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In the present study, the doping effect of the di-substitution of F, Cl, CHs, OCHs, OH, NO2 to the
reference donor—acceptor molecule 4,7-di-(2-thienyl)-2,1,3-benzothiadiazole (DTBT) has been reported
by quantum chemical calculations in hybrid local charge transfer (So — S1) state exciton process. The
variation in molecular geometry confirms the charge transfer from the reference donor—acceptor unit
to the substituted groups, except for the CHs substitution. The UV-Visible absorption, fluorescence
emission, and Raman spectral characterization of the investigated systems validate the incidence of
charge transfer. In frontier molecular orbital analysis, the decrease in the energy gap value of DTBT
molecule after the addition of substituents indicates the intramolecular charge transfer from the donor—
acceptor unit to the substituents, except for DTBT:CHs. It also reveals higher charge carrier mobility
in the investigated systems. The ionization potential, electron affinity, and re-organization energy anal-
yses confirm that DTBT:OH molecular system causes the energy barriers to be reduced, displaying
higher hole and electron transportability compared with the parent DTBT molecule and other sub-
stituents. The natural bond orbital analysis provides evidence that the DTBT:0OCHs, DTBT:OH, and
DTBT:NOz molecular systems can be useful in the design of nonlinear optical materials. The natural
population analysis confirms that the electron charge carrier mobility from the donor—acceptor unit
to the substituted group increases upon the doping of halogen atoms. The calculated first-order hy-
perpolarizability value reveals that DTBT:NOs molecule has a higher value compared to that of all
other investigated systems. Hence, the present study will be useful in the design of novel hole transport
materials.
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1. Introduction

Thiophene- and benzothiadiazole-based donor—
acceptor (D—A) conjugated materials have remark-
able applications in the field of organic light-
emitting diodes (OLEDs), dye-sensitized solar cells,
and organic thin-film transistors [1, 2]. Thiophene-
based organic semiconductors have unique char-
acteristics due to their excellent hole-transport
property [3]. In general, the hole transport and
electron-accepting properties of D—A molecules can
be useful for recognizing highly efficient OLED
materials [4, 5]. Extensive research reported that
m-conjugated organic material has a greater non-
linear optical (NLO) response than inorganic ma-
terials because of the D—A moieties, and they
are used in the optical telecommunication, sig-
nal processing, and image transmission. Moreover,
macroscopic m-conjugated materials with additional
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electron-withdrawing and donating groups on op-
posite sides enhance high charge carrier mobility
and reduce the HOMO-LUMO gap, and these are
the essential requirements for the rational design of
OLED and NLO devices [6, 7).

The stable photo- and electroactive dithienyl-
benzothiazole are extensively studied for their
high performance in electron/hole injection and
transport properties [8]. J.C. Mei et al. [9] reported
that the 4,7-di-2-thienyl-2,1,3-benzothiadiazole
(DTBT) molecule has excellent hole trans-
port and electron-accepting properties and also
exhibits red light emission, which confirms
that DTBT can be candidate in the design of
OLED devices. Hung et al. [10] synthesized red
light-emitting thiophene-based materials such as
4,7-bis(4-(4-s-butoxyphenyl)-5-(3,5-di(naphthalene-
2-yl)phenyl)-thiopheneyl)benzo[c][1,2,5]  thiadia-
zole, and reported their good hole-injection and
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electron-transport properties in solid-state [10].
The poly [N-9-heptadecanyl-2,7-carbazole-alt-5,5-
(4,7-2-thinenyl-2,1,3-benzothiadiazole) is a low-
bandgap and thermally stable thiophene-based
copolymer widely wused in the production of
bulk-heterojunction photovoltaic devices [11].

Ohshita et al. [12] synthesized a thiophene-
based polymer poly(dithienosilole-2,6-diyl) (DTD)
and reported that DTD has good electrical con-
ductivity and low charge carrier mobility, which
proves that DTD can be useful in the de-
sign of hole transport materials. Recent stud-
ies reported that 4,7-di(5-bromo-2-thienyl)-2,1,3-
benzothiadiazole (DTBT:Br) is used as a commer-
cial organic molecular semiconductor. It is vital
that the scientific community establish modifica-
tions to fine-tune the photoluminescent and elec-
troluminescent behavior of this and other such
semiconductors [13]. Some D—A molecules like 4-
(anthracen-9yl1)-N,N-dihenlaniline, 4-(phenanthren-
9yl)-N,N-dihenlaniline and 4-(acridine-9yl)-N,N-
dihenlaniline were designed and analyzed in HLCT
excited state for the next-generation OLED ma-
terials [14]. Recently, the theoretical studies on
the substitution effect of F, Cl, CH3, OCHjs, OH,
and NOs at the various position of benzo|2,3-
b|thiopene have proved that it is an efficient hole
transport material [15]. By keeping these param-
eters in mind, this work presents an unexplored
Cl, CH3, OCH3, OH, and NO; substitution in
a potential OLED molecule 4,7-di-(2-thienyl)-2,1,3-
benzothiadiazole (DTBT). These have been exten-
sively studied in HLCT state, using density func-
tional theory (DFT) and time-dependent density
functional theory (TD-DFT) to demonstrate the ex-
cellent performance of hole transport materials for
OLED and NLO application.

2. Materials and methods

2.1. Materials

In this study,
o 4,7-di-(2-thienyl)-2,1,3-benzothiadiazole
(DTBT),

o 4 7-di(5-fluro-2-thienyl)-2,1,3-
benzothiadiazole (DTBT:F),

e 4,7-di(5-chloro-2-thienyl)-2,1,3-
benzothiadiazole (DTBT:Cl),

o 4 7-di(5-methyl-2-thienyl)-2,1,3-
benzothiadiazole (DTBT:CHs),

o 4 7-di(5-methoxy-2-thienyl)-2,1,3-
benzothiadiazole (DTBT:OCHs),

o 4 7-di(5-hydroxy-2-thienyl)-2,1,3-
benzothiadiazole (DTBT:OH),

o 47-di(5-nitro-2-thienyl)-2,1,3-
benzothiadiazole (DTBT:NOy)

have been designed and used.
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2.2. Computational details

The molecular structures of the DTBT, DTBT:F,
DTBT:Cl, DTBT:CH3s, DTBT:OCHs, DTBT:OH,
and DTBT:NOs molecular systems were optimized
by the DFT/B3LYP method with a 6-311+G(d, p)
basis set using the commercially available Gaus-
sian 09 [16] program. Raman spectra of the in-
vestigated molecular systems were simulated using
DFT/B3LYP method with a 6-311+G(d,p) basis
set. The UV-Visible (UV-Vis) absorption and emis-
sion spectra of the investigated molecular systems
were simulated using the TD-DFT/B3LYP and
TD-CAM-B3LYP functional with a 6-3114+G(d, p)
basis set. The optimized molecular structure, vi-
brational spectra and frontier molecular orbitals
(FMO) of the molecular systems were visualized us-
ing GaussView 5.0 [17].

The calculated vibrational frequencies were as-
signed without imposing any symmetry constraints
by employing the same functional and basis set us-
ing VEDA 4.0 program [18]. The optimized molec-
ular structure was used to find the properties such
as ionization potential, electron affinity, and reorga-
nization energy. The natural bond orbital analysis
and natural population analysis were performed to
identify the charge transfer between the D—A unit
and substituted groups of the DTBT molecule. The
first-order hyperpolarizability values of the investi-
gated molecular systems were calculated using the
DFT/B3LYP method with 6-3114+G(d, p) basis set.

