
FT-IR and dispersive Raman, respectively. The main C—C stretching
vibrations are computed at 1314 and 1576 cm~! with the PED con-
tribution 63%. The results show that the C—C stretching vibrations
modes are convoluted with the other vibrational modes. In
plane and out-of-plane bending modes have been obtained by
using B3LYP method and they show good agreement with the

Table 3
Experimental and calculated chemical shifts (ppm) of MePIFA.

Atom Calculated Experimental
DMSO Water Gas DMSO
Cc32 168.71 168.73 167.16 166.39
C36 168.68 168.70 167.14 166.39
Cc23 155.72 155.72 155.23 148.70
c2 154.50 154.50 154.36 146.53
C13 154.22 154.22 154.15 146.42
C16 146.31 146.32 145.14 139.90
C25 134.24 134.24 134.49 132.69
C24 133.99 133.98 134.23 132.69
c5 133.79 133.80 133.41 129.85
Cc28 133.38 133.39 133.26 129.72
c7 133.36 133.36 133.01 129.85
C26 133.34 133.34 133.22 129.72
C18 133.20 133.20 133.06 125.60
C14 130.85 130.85 130.84 125.46
Cc3 130.45 130.44 130.44 125.19
C4 128.78 128.79 128.65 125.19
C20 128.59 128.59 128.28 124.04
c9 127.74 127.74 127.33 122.80
C30 127.69 127.69 127.94 122.26
C15 126.10 126.10 126.28 125.46
C40 21.23 21.22 21.55 20.76
H31 8.29 8.29 8.27 8.47
H27 8.00 7.99 8.07 8.16
H29 7.99 7.99 8.06 8.13
H10 7.48 7.48 7.32 8.00
H11 7.47 7.47 7.32 7.62
H21 7.34 7.34 7.21 7.62
H8 7.27 7.28 7.16 7.62
H12 7.26 7.27 7.10 7.36
H22 7.10 7.10 6.94 7.24
H6 7.07 7.07 7.00 7.62
H19 7.05 7.05 6.96 7.12
H17 6.95 6.95 6.88 6.95
H35 6.10 6.11 5.40 13.2
H39 6.10 6.11 5.40 13.2
H41 2.51 2.51 2.49 243
H43 2.07 2.08 1.97 243
H42 2.03 2.03 1.96 243

experimental wavenumbers. The results show that the PEDs of
these modes are not pure as shown in Table 1.

COOH vibrations

The carboxylic acid vibrational bands of MePIFA contain C—O,
C=0 and O—H vibrational modes. The C=0 stretching band of car-
boxylic acids appears strongly in the region between 1740 and
1660 cm™! [31].This band depends on the physical state, electronic
and mass effects of neighboring substituents, conjugations and
intramolecular and intermolecular hydrogen bonding [32-35].
The C=O0 stretching mode is the strongest band in FT-IR and
appears with diminished intensity in FT-Raman [36]. In this study,
it was observed at 1688 cm™! as a very strong band in FT-IR and it
appears at 2027, 2230 cm ™! in the dispersive Raman spectrum. The
same band was calculated as 1742 and 1747 cm~! with B3LYP/
6-311G(d,p) method. The C=0 stretching mode is pure according
to PED calculations.

OH hydroxyl group connecting the molecules has a strong
absorbance in the region between 3550 and 3200 cm™! according
to the reference [34]. The O—H stretching vibration of MePIFA mol-
ecule was calculated as 3647 and 3648 cm ! with B3LYP, as given
in Table 1. These bands were observed at 3633 cm™~' in FT-IR and at
3380 cm~! in dispersive Raman. The hydroxyl stretching vibra-
tional mode is pure according to PED calculations.

In-plane bending vibration of O—H group appears in the region
1440-1260 cm~! in the FT-IR spectrum [35,37]. But out-of-plane
bending vibration of O—H group appears in the region between
280 and 312 cm™! for free O—H and in the region between 600
and 720cm™! for associated O—HO—H [38]. In-plane bending

vibration of the molecule was calculated as 1316 cm™! and
7
14 13 12 11 10 9 8 7 6 5 a2

Chemical Shift (ppm)

166.52
8.
6.
6.
9,
32
29,
29,
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Fig. 3. 'H and 3C NMR spectrum of MePIFA in DMSO solution.
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observed as a medium band at 1321 cm~! in the FT-IR. But out-of-
plane bending vibration of the molecule was calculated as 591,
636 cm ! and it was observed at 642 cm ! as a very weak band
in the FT-IR and at 640 cm™! in dispersive Raman. Observed wave-
numbers show good agreement with the calculated wavenumbers.

