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The electronic properties of 4,4’-bis(3-ethyl-N-carbazolyl)-1,1’-biphenyl
(ECBP) have been studied using time-dependent density functional theory.
The non-linear optical (NLO) properties and dipole moments were investi-
gated to understand the optical behavior of ECBP. Frontier molecular orbitals
were determined to define the energetic properties of the title molecule. The
total density of states, partial density of states, and overlap population elec-
tronic density of states of ECBP were calculated and analyzed. Experimental
and semi-theoretical parameters such as the optical density, transmittance,
absorbance band edge, optical bandgap, refractive index, incidence angle, and
refraction angle of ECBP at 3 mM, 10 mM, 21 mM, and 70 mM were obtained.
The results indicate that this molecule is a suitable material for NLO, optical,

and optoelectronic devices.
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INTRODUCTION

Organic semiconductors have attracted consider-
able interest over the last few years due to their low
cost, flexibility, and potential use in large-scale
organic devices including electronic, optoelectronic,
and organic photovoltaic devices,’ organic light-
emittin§ diodes,?® sensors,*® photodetectors,'° tran-
sistors,! radiofrequency identification tags,'®> and
large-area integrated circuits.'® They are also
promising for use in solid-state lighting including
efficient white organic light-emitting devices
(WOLEDs).'*** Carbazole-based host materials are
often used in WOLED applications.'®2° Carbazole-
based organic semiconducting derivatives are
promising host materials because of their rigid
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molecular structure, close highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels, hole transport prop-
erties, and restricted backward energy transfer.?!
Examples of these are polymers such as 4,4"-bis(V-
carbazolyl)-1,1"-biphenyl, 4,4’-bis(9-carbazolyl)-1,1’-
biphenyl (CBP) and poly(vinylcarbazole).?>~27 4,4’
Bis(8-ethyl-N-carbazolyl)-1,1’-biphenyl (ECBP)
molecule, a carbazole derivative, can be obtained by
adding electron-rich CHjs groups to the ends of the
CBP molecule. These two ethyl groups are expected
to modify the HOMO and LUMO energy levels as well
as the electronic and optic properties.

In recent years, theoretical calculations have been
important in terms of throwing light on the elec-
tronic, optical, and structural properties of organic
semiconductors for comparison with experimental
results.?®3° In the work presented herein, the elec-
tronic and optical properties of ECBP, a carbazole-
derived organic light-emitting diode and host
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material, were investigated. To the best of the
authors’ knowledge, no studies on the electronic
and optical behavior of this molecule are available.
The electronic and optical properties of the title
material were analyzed in detail for various solvents
and concentrations. Theoretically, the excitation
energies, HOMO-LUMO energy levels, and bandgap
between these energy levels were calculated by using
time-dependent density functional theory (TD-DFT).
Also, the NLO properties and total density of states
(TDOS) or DOS, partial density of states (PDOS),
overlap population electronic density of states
(OPDOS) or COOP, and the group contributions of
molecular orbitals were calculated and are discussed
in detail. The experimental results were compared
with the theoretical and semi-theoretical values.

EXPERIMENTAL PROCEDURES
Materials

4,4'-Bis(3-ethyl-N-carbazolyl)-1,1"-biphenyl (ECBP)
organic molecule and chloroform and dimethylfor-
mamide (DMF) as solvents were obtained from
Sigma-Aldrich. Figure 1a, b, and ¢ show the two-
dimensional (2D), three-dimensional (3D), and theo-
retical optimized geometric structures of the ECBP
molecule, respectively.

ECBP Solutions

We weighed amounts of ECBP to achieve concen-
trations of 3 mM, 10 mM, 21 mM, and 70 mM using an
AND-GR-200 series analytical balance. The amounts

of ECBP were dissolved in DMF solvent using a digital
vortex mixer (Four E’s Scientific CO., Ltd.).

UV Spectrophotometry

Optical measurements were carried out on 3 mM,
10 mM, 21 mM, and 70 mM ECBP solutions using a
UV-1800 spectrophotometer (Shimadzu) at room
temperature.