3. Results and discussion

3.1. Molecular geometry
and charge transfer analysis

The optimized molecular geometry of the DTBT,
DTBT:F, DTBT:Cl, DTBT:CHs, DTBT:OCHs,
DTBT:OH, and DTBT:NO5 molecular systems are
depicted in Fig. 1. A few significant bond length
values in their excited, ground, cationic, and an-
ionic states are listed in Table I. The variation in
the bridge bond length in optimized S; state ge-
ometry is < Sp state geometry for both electron-
withdrawing (F and Cl) and electron-donating
groups (CHsz, OCHjs, and OH) of substituted DTBT
molecules. Upon substitution, all the bridge bond
lengths in the S; states are shortened, as mentioned
in Table I. Note that, upon substitution, the bond
length in the S; states exceeds the bond length in
the Sy states, except for CH3 substitution, where
the bond length is marginally shorter. This indi-
cates the electron-withdrawing nature of the sub-
stituted atoms. On the other hand, there is a de-
crease in the substituted bond length in methoxy-
and hydroxy-thienyl-benzothiadiazole in S; state to
1.32 A and 1.34 A, respectively, compared to the
values of CO bond lengths stated by Demainson et
al. [19] (1.38 A to 1.42 A). The mentioned decrease
confirms the electron-donating nature of the oxygen
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TABLE I

The most important bond length values in their excited, ground, cationic and anionic states of DTBT, DTBT:F,
DTBT:Cl, DTBT:CHs, DTBT:OCHs, DTBT:OH, and DTBT:NO; molecular systems calculated using B3LYP /6-

311+G(d, p).
. . Excited | Excited
Inter-ring Excited Ground L L
Compound bond length | state S1 [A] | state So [A] cationic | anionic
state [A] | state [A]
4,7-di-(2-thienyl)-2,1,3-benzothiadiazole C13-H24 1.082 1.081 1.083 1.082
(DTBT) C6-C15 1.433 1.458 1.423 1.447
4,7-di(5-fluro-2-thienyl)-2,1,3-benzothiadiazole C13-F15 1.432 1.332 1.311 1.349
(DTBT:F) C6-C16 1.326 1.456 1.421 1.446
4,7-di(5-chloro-2-thienyl)-2,1,3-benzothiadiazole C13-Cl1 15 1.430 1.331 1.704 1.746
(DTBT:CI) C6-C16 1.427 1.450 1423 | 1.444
4,7-di(5-methyl-2-thienyl)-2,1,3-benzothiadiazole | C18-C20 1.326 1.440 1.493 1.497
(DTBT:CHs) C6-C15 1.432 1.456 1.445 1.445
4,7-di(5-methoxy-2-thienyl)-2,1,3-benzothiadiazole | C20-022 1.346 1.326 1.316 1.368
(DTBT:OCHs) C6-C17 1.432 1.452 1.418 1.448
4,7-di(5-hydroxy-2-thienyl)-2,1,3-benzothiadiazole | C13-015 1.370 1.345 1.326 1.374
(DTBT:OH) C9-C10 1.370 1.446 1.418 1.446
4,7-di(5-nitro-2-thienyl)-2,1,3-benzothiadiazole C13-N15 1.424 1.423 1.453 1.401
(DTBT:NO3) N15-017 1.270 1.269 1.224 1.248
N15-016 1.270 1.270 1.229 1.250
C9-C10 1.424 1.424 1.426 1.433
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Fig. 1.

The optimized molecular geometries of (a) DTBT, (b) DTBT:F, (c) DTBT:CI, (d) DTBT:CHs, (e)

DTBT:OCHs, (f) DTBT:OH and (g) DTBT:NO2 molecular systems, computed using B3LYP/6-311+G(d, p).

atoms to the D—A unit. We can infer that there is
a significant charge transfer from the D—A unit to
most of the substituted groups and it is attributed
to significant electrostatic interaction between the
D—A unit and substituted groups.

The bridge bond length value upon the substitu-
tion of the known electron-withdrawing NOs func-
tional group was calculated as 1.424 A for C9-
C10 and C6-C18. The bond length values of the
bond connecting the NOg substitutions and DTBT
molecule were calculated as 1.424A for C13-N15
and C21-N23. This equality in bond length val-
ues indicates that the hypervalent sulphur atom of
thiophene creates an inductive electron-donating ef-
fect in the NOy groups and shows a balanced car-
rier transport of electrons of both NOs groups to
the D—A unit with holes. The calculated cationic
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state bond length values of all DTBT derivatives
are smaller then in the anionic state, resulting in
more polarization of anions in the molecular sys-
tem, which is due to the low hole-reorganization
energy (Ap) [15]. In Table II, the dihedral angle
involving the bridge bond between thiophene and
2,1,3-benzothiadiazole, along with its substituted F,
Cl, and NOg molecular systems, is about £179.99°.
The substitution of F, Cl, and NOs exhibits a planar
structure. This planar geometry influences a strong
coupling effect in the substituted groups so that the
electrons can move more freely from the D—A unit
to the substituted groups.

The dihedral angle for DTBT:OH is nearly 0°,
indicating a strong push—pull effect between the D—
A unit and OH group. The average of two dihe-
drals of DTBT:OCH3 and DTBT:CH3 is 61°. Hence
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Fig. 2. The optimized molecular geometries of
DTBT molecular system, computed using CAM-
B3LYP/6-311+G(d, p).

TABLE II

The most important Dihedral angle values in
their ground, excited states of DTBT, DTBT:F,
DTBT:Cl, DTBT:CH3, DTBT:OCH3, DTBT:OH,
and DTBT:NO2 molecular systems calculated using
B3LYP/6-3114+-G(d, p).

Compound Dihedral angle So St
DTBT C7-C6-C15-C16 179.61 | 179.97
DTBT:F C7-C6-C16-C17 179.98 | 179.99
DTBT:CI C7-C6-C16-C17 179.98 | 179.99
DTBT:CHz | S19-C18-C20-H28 | 60.28 | 60.03
DTBT:OCH; | C20-022-C23-H35 | 61.05 | 61.02
DTBT:OH S14-C13-0O15-H26 0.01 0.00
DTBT:NO2 C8-C9-C10-C11 179.99 | 180.00

twisting charge transfer occurs in DTBT:OCHj3 and
DTBT:CH3 with the mixing of HLCT state, sug-
gesting higher electron transfer to the D-A unit
from substituted groups [14-20]. The compared re-
sults of the DTBT molecular system, calculated
using B3LYP/6-311+G(d, p) with CAM-B3LYP/6-
311+ G(d,p), are in similar agreement, as shown
in Fig. 2 and Tables IIT and IV. The structural
differences in all the rotamers specify that the po-
tential energy barrier around rotation about C-C
bonds that connect the central unit has lesser C-C
bond lengths in the S; state than in the Sy state.
The shortening of central terminal C6-C16 and
C9-C10 of, respectively, F and OH in the S; state
corresponds to large rotational barriers that corre-
late with the strength of m-conjugation in the ro-
tamers. This change indicates that the increases of
potential energy in the ground state (Sp) causes a
repulsive steric interaction in the excited state (S1),
followed by molecules with substituents Cl, CHg,
OCHs, and NOy dramatically reducing the barrier
for charge transfer in the lowest singlet electronic
states (Sp — S1).

3.2. Absorption and emission spectral analysis

The effect of substitution in the UV-Visible
spectra and the corresponding electronic transi-
tions of the molecule were predicted using the
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Fig. 3. The UV-Visible absorption spectra of

the DTBT, DTBT:F, DTBT:Cl, DTBT:CHs,

DTBT:OCHs, DTBT:OH, and DTBT:NO2 molec-
ular systems, simulated using TD-B3LYP/6-
311+G(d, p).