CH3; vibrations

The MePIFA molecule has one CH3 group. The C—H stretching of
CHsgroup are expected to be at lower frequencies than those of
aromatic ring (3100-3000 cm™'). The asymmetric stretch is usu-
ally observed at higher wavenumber than the symmetric stretch.
Methyl group vibrations are generally referred as electron-donat-
ing substituent in the aromatic rings system. The asymmetric
C—H stretching mode of CHs is expected around 2980 cm~! and
symmetric C—H stretching mode of CH; should beat 2870 cm™!
from previous works in the literature [37,39-41]. In the present
work, asymmetric stretching vibration of CH; were calculated at
3002 and 2977 cm™~! with B3LYP method and they it was observed
at 2863 cm™'in the FT-IR spectrum. On the other hand, the CH;
symmetric stretching vibration was calculated at 2924 cm~! but
it was observed at 2656cm~! in FT-IR spectrum and at
2918 cm~! in dispersive Raman. These vibrations show more than
99% of PED contribution suggesting that it is a pure stretching
mode. Scissoring vibrations of CH3 were calculated at 1441 and
1442 cm~" with B3LYP/6-311G(d,p) method with PED contribution
of more than 40%.

C—H vibrations

The hetero aromatic structures have always C—H stretching
vibrational modes as weak bands in the region between 3000
and 3100 cm~! [35,42-44]. The MePIFA molecule has 12 C—H moi-
ety in the aromatic ring systems. For MePIFA molecule, the C—H
stretching vibration computed in the range of 3060-3135cm™'

Table 4

with the B3LYP/6-311G(d,p) method were observed at 3033 cm™!
in FT-IR and at 3061 and 3185 cm™! in dispersive Raman. The
C—H in-plane bending vibrational modes appear in the range of
1000-1300 cm ™' in the literature [45,46]. The C—H in-plane bend-
ing vibrations observed at 1166 cm™! in FT-IR and at 1060,
1218 cm~ ! in dispersive Raman spectrum, were calculated in range
of 1015-1255 cm™! for MePIFA. The C—H out-of-plane bending
vibration is shown in the range of 800-950 cm ™! for aromatic com-
pounds in the literature [45,46]. The C—H out of plane bending
vibrations were calculated in range of 818-964 cm™~! for MePIFA.
These vibrational modes were observed at 902 and 935 cm™! in
FT-IR and at 950 cm™! in dispersive Raman spectrum. The pre-
dicted values show good agreement with the recorded spectrum
as in Table 1.

C—N

The C—N stretching vibration was assigned in the region
between 1382 and 1266 cm™! for aromatic amines in the literature
[47-49]. The assignment of the C—N and C=N vibrations is not
easy since separation of these vibrations from each other is diffic-
ults. These vibrations were calculated in the range of 1289-
1255 cm™!. The same vibration was observed at 1273 cm™' in FT-
IR and at 1292 cm™! in dispersive Raman spectrum. The theoreti-
cally predicted scaled results show good agreement with the
experimental data. The PED of this vibration suggests that C—C
stretching vibration has a mixed mode.

NBO analysis

In quantum chemistry, a natural bond orbital or NBO is a com-
puted bonding orbital with maximum electron density. Natural
bond orbitals are used in computational chemistry to calculate
bonds and the distribution of electron density between atoms.
NBO provides the most accurate possible “natural Lewis structure”

Comparison of experimental (in DMSO, water and gas solutions) and calculated absorption wavelength (4, nm), excitation energies (E, eV) and oscillator strengths (f) of MePIFA.