COMPUTATIONAL DETAILS

All theoretical calculations were performed by the
TD-DFT method using the Gaussian 09 program
package®' at BSLYP?? and CAM-B3LYP level.*® In
literature, the results obtained using the CAM-
B3LYP functional for some molecular structures are
more reliable than those obtained using the BSLYP
functional.>>~3® Therefore, to confirm the accuracy of
the presented calculations, excitation energies were
calculated using both the BSLYP and CAM-B3LYP
functionals and compared with the experimental
results. The electronic and NLO properties of the
optimized molecule were calculated. The theoretically
obtained E, values were compared with the experi-
mental value. The GaussSum 2.2 program®® was used
to analyze the TDOS or DOS, PDOS, OPDOS or
COOP, and group contributions of molecular orbitals.

RESULTS AND DISCUSSION
Experimental Results

The absorbance or optical density spectra of
ECBP at 3 mM, 10 mM, 21 mM, and 70 mM are
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Fig. 1. (a) 2D, (b) 3D, and (c) theoretical optimized geometric structures of 4,4’-bis(3-ethyl-N-carbazolyl)-1,1’-biphenyl (ECBP).
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shown in Fig. 2. As seen in Fig. 2, the entire
absorbance curve of ECBP at 70 mM was not
observed due to the nature of the device.?” The
absorption spectra of ECBP at 3 mM and 10 mM
showed maximum peaks at 240 nm and 241 nm,
respectively. Furthermore, ECBP also showed
smaller peaks and hollow structure characteristics
at the respective wavelengths as shown in the
figure. As seen, the spectra of ECBP remained
constant at the lowest values at wavelengths longer

Absorbance

240 280 320 360 400
Wavelength (nm)

Fig. 2. Absorbance spectra of ECBP at 3 mM, 10 mM, 21 mM, and
70 mM.
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than about 380 nm. These results suggest that the
absorption spectra of ECBP reach their highest
values in the near-ultraviolet (NUV) region of the
absorption spectrum; i.e., they are dominant in this
region.

The transmittance (7)) is an important parameter
among the optical properties. Figure 3a shows the
transmittance spectra of ECBP at 3 mM, 10 mM,
21 mM, and 70 mM. As seen in Fig. 3a, the trans-
mittance spectra of ECBP exhibited various peak
and pit characteristics in the NUV region, but
remained constant at the maximum values in the
visible (V) region. In the NUV region, the absorption
values of ECBP increased as the concentration was
increased while the transmittance values decreased.
These results are expected and consistent with
similar studies. The absorbance band edge (Eaps-be)
provides important information about the spectro-
scopic and electronic structure. The E sy values of
ECBP at 3 mM, 10 mM, 21 mM, and 70 mM were
found from the maximum peaks using the curves of
d77/d/ versus wavelength (1) as seen in Fig. 3b and
presented in Table 1. Table I reveals that the E spspe
value of ECBP decreased from 3.388 eV to 3.255 eV
with increasing concentration.

The optical bandgap (E,) is a fundamental optical
parameter and can be obtained from the Tauc
model.?® Firstly, having determined the type®”° of
optical transition, the allowed direct bandgap (E4q)
was found to be suitable for ECBP. Figure 4 shows
the (och19)2 versus photon energy (E) curves for
ECBP at 3 mM, 10 mM, 21 mM, and 70 mM. The
Egzq4 values of ECBP at 3 mM, 10 mM, 21 mM, and
70 mM were obtained by extrapolating the linear
plot to (ahﬂ)zz 0 and are presented in Table 1. The
allowed direct bandgap of ECBP decreased from
3.441 eV to 3.316 eV with increasing concentration.
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Fig. 3. (a) Transmittance spectra and (b) d7/dA versus wavelength (%) curves of ECBP at 3 mM, 10 mM, 21 mM, and 70 mM.
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These optical bandgap values indicate that ECBP
exhibited semiconducting property.

The refractive index of ECBP at 3 mM, 10 mM,
21 mM, and 70 mM was obtained using various
relations such as those of Herve-Vandamme,

Table I. Absorption band edge (Eaps.pe) and optical
bandgap (E;) of ECBP at 3 mM, 10 mM, 21 mM, and
70 mM

Concentration Eapspe (€V) E, (eV)
3 3.388 3.441
10 3.333 3.395
21 3.316 3.363
70 3.255 3.316
0.25-
0.204
=
3 0.15-
5
fi/ 0.10-
0.054
0.00-
324 330 336 342 348 354

E (eV)

Fig. 4. (och19)2 versus photon energy (E) curves for ECBP at 3 mM,
10 mM, 21 mM, and 70 mM.