TABLE III

The most important bond length values in their ex-
cited (S1), ground (Sp), cationic and anionic states of
DTBT.

Interri Excited | Excited
r-rin
S [A] | So [A] | cationic | anionic
bond length
state [A] | state [A]
C13-H24 1.081 | 1.080 1.083 1.080
C6-C15 1.430 | 1.452 1.423 1.444
TABLE IV

The most important dihedral angle values in their
ground (Sp), excited states (S1) of DTBT by CAM-
B3LYP/6-311+G(d, p).

S1
179.95

So
180.51

Dihedral angle
C7-C6-C15-C16

TD-DFT/B3LYP method with 6-311+G(d,p) ba-
sis set. The TD-DFT calculation is a powerful tool
for investigating the static and dynamic properties
of the molecules in their excited states [21]. The
simulated UV-Visible absorption and emission spec-
tra of the DTBT, DTBT:F, DTBT:CIl, DTBT:CHs,
DTBT:OCHs, DTBT:OH, and DTBT:NO2 molec-
ular systems obtained using TD-B3LYP and TD-
CAM-B3LYP are shown in Figs. 3-6, respectively.
The calculated electronic transitions, absorption
wavelength ()), excitation energies (E), and oscilla-
tor strength (f) in the gas phase for all investigated
systems are listed in Table V and VI. In addition,
the calculated electronic transitions, emission wave-
length (\), excitation energies (E), and oscillator
strength (f) in the gas phase for all investigated
systems are listed in Tables VII and VIII.
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Fig. 4. The UV-Visible emission spectra of

the DTBT, DTBT:F, DTBT:Cl, DTBT:CHs,

DTBT:OCHs, DTBT:OH, and DTBT:NO2

molecular systems, simulated using TD-B3LYP/6-
3114+G(d, p).
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Fig. 5. The UV-Visible absorption spectra of

the DTBT, simulated using TD-CAM-B3LYP/6-
3114+G(d, p).
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Fig. 6. The UV-Visible emission spectra of the
DTBT, simulated using TD-CAM-B3LYP/6-
3114+-G(d, p).
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TABLE V

The electronic transitions, absorption wavelength
(A\), excitation energies (E) and oscillator strength
(f) in gas phase for the DTBT, DTBT:F,
DTBT:Cl, DTBT:CH3, DTBT:OCH3;, DTBT:OH,
and DTBT:NO2 molecular systems, calculated using
TD-B3LYP/6-311+G(d, p).

Compound Elect.r(.)mc A [nm] | E [eV]| f State
transitions

DTBT So — S1 525 | 2.387 [0.278| w — ©*
So — S3 335 4.228 10.097| n —» w*

DTBT:F So — S1 555 2.316 [0.274| T — ©*
So — S3 349 | 4.229 [0.084| n — 7*

DTBT:CI So — S1 598 | 2.084 [0.271| w — ©*
So — S3 351 3.966 [0.000| n — 7*

DTBT:CHs So — S1 551 2.288 [0.315| m — 7*
So — S3 338 4.204 10.097| n — w*

DTBT:OCHg3| Sp — S1 620 | 2.070 [0.295| ® — o*
So — S3 316 | 4.147 |0.057| n — o*

DTBT:OH So — S1 668 1.855 [0.225| w — o*
So — S3 363 | 3.665 [0.128| n — o*

DTBT:NO2 So — S1 555 | 2.246 [0.566 | m — ©*
So — S3 407 | 3.358 [0.001| n — 7*

TABLE VI

The electronic transitions, absorption wavelength (\),
excitation energies (F) and oscillator strength (f) in
the gas phase for the DTBT molecular system, calcu-
lated using TD-CAM-B3LYP/6-311+G(d, p).

Compound EleCt,r(_)mC A [nm] |E [eV]| f State
transitions

DTBT So — S1 427 | 2.897 [0.421| w — 7™
So — S3 260 | 5.429 [0.000| n — ©*

DTBT:F So — S1 470 | 3.114 |0.574| ® — 7*
So — S3 270 | 6.542 [0.073| n — ©*

DTBT:CI So — S1 510 | 3.154 [0.642| w# — ©*
So — S3 310 | 6.628 [0.175| n — 7™
DTBT:CHs | Sog — S1 470 | 4.288 [0.725| m — 7™
So — S3 280 | 7.246 (0.224| n — ©*
DTBT:OCHs| Sp — S1 510 | 5.070 [0.835| wm — o*
So — S3 330 | 7.579 (0.348| n — o*
DTBT:OH So — S1 560 | 4.456 [0.950| ®# — o*
So — S3 340 | 8.735 (0.468| n — o*
DTBT:NO2 | Sop — S1 490 | 3.276 [0.543| m — 7w*
So — S3 350 | 5.328 [0.019| n — 7*

As shown in Fig. 3, the first peak was at 335, 349,
351, 338, 316, 363 and 407 nm, corresponding to
a ground population. The second peak was observed
at 525, 555, 598, 551, 620, 668 and 555 nm. In Fig. 4
the situation changes. The excitation causes over-
lapping of emission bands and manifests the dual
emission. The strong red-shift in the presented
molecular species indicates the ability to separate
the energy barrier in the excited state intramolec-
ular charge transfer. We can compare the absorp-
tion and emission wavelength of DTBT obtained
with TD-B3LYP (525 and 658 nm, respectively)
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TABLE VII

The electronic transitions, emission wavelength
(A), emission energies (F) and oscillator strength
(f) in gas phase for the DTBT, DTBT:F,
DTBT:Cl, DTBT:CH3, DTBT:OCH3s, DTBT:OH,
and DTBT:NO2 molecular systems, calculated using
TD-B3LYP/6-311+G(d, p).

Compound Elect.r(.)mc A [nm] | E [eV]| f State
transitions
DTBT So «— S1 658 1.882 (0.192| m# — «*
So < S3 359 4.074 |0.076| n — 7*
DTBT:F So + S1 684 1.808 |0.183| m# — «*
So «+ Ss3 362 | 3.044 |0.006| n — 7*
DTBT:Cl1 So + S1 783 1.582 (0.170| m# — «*
Sp «+ S3 443 | 2.795 |0.006| n — 7*
DTBT:CHjs So «— S1 689 1.797 (0.214| 7 — ©*
So + S3 365 3.014 |0.008| n — 7*
DTBT:OCHg3| Sp <+ S1 780 1.588 |0.186| m# — «*
So «+ Ss3 374 | 2.752 |0.013| n — 7*
DTBT:OH So + S1 760 1.617 (0.174| 7 — ©*
Sp «+ S3 369 | 2.803 [0.009| n — 7*
DTBT:NOg Sp «— S1 671 1.845 (0.383| m# — «*
Sg «+ S3 470 | 2.750 |0.689| n — w*
TABLE VIII

The electronic transitions, emission wavelength (\),
emission energies (E) and oscillator strength (f) in
the gas phase for the DTBT molecular system, calcu-
lated using TD-CAM-B3LYP/6-311+G(d, p).