Experimental TD-B3LYP/6-311G(d,p)

CIS/6-311G(d,p)

2 (nm) E (eV) /. (nm) E (eV) f / (nm) E (eV) f
DMSO
392.28 3.164 430.31 2.8813 0.0179 259.56 47767 0.1391
(91 - 92) (91 - 92)
300.85 4.136 353.75 3.5049 0.2063 240.22 5.1612 0.2821
(91 - 93) (86 - 92)
(91 - 93)
(91 - 105)
235.46 5.270 300.56 41252 0.2302 227.44 5.4513 0.3587
(91 -» 94) (87 —» 94)
(88 — 96)
(91 - 94)
Water
430.15 2.8823 0.0171 258.93 4,7883 0.1256
(91 - 92) (91 - 92)
353.22 3.5101 0.1985 239.46 5.1777 0.2570
(91 - 93) (86 - 92)
(91 - 93)
(91 - 105)
300.12 41311 02171 226.75 5.4680 0.3267
(90 - 92) (87 - 94)
(88 — 96)
(91 - 94) (91 - 94)
Gas
419.98 2.9522 0.0137
(91 - 92)
344.09 3.6033 0.1678
(91 - 93)
299.09 41454 0.1534

(91 - 94)
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picture of y, because all orbital details are mathematically chosen
to include the highest possible percentage of the electron density
(ED). The bonding NBOs are of the Lewis orbital type (occupation
numbers near 2); antibonding NBOs are of the non-Lewis orbital
type (occupation numbers near 0). Full Lewis orbitals with two
electrons were complemented by formally empty non-Lewis orbi-
tals [50]. Delocalization of electron density between occupied
Lewis-type (bond or lone pair) NBO orbitals and formally unoccu-
pied (anti-bond or Rydberg) non-Lewis NBO orbitals correspond to
a stabilizing donor-acceptor interaction. The interactions result is
a loss of occupancy from the localized NBO of the idealized Lewis
structure into an empty non-Lewis orbital. For each donor (i) and
acceptor (j), the stabilization energy E(2) associated with the delo-
calization i — jis estimated as

.2
E, = AEj = g ij“’_”ei @)
where g; is the donor orbital occupancy, ¢; and ¢; are diagonal ele-
ments and F(i,j) is the off diagonal NBO Fock matrix element [51].

The NBO calculation was performed using Gaussian 09 package
at the DFT/B3LYP level for MePIFA and the corresponding results
were given in Table 2. The intramolecular interactions were
observed as an increase in electron density (ED) in (C—C) anti-
bonding orbital that weakens the related bonds. The electron
density of conjugated bonds of aromatic ring (1.97e) was clearly
demonstrated a strong delocalization for MePIFA molecule. The
occupancy of w bonds is lesser than ¢ bonds which lead more
delocalization.

The intramolecular hyperconjugative interactions of the o
(C16—C20) distributed to ¢* (C14—C16), (C18—C20) leads to less
stabilization of 3.87, 3.44 k]/mol for MePIFA. These have enhanced
further to conjugate with antibonding orbital of n* (C13—C14),
(C15—C18) which leads to strong delocalization of 20.05,
22.90 kJ/mol. The same kind of interaction was computed as
C2—C4, C13—C14, C23—C24, C25—C28 and C26—C30 bonds as
shown in Table 2. The other important interaction is the 7*
(C13—C14) bond conjugated to the ©* (C16—C20) showing enor-
mous stabilization energy of 273.40 kJ/mol for MePIFA.

NMR analysis

After optimization of molecule, '3C and 'H NMR chemical shifts
calculations were carried out by using B3LYP with 6-311G(d,p)
basis set with the GIAO method [52,53].These calculations were
performed in DMSO, water and gas phase. Chemical shifts calcu-
lated in the DMSO solution are in good agreement with the exper-
imental chemical shifts obtained from DMSO solution. Calculated
and experimental chemical shift of molecule in '*C and 'H NMR
spectrum are given in the Table 3. The measured '3C and the 'H
NMR spectra are shown in Fig. 3.

'H NMR chemical shift values calculated in DMSO and water
(with respect to TMS) are in the range of 2.03-8.29 ppm and in
the range of 1.96-8.27 ppm for the gas phase. Experimental shifts
of the solutions prepared in DMSO are observed in the range of
0.03-13.20 ppm. Chemical shifts with aromatic protons were cal-
culated theoretically in the range of 6.95-8.29 ppm in DMSO and
water, in the range of 6.88-8.27 ppm for the gas phase of MePIFA.
This chemical shift experimentally was observed in the range of
6.85-8.63 ppm in DMSO. The calculated chemical shifts of proton
NMR are in good agreement with experimental values.