Kumar-Singh, Moss, Ravindra, and Reddy®>*° and

are presented in Table Ila, revealing an increase
with increasing concentration. The lowest refractive
index was observed for the Ravindra relation, while
the highest refractive index was observed for the
Reddy relation. The average refractive index of
ECBP increased from 2.274 to 2.311 with increasing
concentration.

The refractive index provides important informa-
tion on the angles of incidence (®;) and refraction
(®3). The ®; and ®y values for ECBP at 3 mM,
10 mM, 21 mM, and 70 mM were obtained respec-
tively from the following equations:*~*3

and

Figure 5 shows plots of ®; and ®; versus E for
ECBP at 3 mM, 10 mM, 21 mM, and 70 mM. The
upper curves correspond to the angle of incidence,
while the bottom curves indicate the refraction
angle. ®; and ®, vary with the angular frequency
(from about 4.9 Hz to 8.4 Hz). On the other hand,
the angle of incidence of ECBP increased with
increasing concentration, while the refraction angle
decreased.

Semi-theoretical Results

In this section, we discuss the theoretical molar
absorptivity values (see “Computational Details”
section for details) and the other parameters
obtained from the molar absorptivity. Figure 6a
indicates the molar absorptivity and transmittance
spectra of ECBP. The molar absorptivity spectra of
ECBP exhibit peaks at 237 nm, 263 nm, and

Table II. (a) Experimental and (b) semi-theoretical refractive indices of ECBP obtained from the Moss,
Ravindra, Herve-Vandamme, Reddy, and Kumar-Singh relations and their average

Refractive Index (n)

Concentration Moss Ravindra Herve-Vandamme Reddy Kumar-Singh Average
(a)

3 2.292 1.951 2.207 2.660 2.261 2.274
10 2.300 1.979 2.219 2.670 2.270 2.288
21 2.305 1.999 2.227 2.677 2.277 2.297
70 2.314 2.028 2.240 2.688 2.288 2.311
Refractive index (n)

Moss Ravindra Herve-Vandamme Reddy Kumar-Singh Average
(b)

2.208 1.607 2.078 2.552 2.154 2.120
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288 nm (the highest peak) and pits at 249 nm and
273 nm. The transmittance spectra of ECBP exhibit
peaks at 249 nm and 273 nm and remain constant
at wavelengths longer than about 315 nm. The
transmittance of ECBP increased very sharply from
about 295 nm to 315 nm (Fig. 6a). Like the exper-
imentally obtained results, the theoretically
obtained absorbance spectra are more dominant in
the NUV region. The semi-theoretical Eaps.pe value
of ECBP was obtained from the maximum peaks
using the d7/d/ versus A curves as seen in Fig. 6b
and found to be 3.936 eV. This semi-theoretical
E ppspbe value is higher than the experimental Eapgpe
values.

To obtain a semi-theoretical Eqq value for ECBP,

(ah¥9)? is plotted versus E in Fig. 7. The Eqq value of
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ECBP was found to be 3.996 eV. This semi-theoretical
Egq value is higher than the experimental E.4 values.
On the other hand, the semi-theoretical optical
bandgap indicates that the optical bandgap of ECBP
lies at the limit of semiconductors.

The semi-theoretical refractive indices of ECBP
were obtained using the Herve-Vandamme, Kumar-
Singh, Moss, Ravindra, and Reddy relations and are
presented in Table IIb. As seen in Table IIb, the
lowest refractive index (1.607) was observed for the
Ravindra relation, while the highest refractive
index (2.552) was observed for the Reddy relation.
The average refractive index of ECBP was 2.120.
These semi-theoretical refractive indices are lower
than the experimental values.

The semi-theoretical ®; and ®, values of ECBP
were obtained using Eq. (1) and (2), respectively.
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Fig. 5. Angles of incidence (®4) and refraction (®,) curves of ECBP
at 3 mM, 10 mM, 21 mM, and 70 mM.
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Fig. 7. (xh)? versus E curves of ECBP to obtain the semi-theoretical
optical bandgap.
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Fig. 6. (a) Absorbance and transmittance spectra and (b) d7/d/ versus /. curves of ECBP at 3 mM, 10 mM, 21 mM, and 70 mM.
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Fig. 8. Semi-theoretical angles of incidence (®4) and refraction (®,)
curves of ECBP.