Compound EleCt.I‘O.HIC A [nm] | E [eV]| f State
transitions

DTBT So + S1 549 2.257 10.367| m — 7*
So «+ Ss3 290 | 5.100 [0.000| n — =*

DTBT:F So + S1 620 1.200 (0.161| m# — «*
So «+ S3 310 | 3.002 [0.001| n — =*

DTBT:Cl1 So «— S1 590 1.542 (0.120| # — «*
Sg <+ S3 340 | 2.424 |0.012| n — 7*

DTBT:CHgs So «+— S 630 1.624 |0.124| 7 — «*
So « S3 340 | 3.010 [0.001| n — =*

DTBT:OCH3| Sp < S1 680 1.541 |0.142| = — «*
So «+ Ss3 340 | 2.251 |0.011| n — =*

DTBT:OH So + S1 670 1.102 [0.151| # — «*
So «+ S3 350 | 2.001 [0.004| n — =*

DTBT:NOg So «— S1 570 1.428 (0.323| m# — ©*
So < Ss3 360 | 2.263 [0.458| n — 7*

shown in Fig. 3, 4 and Tables V, VII, with those
obtained with TD-CAM-B3LYP (427 and 549 nm,
respectively) shown in Figs. 5 and 6 and Tables VI
and VIII. The appearance of the blue shift in the
absorptions spectra 427 nm of DTBT with through
TD-CAM-B3LYP is attributed to charge transfer
between the D—A unit. The appearance of redshift
658 nm in the emission spectra of DTBT obtained
using TD-B3LYP indicates that the emission takes
place with a longer wavelength. It is evident from
TD-B3LYP functional (see Fig. 4) that the max-
imum emission peaks are longer for wavelengths,
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ranging from > 671 nm for NOs and from < 783 nm
for Cl substitution predicted. These results show
that the emission spectra are located in the far vis-
ible region. Comparing the substitution with TD-
CAM-B3LYP wavelength ranges (see Fig. 6), i.e.,
from > 570 nm for NO; substitution predicted
and < 680 nm for OCHj substitution predicted,
it turns out that their emission spectra are located
in the red visible region. Hence TD-CAM-B3LYP
acts as an efficient tool in the emission spectral
calculation.

Rotamers in ground state Sy commonly have
a very small population due to high energy bar-
riers. The dynamics of excited state intramolecular
effect on alkyl substitutions of CH3, OCHg, and OH
to the rotamer of 2,5-bis-2-benzoxazolyl-phenol dis-
plays dual emission with redshift [22]. The effect
of chemical substitution of CH3 onto the molecu-
lar frame of 7-hydroxyquinoline on the energetical
landscape of ground and the lowest singlet excited
state (So — S1) is the increase in 7 orbital interac-
tion, which was shown to occur in Sy with n — 7*
transition and in S; with 7 — 7* transition [23].
The effect of the chemical substitutions of NOs on
the molecular structure of 3-hydroxy-picolinic acid
(So < S1) was identified with Sy (n — 7*) 53
(m — ) [24].

The electronic spectra of thiazolo-[3,2-a|pyridine
with electron donating groups CH3 and OCHj car-
ried out by TD-CAM-B3LYP manifest that the sub-
stituent effect on the core molecule undergoes n —
o* transition at 373 nm and m — ¢* transition at
longer wavelengths [25]. The optical excitation with
chemical modification on DTBT and its derivatives
upon the reactive state (Sp — S1) increases the en-
ergy barrier values in the vicinity of n — 7* transi-
tion and electronically excited state (Sy — S3) de-
creases the energy barrier values in the vicinity of
m — 7" electronic transition responsible for the po-
tential OLED application. Among all the systems
studied, it was observed in Fig. 3 and Table V,
obtained using TD-B3LYP, that the absorption
spectra of DTBT:OH with a maximum wavelength
668 nm are manifested (Bathochromic shift of the
absorption spectrum) and a lower bandgap 2.20 eV
requires higher charge carrier mobility. By compar-
ing the absorption spectra, using TD-CAM-B3LYP
it was again observed that DTBT:OH has a max-
imum wavelength of 560 nm, as shown in Fig. 5
and Table VI. It follows that the OH substituent ex-
hibits a strong m-electron-donating and o*-electron-
accepting character, resulting in longer absorption
wavelength.

The study of dipole moment in electronically
first excited singlet-state is significant as it pro-
vides useful information for designing novel NLO
materials. In general, the energy transfer from
the excited state of the substituted D—A unit to
the ground state leads to a long-range dipole—
dipole interaction [26]. In the present case, the
DTBT:NO; system exhibits a larger dipole moment
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TABLE IX

The calculated vibrational wave numbers and assignments of the DTBT, DTBT:F, DTBT:Cl, DTBT:CHs,
DTBT:OCHs, DTBT:OH, and DTBT:NOs molecular systems. The symbol v denotes stretching, vs — sym-
metric stretching, 8 — in-plane bending, 6 — scissoring, p — rocking, ( — deformations, © — thiophene ring,
and ¢ — benzothiadiazole ring. PED represents potential energy distribution.

Calculated wavenumbers [cm ™|

Assignment

DTBT | DTBT:F | DTBT:Cl | DTBT:CH3

DTBT:OCHs

DTBT:OH | DTBT:NO, | (PED [%])

1584 1585 1583 1584

1585

1585 1579 v C-C (29),

By C-H (10)

1534 1532 1534 1530

1541

(

1536 1537 vp C-N (17),
pp C-H (11)
v C=C (13
¢ C-Hs (16),
v C-0 (10),

B O-H (12)

)7

1512

vO C=C (13),
¢ C-Hs (14)

1487 1490

1483

1480 vO C-C (13),
v® C=C (10),

36 C-H (10)

1422 1416 1413 1414

1420

1430 1420 vO C-C (17),

vO C=C (17)

1494 vO C-C (13),
v C-C (22),

v C-N (38)

1384 1377 1373 1375

1381

1387 1377 v CC (16),
v C=C (18),
ve C-N (11),

I/SNOQ (31)

1347 1347 1346 1346

1346

1348 1348 v C-N (28),

dp C-H (11)

1269 1267

1292

1276 1260 BeC-H (52)

1146 1147 1147 1146

1146

1146 1148 5o C-H (11)

56 C-H (23)

1083 1065 1099 1086

value of 5.1651 D (5.1651 Debye) compared to that
of all the other investigated systems, which leads
to a high degree of first-order hyperpolarizability of
the DTBT:NO; system.

3.3. Raman spectral analysis

Raman spectral analysis using DFT calcula-
tions is potentially important as a low-cost tool
for the functional group analysis of drugs, bioac-
tive molecules, and NLO materials [27]. In or-
der to investigate the intramolecular interaction
between DTBT and its substitutions a DFT
simulated Raman spectra of DTBT, DTBT:F,
DTBT:Cl, DTBT:CHs, DTBT:OCHj3, DTBT:OH,
and DTBT:NO; molecular systems obtained us-
ing B3LYP/6-3114+G(d,p) are shown in Fig. 7.
The Raman spectra of the DTBT molecular sys-
tem obtained using CAM-B3LYP/6-3114+G(d, p)

1077
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1067 1065 50 C-H (43)

(see Fig. 8) show a similar agreement as the DTBT
obtained using B3LYP. The calculated vibrational
wavenumbers and their corresponding assignments
are listed in Table IX. In the DTBT molecule,
a strong peak was calculated at 1564 cm ™!, which
is due to the C—C and C=C stretching of bithio-
phene [28]. Significantly, a very weak vibrational
mode was calculated at 1480 cm™! in the DTBT
molecule. This vibrational mode arises from the
broad C—C and C=C stretching of bithiophenes and
benzothiadiazole [29].