Aromatic carbons give signals in overlapped areas of the spec-
trum with chemical shift values from 100 to 150 ppm [54,55]. In
this work, the aromatic carbons signals were obtained in the range
of 155.72-126.10 ppm for DMSO and water solutions and in the
range of 155.23-126.28 ppm in the gas phase. The experimental

values for aromatic carbons were observed in the range of
166.52-122.26 ppm.

UV-VIS analysis

Electronic absorption spectra were calculated with TD-DFT and
CIS methods based on the B3LYP/6-311G(d,p) level for an opti-
mized structure in DMSO, water and gas phase for MePIFA mole-
cule. The calculated absorption wavelengths (1), excitation
energies (E) and oscillator strengths (f) were carried out and com-
pared with experimental values listed in Table 4. These bands for
MePIFA were obtained at 430.31, 353.75 and 300.56 in DMSO, at
430.15, 353.22 and 300.12 in water, at 419.98, 344.09 and
299.09 in gas phase for TD-DFT and at 259.56, 240.22 and 227.44
in DMSO and at 258.93, 239.46 and 226.75 in water for CIS. But,
in gas phase calculated with CIS methods of MePIFA molecule
did not recorded any value. The experimental and theoretical elec-
tronic absorption spectra taken in DMSO for the title compound are
given in Fig. 4. The electronic absorption spectra shows three
bands at 235.46, 300.85 and 386.48 in DMSO.

Total, partial and population density of states (DOS, PDOS and
OPDOS) spectra analysis

To ensure an illustrated representation of molecule orbital(MO)
compositions, the TDOS, PDOS, and OPDOS or COOP density of
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Fig. 4. The experimental and theoretical UV-Vis spectrum of MePIFA for DMSO
solutions.
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states of MePIFA were plotted in Fig. 2. The full width at half max-
imum (FWHM) of 0.3 eV with the GaussSum 2.2 program [20] were
obtained with by convoluting the molecular orbital information
with Gaussian curves of unit height. Atoms were divided three
groups. Methyl group (CH3) was taken into phenyl groups because
of no charge density. The most important application of the DOS
spectra is to show MO compositions and their contributions to
chemical bonding through the OPDOS spectra. Positive value of
the OPDOS shows a bonding interaction, but negative value shows
anti-bonding interaction and zero value shows nonbonding inter-
actions [56].

As seen in Fig. 7, HOMO orbitals are localized on the phenyl
rings and nitrogen atom and LUMO orbitals are localized on the
ring and carboxyl group of MePIFA. The OPDOS diagram is shown
in Fig. 5. Some of orbital energy values of interaction between
selected groups, such as phenyl ring < carboxyl groups (red line)
system are positive (bonding interaction). However, phenyl ring
< nitrogen atoms (blue line) have bonding and anti-bonding
character.

DOS spectrum ——
Occupied Orbitals
¥irtual Orbitals ——

A

-20 -15
Energy (eV)

(a)

-10 -5 ]
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Fig. 6. Molecular electrostatic potential map of MePIFA.

Molecular electrostatic potential surface

Fig. 6 shows 3D plots of molecular electrostatic potential (MEP)
map with constant electron density surface of MePIFA. The MEP is

3.5
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2.5
2t
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Fig. 5. (a) The calculated total electronic density of states diagrams for MePIFA, (b) the calculated partial electronic density of states diagrams for MePIFA and (c) the overlap

population electronic density of states diagrams for MePIFA.
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Ewmens=-1.37 eV

Eiumo=-1.88 eV

AE=3.58 eV DE=5.47 eV

Enomo=-5.46 eV

Enomo.1=-6.84 eV

Fig. 7. The frontier molecular orbitals of MePIFA for gas phase.

a useful feature to study reactivity for approaching electrophile. It
will be attracted by negative regions (where the electron distribu-
tion effect is dominant). Plot of the MEPs, while the maximum neg-
ative region which preferred site for electrophilic attack
indications as red color, the maximum positive region which pre-
ferred site for nucleophilic attack symptoms as blue color. The
importance of MEP map simultaneously displays molecular size,
shape as well as positive, negative and neutral electrostatic poten-
tial regions in terms of color grading. It is very useful in research of
molecular structure with its physiochemical property relationship
[57-60].