Figure 8 shows the ®; and ®, versus E curves of
ECBP. The upper curve corresponds to the angle of
incidence, while the bottom curve shows the refrac-
tion angle. ®; and ®, vary with the angular
frequency (from about 5.9 Hz to 8.5 Hz). The
semi-theoretical angles of incidence are higher than
the semi-theoretical refraction angles.

Theoretical Results
Ultraviolet-Visible Spectroscopy

The UV-Vis absorption spectrum of the material
calculated by the CAM-B3LYP method in chloro-
form as solvent is shown in Fig. 6a, revealing three
dominant peaks at 237 nm, 263 nm, and 288 nm
when using this method. Meanwhile, the absorption
bands were calculated at 321 nm and 349 nm when
using the B3LYP method. Experimentally, two
peaks were observed in chloroform, at 241 nm and
296 nm. These results confirm that the UV-Vis
absorption spectrum obtained using the CAM-
B3LYP method are more consistent with the exper-
imental results.

Frontier Molecular Orbitals

The E, values in chloroform as solvent were
calculated as 4.11 eV when wusing the B3LYP
method and 6.56 eV when using the CAM-B3LYP
method. The experimental E, value was found as
3.39 eV in chloroform as solvent. Comparing the
calculated E, values with the measured E, results
reveals that the BSLYP method (4.11 eV) have a
better result than the CAM-B3LYP method
(6.56 eV) (Fig. 7).

The energies of the frontier molecular orbitals
(FMOs) were calculated using the B3LYP/6-
311G(d,p) method in gas phase, revealing 143 as
the HOMO orbital. The HOMO-LUMO shapes for
the molecule in gas phase are shown in Fig. 9. The
HOMO orbitals or valence band were spread over

i
ErLvmo=-1.48 eV

AE=-4.01 eV

9 EHO.\lO =-549 eV

Fig. 9. Frontier molecular orbitals of ECBP in gas phase.

the whole molecule, while the LUMO orbitals or
conductivity band were spread over the phenyl ring.
Moreover, it appears that the carbazole groups in
this molecule make little contribution to the con-
ductivity band. The energy gap, i.e., the energy
difference between the HOMO and LUMO orbitals,
is an important parameter for evaluating the con-
ductivity and reactivity. As seen in Fig. 9, this value
(4.01 eV) was the same in the gas phase.

The HOMO-LUMO energy range is not sufficient
to determine the polarizability value, which is an
important criterion for the non-linear optical prop-
erties of the molecule. Because the CH3 donor groups
at the ends of the CBPE molecule increase the value
of the charge symmetry of the molecule’s base charge
and its first-order hyperpolarizability, the molecule
can be considered to be a non-linear optical material.

NLO Analysis

NLO materials have extensive application areas
such as storage, optical switching, communication,
optical sensors, displays, and signal processing.***¢
Theoretical calculations can provide sufficient and
reliable results to investigate new non-linear mate-
rials. In this study, the electrical dipole moment (u),
hyperpolarizability (), and polarizability («) were
calculated as NLO properties using the B3LYP/6-
311++G(d,p) basis set to understand the optical and
electrical response of ECBP. The molecular « and j
tensors were provided via a Gaussian output file,
and its atomic units (a.u.) were converted to elec-
tronic units (esu) (1 a.u = 0.1482 x 10~2* esu for o;
1a.u. = 8.6393 x 10 33 esu for ). The values of the
mean polarizability («), anisotropy of polarizability
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(Aa), mean molecular hyperpolarizability (<f>),
and total dipole moment (u,) were calculated using
the following equations:

1
Oltot = § (chx + Olyy + O‘zz)v (3)

Ao =—5 [(“xx — ) (o — e) "+ (e — 1)

v2 (4)

1
"‘6%2:2 + Gaiy + 60(52} 2,

(B =[ (Bess + oy + Buse)*+ (Bryy + Bz + Brss)”

2] ()
o (Beee + B+ Beyy)”

1

2
Kot = (uf + 2+ uf) : (6)

The calculated values are presented in Table III. As
organic light-emitting diodes rely on optically active
materials, the NLO properties are important to
interpret the optoelectronic response.