The substitution peak position of DTBT:F
was observed to be at 1585, 1591, 1620,
1648, 1676, and 1597 cm~! for the DTBT:F,
DTBT:Cl, DTBT:CHs, DTBT:OCH;3, DTBT:OH,
and DTBT:NO; molecular systems, respectively.
The peak identified at 1585, 1591, and 1597 cm™!
for F, Cl, and NOg, respectively, can be attributed
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Fig. 7. The Raman spectra of (a) DTBT,

(b)DTBT:F, (¢) DTBT:Cl, (d)DTBT:CHgs, (e)
DTBT:OCHs, (f) DTBT:OH and (g) DTBT:NO.
molecular systems, simulated using B3LYP/6-
311+G(d, p).
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Fig. 8. The Raman spectra of DTBT molec-
ular systems, simulated using CAM-B3LYP/6-
311+G(d, p).

to the coupled vibrations of the C-H symmet-
ric wagging of the benzothiadiazole ring and C-H
asymmetric wagging of thiophene rings. In the case
of benzothiadiazole and the electron-withdrawing
NOs, the symmetric stretching appears. Hence the
completely symmetric vibrational modes indicating
redshift with the heteroaromatic structure, where
the charge transfer takes place from the D—A unit
to the substituents (intramolecular CT), resulting
in softening of the bithienyl molecule. The peak
was identified at 1620, 1648, and 1676 cm~! for
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CHj3, OCHjs, and OH substitution, respectively. The
symmetric CHj stretching confirms the intermolec-
ular CT correlated with FMO. The (C=0) stretch-
ing of the OCHjs group provides a partial het-
eroaromatic/heteroquinoniod structure (partial in-
ter/intramolecular CT) character. Raman analysis
of O—H stretching in a single water molecule gives
the result of 3150 cm™~!.

It is carefully studied, as C-O stretching and
O-H bending modes are dependent vibrational
modes [30], and they are coupled with the adjacent
C—C and C=C stretching of the D—A unit, confirm-
ing higher intermolecular and higher intramolecu-
lar CT character [31]. Moreover, small peaks are
calculated at 1422, 1416, 1413, 1414, 1420, 1430
and 1420 cm~! and 1384, 1377, 1373, 1375, 1381,
1387 and 1377 cm~! for the DTBT, DTBT:F,
DTBT:Cl, DTBT:CH3, DTBT:OCH3, DTBT:OH,
and DTBT:NO; molecular systems, respectively.
These vibrational modes correspond to the C-C
stretching of dithiophene. The excitation takes
place from the low lying excited state (S7) to the
ground state (Sp) and gives the original vibrational
state of the system under optical excitation [32].

3.4. FMOs analysis

The highest occupied molecular orbital energy
(HOMO) defines the ability of electron giving,
and the lowest unoccupied molecular orbital en-
ergy (LUMO) characterizes its ability of electron-
accepting [33]. A molecule with a small HOMO-
LUMO energy gap is usually related to low kinetic
stability and high chemical reactivity and is also
called a soft molecule [34]. To improve the perfor-
mance of optoelectronic devices, m-conjugated ma-
terials with chemical modifications play a crucial
role in fine-tuning the HOMO-LUMO energy gap.
This, in turn, also fine-tunes the electro—optical
properties of the molecular system [35].

In FMO diagram red color indicates a posi-
tive phase, and the green color indicates a neg-
ative phase. The FMOs of the DTBT, DTBT:F,
DTBT:Cl, DTBT:CH3, DTBT:OCHj3, DTBT:OH,
and DTBT:NO; molecular systems are shown
in Fig. 9. The FMOs of the DTBT molecule show
the delocalization of electrons due to the overlap-
ping orbitals of C-C and C=C atoms, leading to
an increase in the HOMO level and a decrease in
the LUMO level resulting in a low energy gap AE
value of 2.74 eV (see Figs. 9 and 10).

The FMOs of DTBT calculated using CAM-
B3LYP are shown in Fig. 10. The result of the
FMO of DTBT is in good agreement with B3LYP
and CAM-B3LYP. The HOMO value of OCHs,
OH, and CHj substituted molecules have a larger
contribution to the D—A unit, and the LUMO
value of F, Cl, OH, and NOy have a smaller con-
tribution to the D—A unit. On the other hand,
the electron density LUMO refers to almost all
the substituents F, Cl, and the oxygen atom
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Fig. 9.

The FMOs of (a) DTBT, (b) DTBT:F,(c) DTBT:CI, (d) DTBT:CHs, (¢) DTBT:0CHs,(f) DTBT:OH

and (g) DTBT:NO; molecular systems, obtained using B3LYP/6-311+G(d, p).

of OCHsz, OH, and NO; groups and their neg-
ligible contribution to CHs, as a strong donat-
ing tendency of D—A unit to the substituents as
acceptors is expected. In the case of substituted
molecular systems, the energy gap values were cal-
culated as 2.74, 2.67, 2.44, 2.65, 2.42, 2.20, and
2.27 eV for the molecular systems DTBT, DTBT:F,
DTBT:CHj3, DTBT:CIl, DTBT:OCH3, DTBT:NO,,
and DTBT:OH, respectively. The calculated smaller
energy gap value of the investigated molecular sys-
tems is more favorable for the electronic transi-
tion, and also indicates the higher charge carrier
mobility in the investigated systems as compared
to the parent DTBT molecule [36]. The reduction
in energy gap 2.27 eV along with enhancement
of HOMO value 6.69 eV in the gas phase indi-
cates that DTBT:NO, has higher first-order hyper-
polarizability [26].
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Fig. 10. The FMOs of DTBT molecular systems,
obtained using CAM-B3LYP/6-311+G(d, p).
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TABLE X

The ionization potential, electron affinity and reorganization energy of electron and hole for the DTBT, DTBT:F,
DTBT:Cl, DTBT:CHs, DTBT:OCHgs, DTBT:OH, and DTBT:NO2 molecular systems, calculated using B3LYP /6-
311+G(d, p) for singlet state (Es). The symbol E; denotes energy gap; IP, — vertical ionization energy; IP, —
adiabatic ionization energy; HEP-hole extraction potentials; EA, — vertical electron affinity; EA, — adiabatic
electron affinity; and EEP — electron extraction potentials.

HOMO LUMO E, 1P, 1P, HEP EA, EA, EEP Ah Ae
Compound

[eV] [eV] [eV] | [eV] | [eV] | [eV] | [eV] | [eV] | [eV] | [eV] | [eV]
DTBT 5.35 2.61 2.74 5.82 6.62 5.58 1.88 1.22 2.13 0.24 0.25
DTBT:F 5.40 2.73 2.67 5.91 6.56 5.73 1.92 1.35 2.15 0.17 0.23
DTBT:CI1 5.77 3.33 2.44 6.96 6.71 6.79 1.77 1.54 2.01 0.17 0.24
DTBT:CHs 5.14 2.49 2.65 5.59 6.34 5.33 1.73 1.15 2.00 0.26 0.27
DTBT:OCHs 4.75 2.33 2.42 5.31 5.88 5.09 1.31 1.01 1.54 0.22 0.23
DTBT:OH 4.95 2.75 2.20 6.09 6.32 5.99 1.29 1.17 1.43 0.09 0.14
DTBT:NO 6.69 4.22 2.27 7.81 7.60 7.62 2.62 2.57 2.84 0.19 0.22

3.5. Ionization potential, electron affinity
and re-organization energy

In general, the p-type organic semiconductors
have lower ionization potential (IP) values, which
allows the hole injection ability from the anode
to the hole transport layer (HTL). Conversely, the
n-type organic semiconductors have a higher elec-
tron affinity (EA) value, which allows the elec-
tron injection ability from the cathode to the elec-
tron transport layer (ETL). To check the hole and
electron injection ability of the investigated sys-
tems, the HTL anode material indium tin oxide
(ITO) with work function of 4.7 eV and the cath-
ode bilayer material (Al/LiF) with work function
of 3.1 eV are taken as in [37, 38|. In general,
the energy difference between the work function of
ITO 4.7 ¢V and the HOMO of HTML should be
small for better hole injection. In the present case
(Table X), the energy difference between work func-
tion of ITO 4.7 eV and HOMO of DTBT, DTBT:F,
DTBT:Cl, DTBT:CH3, DTBT:OCHj3, DTBT:OH,
and DTBT:NOgy molecular systems are calculated
as 0.65, 0.7, 1.07, 0.44, 0.05, 0.25, and 1.99 eV, re-
spectively.