The different values of the electrostatic potentials at the surface
are represented with different colors in the map of MEPs. The

potential increases change from red to blue color. The color code
maps are in the range between —0.04625 (dark red) and 0.04625
a.u. (dark blue) in compound, where blue indicates the strongest
attraction and red indicates the strongest repulsion. The regions
having the negative potential are over the oxygen atoms (Os3
and O37) while regions having the positive potential are near OH
groups for MePIFA. The results show that the Hss and Hzg atoms
indicate the strongest attraction and Os3 and Oz, atoms indicating
the strongest repulsion.

HOMO-LUMO analysis

The HOMO represents the orbitals with the ability of donating
electrons, while LUMO behaves as an electron acceptor with the
ability of collecting excited electron from HOMO. The total energy,
energy gap and dipole moment affect the stability of a molecule.
Surfaces of the frontier orbital were drawn to understand the
bonding scheme of present compound. The HOMO and LUMO
energy levels were calculated with TD-DFT/B3LYP/6-311G(d,p)
method in DMSO, water and gas phase. The calculated energy val-
ues are given in Table 5. Plots of the HOMO — 1, HOMO, LUMO and
LUMO + 1orbitals for the title molecule were shown for gas phase
in Fig. 7. HOMO orbitals are localized on the phenyl rings and nitro-
gen atom and LUMO orbitals are localized on the ring and carboxyl
group of MePIFA. The energy difference between H — L and
H-1 — L+ 1 orbital is a critical parameter to determine molecular
electrical transport properties, because it is a measure of electron
conductivity. The energy difference between HOMO and LUMO
levels are 3.52 eV in DMSO and water, but it is 3.58 eV in gas phase
for MePIFA.

The chemical harness is 1.76 eV in DMSO and water, but is
1.79 eV in gas phase for MePIFA as shown in Table 5. The values
of electronegativity, chemical potential and electrophilicity index
of MePIFA are also given Table 5.

Experimental Electrochemical properties

The experimental HOMO-LUMO values for MePIFA were calcu-
lated from cyclic voltammtery. The cyclic voltammograms are
given in Fig. 8, the MePIFA molecule shows one reversible oxida-
tion peak attributed to the tri-arylamine moieties of this com-
pound. This compound consist of irreversible reduction peaks
attributed to carboxylic acid anchoring acceptor units. The oxida-
tive potential values are 1.21 V for MePIFA. The reduction potential
values are obtained as —1.46 V. HOMO and LUMO levels of MePIFA
were calculated from their oxidation and reduction potential val-
ues. HOMO levels are calculated as —5.61 eV, while LUMO levels
are —2.94 eV. The calculated gas-phase HOMO and LUMO values
are very close to the experimental values.

Table 5

The calculated energies values of MePIFA using by the TD-DFT/B3LYP method using 6-311G(d,p) basis set.
MePIFA Gas DMSO Water
Etotal (Hartree) —1166.35681722 —1166.47934619 —1166.47954738
Exomo (€V) —5.46 ~5.56 ~5.56
Erumo (V) ~1.88 ~2.04 ~2.04
Enomo_1 (eV) ~6.84 -6.91 -6.91
Erumos (€V) 137 ~1.53 -1.54
EtomMo-1-LuMo+1 gap (€V) 547 5.38 537
Eromo-LuMo gap (€V) 3.58 3.52 3.52
Chemical hardness (h) -1.79 -1.76 -1.76
Electronegativity () 3.67 3.80 3.80
Chemical potential () -3.67 -3.80 -3.80
Electrophilicity index (w) -3.76 -4.10 -4.10
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Fig. 8. Cyclic voltammograms of the MePIFA.

Conclusion

The 5-[(3-methylphenyl) (phenyl) amino] isophthalic acid
(MePIFA) molecule was characterized by FT-IR and FT-Raman spec-
tra, NBO analysis, UV-Vis spectral analysis, HOMO-LUMO energy
and 'H and '3C NMR spectroscopy. The geometry was optimized
by using DFT/B3LYP method with 6-311G(d,p) basis sets. Scaling
factor of 0.967 was used to fit the calculated wavenumbers with
experimental wavenumbers. 'H and 3C chemical shifts were com-
pared with experimental values in DMSO solution and showing a
good agreement. Absorption wavelengths for the title molecule
were calculated and compared with experimental UV-Vis spectra.
DFT calculations carried out for MePIFA molecule, showed a good
agreement with experimental values. The results show that there
is an increase in the HOMO level of the MePIFA molecule, that sug-
gest to be used as self-assembled monolayer films between ITO
and organic hole transport layer in OLEDs.
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