For a molecule to behave like a good NLO
material, the f, u, and Ao must be large. The
magnitude of these values is generally interpreted
relative to the values of urea. In this study, the
values of fi and Aa were calculated to be
3150.816685 x 10 **esu  and  199.7953356 x
10~2* esu, respectively, compared with i, = 194.7
x 10733 esu and A« = 3.8312 x 10 2* esu for urea.
It is seen that the fi,; value of ECBP is approxi-
mately 16 times higher than that of urea, and
similarly the Ao is about 52 times larger. These
results show that ECBP could be used as a high-
NLO material in future applications.

Table III. Dipole moment u (D), polarizability o«
(a.u.), average polarizability «, (x1072*esu),
anisotropy of polarizability A« (x1072% esu), and
first hyperpolarizability g (x10733 esu)

s ~0.0003 B 12.4418
1y 0.425 Bry 1492.9641
1 ~0.0001 Bryy —25.6564
1o 0.425000118 By 1771.9187
. 110.892768 [ ~11.1735
Oy ~0.028259 Brye —4353.4629
oy 70.735884 Byys 2.0410
o, 0.940332 [ 24.2011
%y —0.063325 Bye- ~114.0939
%, 48.186562 [ 1.7151
Siotal 76.605071 Be 10.9865477
Aa 199.7953356 B, 3150.7888
[ —7.417434298
B 3150.816685
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Total, Partial, and Population Density of States
(DOS, PDOS, and OPDOS)

Because molecular orbitals with nearby energies
in the boundary regions of a molecule may be
semidegenerate, it may not be sufficient to consider
only the HOMO and LUMO when defining the
molecular boundary orbital.*” In this regard, the
TDOS, PDOS, and OPDOS (or COOP) density of
4850 were calculated and constructed using
the GaussSum2.2 program by convolving the molec-
ular orbital information with Gaussian curves of
unit height and full-width at half-maximum
(FWHM) of 0.3 eV. TDOS, PDOS, and OPDOS
graphs are presented in Figs. 10, 11, 12, and 13.
Positive, negative, and zero values in the OPDOS
diagram indicate interactions with bonding, anti-
bonding, and nonbonding character, respectively.”®
In addition, the OPDOS diagram helps to identify
orbitals that are binding and nonbinding and at the
same time determine the donor—acceptor properties
of the molecule. Figure 9 reveals that the phenyl
rings make the greatest contribution to the frontier
molecular orbitals. Figure 10 illustrates some of the
orbital energy values of the interactions among the
selected groups. Since the ECBP molecule is sym-
metric in structure, it is seen in Fig. 10 that the
orbital energy values of the groups formed by the
N60 and N40 carbazole groups are overlapping. The
interactions among the carbazole N60 and carbazole
N40 groups are zero, indicating nonbinding orbitals.

CONCLUSIONS

The electronic, optical, and non-linear optical
properties of ECBP, a carbazole-based organic
semiconductor, were investigated by both experi-
mental and theoretical methods. TD-DFT calcula-
tions were performed to obtain the UV-Vis

~——CAM-B3LYP

DOS

DOS

220 -18 16 14 12 -10 8 6 - 2 0
Energy (eV)
Fig. 10. Density of states (DOS) spectrum (using B3LYP and CAM-
B3LYP functionals) of ECBP in chloroform obtained from Mulliken
population analysis.
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Fig. 11. Total electronic density of states (TDOS) diagram of ECBP.
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Fig. 12. Partial electronic density of states (PDOS) diagram of ECBP.
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spectrum of ECBP. FMO analysis and physicochem- p, u, and Ao values of the title molecule were
ical properties were calculated at the same theory of obtained. The f value of ECBP was calculated to be
level in chloroform and gas phase. Furthermore, the 16 times higher than that of wurea
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Fig. 13. Overlap population electronic density of states (OPDOS) diagram of ECBP.

(f=0.37 x 1073° esu) while the Ax value was 52
times greater than that of urea (Ax = 3.83 x
10~2* esu). These results indicate that ECBP could
be a good NLO material. The experimental absor-
bance band edge of ECBP decreased from 3.388 eV
to 3.255 eV with increasing concentration. The
semi-theoretical absorbance band edge and allowed
optical bandgap of ECBP were higher than the
experimental values. The semi-theoretical refrac-
tive indices were lower than the experimental
values. ECBP exhibited semiconducting property.
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