The vertical ionization energy (IP,) values of
the investigated systems are calculated in the
singlet state (see Table X) as in the order
of DTBT:OCH; < DTBT:CH; < DTBT:F <
DTBT:Cl < DTBT:OH < DTBT:NO,, which also
clearly indicates that the strongly interacting oxy-
gen atom of DTBT:OCHj3 system can donate elec-
trons to the D—A unit, resulting in an increase in
the m-electron density in the D—A unit. Hence sub-
stitution of OCHj3 has a higher ability of electron
injection to the D—A unit compared with all other
investigated systems. The methoxy substitution on
benzo[2,3-b|thiopene decreases the hole injection
barrier to 6.84 €V and illuminating the methoxy
group on 4,7-di-(2-thienyl)-2,1,3-benzothiadiazole
further decreases it further, to 5.31 eV and
less [15].

In addition, the calculated vertical electron affin-
ity (EAy) values of the investigated systems in
the singlet state are given in Table X in the or-
der of DTBT:NO, > DTBT:F > DTBT:Cl >
DTBT:CH; > DTBT:OCH3 > DTBT:OH. These
values indicate that strongly influencing oxygen
atom of NOg substitution on the DTBT molecule
withdraws the electrons from the D—A unit, re-
sulting in a decrease in the m-electron density in
the D—A unit. Hence, substitution of NOs has the
higher hole injection ability in the D—A unit com-
pared with all other investigated systems. The ni-
tro substitution on benzo[2,3-b]thiopene increases
the electron injection barrier to 2.02 €V and illumi-
nating the nitro group on 4,7-di-(2-thienyl)-2,1,3-
benzothiadiazole increases it further, to 2.62 eV and
more [15].

The increase in the adiabatic ionization energy
(IP,) values of the molecules in the triplet state
for NOy > Cl > F shown in Table X, reveals the
ability of these groups to have the withdrawing
effect. The decrease in adiabatic electron affinity
(EA,) values of the molecules in the triplet state
for OH < OCHj shown in Table XI, reveals the
ability of these groups to have the donating effect.
The results of DTBT and its substituents in a sin-
glet state (E;) are in good agreement with a triplet
state (E:), as listed in Tables X and XI. Most im-
portantly, the triplet formation produces a higher
driving voltage (0.25 to 0.27 eV) for the parent
DTBT molecule compared to the singlet state (0.24
to 0.25 e€V). It can be seen in Tables X and XI
that the parent molecule DTBT and DTBT:CHgy
has the highest driving voltage compared to the
other substituents in (Es) and (Ey) states. It is cor-
related with Raman analysis and FMO evidencing
intermolecular CT.

In general, the deformation geometry of the
molecule and the transportability of charge carriers
in organic molecules influence the reorganization en-
ergy. The reorganization energy of electron and hole
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TABLE XI

The ionization potential, electron affinity and reorganization energy of electron and hole for the DTBT, DTBT:F,
DTBT:CI, DTBT:CH3z, DTBT:OCHjs, DTBT:OH, and DTBT:NO; molecular systems, calculated using B3LYP/6-
3114+-G(d, p) for triplet state (ET). The symbol Es; denotes energy gap; IP, — vertical ionization energy; IP, —
adiabatic ionization energy; HEP-hole extraction potentials; EA, — vertical electron affinity; EA, — adiabatic
electron affinity; and EEP — electron extraction potentials.

Compound HOMO LUMO E; 1P, 1P, HEP EA, EA, EEP An Ae

[eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV]
DTBT 5.27 2.43 2.84 5.93 6.63 5.68 1.99 1.25 2.26 0.25 0.27
DTBT:F 5.39 2.65 2.74 5.81 6.74 5.63 1.95 1.38 2.16 0.18 0.21
DTBT:CI 5.64 3.12 2.52 6.98 6.82 6.79 1.78 1.62 2.01 0.19 0.23
DTBT:CHs 5.18 2.52 2.66 5.55 6.45 5.29 1.76 1.15 2.01 0.26 0.25
DTBT:OCHs 4.87 2.30 2.57 5.62 5.81 5.40 1.39 1.05 1.10 0.22 0.29
DTBT:OH 4.98 2.65 2.33 6.05 6.22 5.98 1.22 1.14 1.34 0.07 0.12
DTBT:NO2 6.50 4.15 2.35 7.72 7.52 7.54 2.43 2.52 2.64 0.18 0.21

in the DTBT, DTBT:F, DTBT:Cl, DTBT:CHsg,
DTBT:OCHj3, DTBT:OH, and DTBT:NO, molecu-
lar systems are computed by DFT/B3LYP method
with 6-311+G(d,p) basis set. The inter and in-
tramolecular transfer of hole and electron can be
represented as

An = Ap + Ao =
[E7(Qu) = E°(@n) |+ [ F"(Q0) — E*(@Q0)] =
IP, — HEP, (1)
Xe=A_ — X =

0 (@Qn) = B°(@Qu)| = [ B"(Q0) - E°(Q.)| =

EEP — EA,, (2)

where E°"(Q,,) and E'°"(Q.) are the energy of the
neutral and charged molecule in the cationic and
anionic geometry, respectively. In the ground state,

their respective energies are denoted as E°Q,)
and E°(Q.).

According to the Marcus theory, it is noted that
a higher charge transfer takes place when the A
value becomes smaller. The computed A, and e
values of di-thienyl benzothiadiazole are equiva-
lent to di-thienyl benzothiazole (A, = 0.24 eV and
Ae = 0.25 €V) [7]. The computed A, and A, val-
ues have shown that the hole reorganization energy
is smaller than the electron reorganization energy.
This confirms that the hole transport rate of the
molecule has increased after the addition of sub-
stituents. The DTBT:F, DTBT:Cl, and DTBT:NO,
molecular systems have higher hole transportabil-
ity. Significantly, the DTBT:OH molecular system
has both higher hole and electron transportability.
Hence, these molecules can be used as potent hole
transport materials compared to the substitution ef-
fect of F, Cl, CH3z, OCHj3, OH, and NOs at various
positions on benzo[2,3-b|thiopene [15].

3.6. Natural bond orbital analysis

Natural bond orbital (NBO) analysis is a promi-
nent method to identify conjugative interactions
quantitatively. It also elucidates the donor—acceptor
interactions between electron donor orbital and
electron acceptor orbital from second-order micro
disturbance theory. The occupied Lewis-type (bond
or lone pair) and unoccupied non-Lewis-type
(anti-bonding) natural bond orbitals undergo delo-
calization of m-electron density in the conjugated
core of the molecule corresponding to stabilizing
donor—acceptor interactions [39]. The stabilization
energy was calculated as
F (i, j)*

E(Q)ZAEU:ql P .
g J

(3)

In the present case, the calculated stabiliza-
tion energy E(2) values associated with the de-
localization of each donor (i) to acceptor (j)
of the DTBT, DTBT:F, DTBT:CI, DTBT:CHs,
DTBT:OCH3, DTBT:OH, and DTBT:NO5 molec-
ular systems were listed in Table XII. Higher sta-
bilization energy values of the DTBT, DTBT:F,
DTBT:Cl, DTBT:CH3, DTBT:OCHj3, DTBT:OH,
and DTBT:NOy molecular systems were calcu-
lated as 25.79, 21.77, 12.05, 5.91, 30.47, 28.03, and
174.84 Kcal/mol, respectively. These values cor-
respond to the transitions of ¢ (C6-C7) — o*
(N3-C4), LP (F15) — o* (C12-C13), LP (Cl15)
— o* (C12-C13), = (C20-H30) — =* (C18-
S19), LP (O15) — o* (C12-C13), LP (O15) —
o* (C12-C13), and LP (0O17) — o* (N15-016).
Calculated higher stabilizing energy values of the
DTBT:0OCH3, DTBT:OH, and DTBT:NO2 molec-
ular systems indicate that these molecular systems
can exhibit higher first-order polarizability values.

In the present NBO analysis, it is found that in
DTBT:OCH3 and DTBT:OH molecular systems,
the lone pairs of the oxygen atom (015), (022)
and (O15), (O21) interact with the antibonding
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TABLE XII

The stabilization energy E(2) values associated with the delocalization of each donor (i) to acceptor (j) of the
DTBT, DTBT:F, DTBT:CIl, DTBT:CHs, DTBT:0OCHs, DTBT:OH, and DTBT:NO2 molecular systems, calcu-
lated using NBO analysis with B3LYP/6-311+G(d, p). ED represent electron density.

Molecule Donor (i) ED (i) Acceptor (j) ED (j) [Kcil(/ilol] ﬁgz_mft(;;
DTBT o (N1-C5) 1.8255 | o (N3-C4) 0.4353 13.74 0.32
o (C6-C7) 17122 | o* (N3-C4) 0.4353 25.79 0.24
o (C8-C9) 1.7121 o (C6-CT) 0.3053 17.89 0.29
o (C12-C13) 1.9868 c* (C10-C11) 0.3348 15.81 0.30
LP (S2) 15045 | o* (N1-C5) 0.4353 19.41 0.25
LP (S2) 15045 | o* (N3-C4) 0.4353 19.41 0.25
LP (S14) 1.9839 | o* (C10-C11) | 0.3348 19.52 0.27
LP (S14) 1.9839 | o* (C12-C13) | 0.2923 21.65 0.27
LP (S19) 1.9839 | o* (C15-C16) | 0.3348 19.52 0.27
LP (S19) 1.9839 o* (C17-C18) 0.2923 21.64 0.27
DTBT:F LP (F15) 1.9519 | = (C12-C13) | 0.0272 5.92 1.01
LP (F15) 1.9519 | «* (C13-S14) | 0.0473 11.67 0.63
LP (F15) 1.9519 | o (C12-C13) | 0.3265 21.77 0.43
LP (F21) 1.9519 " (C18-C19) 0.0272 5.92 1.01
LP (F21) 1.9519 | «* (C19-C20) | 0.0473 11.67 0.63
LP (F21) 1.9519 | o (C17-C18) 0.3265 21.77 0.43
DTBT:CI LP (Cl15) 1.9924 | = (C12-C13) | 0.0242 2.74 0.91
LP (CI15) 1.9924 | = (C13-S14) | 0.4560 7.29 0.46
LP (Cl15) 1.9924 o* (C12-C13) 0.3124 12.05 0.32
LP (CI21) 1.9924 | 7* (C18-C19) | 0.0242 2.74 0.91
LP (CI21) 1.9924 | «* (C15-520) | 0.4560 7.29 0.46
LP (Cl21) 1.9924 | o* (C18-C19) | 0.3124 12.05 0.32
DTBT:CHs m (C20-H28) 1.9808 7 (C17-C18) 0.0211 2.04 1.11
r(C20-H29) | 1.9808 | = (C17-C18) | 0.0211 2.04 111
m (C20-H30) 1.9834 7" (C18-S19) 0.0309 5.91 0.73
m (C21-H31) 1.9808 " (C12-C13) 0.0211 2.04 1.11
m (C21-H32) 1.9808 7 (C12-C13) 0.0211 2.04 1.11
m (C21-H33) 1.9835 " (C13-S14) 0.0309 5.91 0.73
DTBT:OCHs LP (O15) 1.9472 7™ (C13-S14) 0.0525 11.61 0.75
LP (015) 1.9472 o* (C12-C13) 0.3523 30.47 0.34
LP (O15) 1.9472 | 7* (C16-H29) | 0.0186 5.14 0.74
LP (022) 1.9472 | 7 (C20-S21) | 0.0525 11.61 0.75
LP (022) 1.9472 | o* (C19-C20) | 0.3523 30.47 0.34
LP (022) 1.9472 | = (C23-H25) | 0.0186 5.14 0.74
DTBT:OH LP (O15) 1.9636 7" (C13-S14) 0.0505 9.92 0.76
LP (0O15) 1.9636 | o* (C12-C13) | 0.3148 28.03 0.35
LP (O15) 1.9636 m* (C19-S20) 0.0505 9.92 0.76
LP (021) 1.9636 o (C18-C19) 0.3148 28.03 0.35
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TABLE XII cont.

Molecule Donor (i) ED (i) Acceptor (j) ED (j) [chl(/?nol] ig;iﬁ;i
DTBT:NO, | LP (016) | 19998 | =" (C13-N15) | 0.0838 4.32 1.12
LP (016) 1.9998 7" (C13-N15) 0.0838 8.63 0.60
LP (O16) | 1.9998 | =* (N15-O17) | 0.0585 18.75 0.62
LP (O17) | 1.9998 | =* (C13-N15) | 0.0838 3.93 1.12
LP (O17) 1.9998 m* (C13-N15) 0.0838 10.03 0.59
LP (0O17) 1.9998 7" (N15-016) 0.0585 17.81 0.61
LP (O17) | 1.9998 | o¢* (N15-O16) | 0.6969 174.84 0.11
LP (024) | 1.9825 | =* (C21-N23) | 0.0838 4.38 1.12
LP (024) | 1.9825 | = (C21-N23) | 0.0838 8.63 0.60
LP (024) 1.9825 " (N23-025) 0.0585 18.75 0.62
LP (025) | 1.9829 | =* (C21-N23) | 0.0838 3.93 1.12
LP (025) | 1.9829 | =* (C21-N23) | 0.0838 10.03 0.59
LP (025) | 1.9829 | «* (N23-024) | 0.0589 17.81 0.61
LP (025) 1.9829 o* (N23-024) 0.6969 174.84 0.11
TABLE XIII

The stabilization energy E/(2) values associated with the delocalization of each donor (i) to acceptor (j) of the
DTBT, DTBT:F, DTBT:Cl, DTBT:CHs, DTBT:OCH3, DTBT:OH, and DTBT:NO> molecular systems, calcu-
lated using NBO analysis with CAM-B3LYP/6-3114+-G(d, p).

Molecule Donor (i) ED (i) Acceptor (j) ED (j) [ch;l(/zrilol] i?ﬁ_uﬁt(;;
DTBT o (N1-C5) 1.8255 0" (N3-C4) 0.4445 12.84 0.32
o (C6-C7) 1.7122 o* (N3-C4) 0.4256 23.62 0.24
o (C8-C9) 1.7121 o (C6-CT) 0.3053 17.89 0.28
o (C12-C13) 1.9868 o* (C10-C11) 0.3328 15481 0.20
LP (S2) 1.5045 o* (N1-C5) 0.4363 17.41 0.25
LP (S2) 1.5045 o* (N3-C4) 0.4253 14.41 0.25
LP (S14) 1.9839 o* (C10-C11) 0.3448 19.52 0.21
LP (S14) 1.9839 o (N1-C5) 0.2429 20.65 0.23
LP (S19) 1.9839 o* (N3-C4) 0.2348 19.52 0.27
LP (S19) 1.9839 o* (C10-C11) 0.2823 21.64 0.27

orbitals of the atoms in the D—A unit, establishing
a strong inter- and intramolecular interactions with
the increase in hyperpolarizability. In the molecu-
lar system, DTBT:NOs molecular, the lone pair of
nitrogen atoms (N15) and (N23) interacts with di-
substituted antibonding orbitals of the oxygen atom
(016) and (024) to establish strong intramolecular
interactions, which lead to a high degree of first-
order hyperpolarizability. Hence, these molecular
systems can be useful for designing novel NLO ma-
terials. The result of DTBT is in good agreement
with BSLYP/CAM-B3LYP listed in Table XIII.
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3.7. Natural population analysis

The charge transfer between the D—A unit and
substituted groups of the DTBT molecule was
studied using atomic charges, which were calcu-
lated using the natural population analysis (NPA).
The NPA charge values of the DTBT molecule
calculated using B3LYP are listed in Table XIV
and are in good agreement with those obtained
with CAM-B3LYP, listed in Table XV. The cal-
culated NPA charge values of the carbon atoms
vary from —0.0868 to 0.1951, those of the hydrogen
atoms — from 0.2419 to 0.5033, and those of the
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TABLE XIV

NPA charge values of the DTBT molecule, calculated
using B3LYP/6-311+G(d, p).

Atoms NPA Atoms NPA Atoms NPA

charges charges charges
N1 —0.5599 | C10 | —0.1807 | S19 0.2815
S2 0.7133 Cl11 | —0.2197 | H20 0.2419
N3 —0.5599 | C12 | —0.3552 | H21 0.2419
C4 0.1738 C13 0.1951 H22 0.2758
C5 0.1738 S14 0.2815 H23 0.2577
C6 —0.0869 | C15 | —0.1806 | H24 0.5033
C7 —0.2060 | C16 | —0.2197 | H25 0.2757
C8 —0.2060 | C17 | —0.3552 | H26 0.2577
C9 —0.0868 | C18 0.1951 H27 0.5033

TABLE XV

NPA charge values of the DTBT molecule, calculated
using CAM-B3LYP/6-311+G(d, p).

Atoms NPA Atoms NPA Atoms NPA

charges charges charges
N1 —0.5569 | C10 | —0.1827 | S19 0.2615
S2 0.6133 Cl11 —0.2127 H20 0.2349
N3 —0.5599 C12 —0.3554 H21 0.2419
C4 0.1738 C13 0.1951 H22 0.2758
C5 0.1721 S14 0.2816 H23 0.2577
C6 —0.0869 | C15 | —0.1807 | H24 0.4033
Cr7 —0.1060 | C16 | —0.2197 | H25 0.2757
C8 —0.2060 | C17 | —0.3552 | H26 0.2578
C9 —0.0868 | C18 0.1951 H27 0.5034

sulphur atoms — from 0.2815 to 0.7133. Signifi-
cantly, a higher positive charge value of the DTBT
molecule is predicted for the atom S2 (0.7133), and
a higher negative charge value of the molecule was
obtained for the atoms N1 and N3 (—0.5599). The
sulphur atoms of the DTBT molecule lose electrons,
which makes atoms N1 and N3 more electronega-
tive. In addition, the carbon atoms have both pos-
itive and negative charge values, and notably, the
electronegativity of the carbon atoms has fewer
values compared to that of nitrogen atoms of the
DTBT molecule.

Moreover, the calculated NPA charges of the
D-A ring and substituent group in the DTBT:F,
DTBT:Cl, DTBT:CH3, DTBT:OCHj3, DTBT:OH,
and DTBT:NO:; molecular systems were listed
in Table XVI. It is interesting to note that next
to DTBT:NO3, the highest NPA charge value was
predicted for the DTBT:F and DTBT:Cl molecules,
which is due to the charge transfer from the D-A
unit to the substituted groups. Moreover, doping
of halogen atoms enhances the electron charge car-
rier mobility from the D—A unit to the substituted
groups, which also presents that the substituted F
and Cl groups can withdraw the electrons easily
from the D—A unit [40].

458

4. NLO analysis

In the case of m-conjugated molecules, they ex-
hibit an asymmetric polarization effect that cre-
ates an induced dipole moment by mixing electron
donor and electron acceptor groups. Therefore -
conjugated molecules are potential candidates for
NLO applications. The electric dipole moment ()
and first-order hyperpolarizability (5) values were
calculated based on the finite field approach. The
first-order hyperpolarizability is a third-rank ten-
sor, which can be described by a 3D matrix and can
be reduced to 10 components due to the Kleinman
symmetry in a lower tetrahedral format [41].

The total static dipole moment (por) and the
mean first-order hyperpolarizability 8 using the z,
y, and z components are defined accordingly:

e dipole moment
1/2

pior = (2 + py +12)"", (4)

e first-order hyperpolarizability

B=(3+62+6)" (5)
where

ﬁy = (ﬁyyy + ﬁyzz + Byzm)v

Bz = (ﬂzzz + 52?517 + 5zyy) (6)
Thus,
B: [(ﬁwza: + 5zyy + Ba:zz)2+(ﬂyyy + ﬁyzz + Bywz)2

971/2
+(/Bzzz + Bza::r + ﬁzyy) :| . (7)

The calculated values of u and § for the DTBT,
DTBT:F, DTBT:Cl, DTBT:CH3, DTBT:0OCHs;,
DTBT:OH, and DTBT:NO5 molecular systems are
listed in Table XVII. The dipole moment and first-
order hyperpolarizability values of urea, respec-
tively, 1.3793 D and 3.734 x 1073! esu, were calcu-
lated using the B3LYP method with 6-311G(d, p)
basis set [42]. The dipole moment values of

TABLE XVI

NPA charge values of the D—A ring and substituent
group in the DTBT:F, DTBT:Cl, DTBT:CHs,
DTBT:OCH3,DTBT:OH, and DTBT:NO molecular
systems, calculated using B3LYP/6-311+G(d, p).

Molecules D-A ring®® SUbStltuf nt
group
DTBT:F 0.097 —0.288
DTBT:CI 0.081 —0.286
DTBT:CHs —0.194 0.013
DTBT:OCH3 —0.148 —0.098
DTBT:OH +0.198 +0.252
DTBT:NO2 0.098 —0.291

@overall charges of D—A unit, ’electric charges
expressed in terms of elementary charge (e).
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TABLE XVII

The dipole moment () and first-order hyperpolarizability (8) values of the DTBT, DTBT:F, DTBT:C],
DTBT:CHs, DTBT:0CH3, DTBT:OH, and DTBT:NO: molecular systems, calculated using B3LYP/6-

311+G(d, p).
NLO
DTBT | DTBT:F | DTBT:Cl | DTBT:CH; | DTBT:OCH; | DTBT:OH | DTBT:NO,
parameters
L 0.001 —0.001 —0.001 0.000 0.000 —0.001 —0.000
Ly —0.135 1.105 1.515 —0.641 —3.561 —2.947 5.165
[z 0.006 0.001 0.001 0.000 0.001 0.000 —0.001
ot 0.135 1.105 1.515 0.641 3.561 2.947 5.165
Buaz —0.008 | —0.003 —0.000 0.000 —0.000 —0.012 —0.008
Beay —15.157 | 59.619 71.194 —35.287 —155.981 —115.367 252.934
Bayy 0.003 —0.000 —0.001 0.000 0.000 —0.007 —0.001
Byyy 16.199 —2.043 14.272 16.115 —34.449 —40.452 49.109
Beez 0.041 0.018 0.012 0.006 0.069 —-0.014 —0.036
Bry- —3.103 0.001 —0.011 —0.002 —0.044 —0.053 —0.012
Byy= 0.002 —0.001 0.003 0.002 0.009 —0.029 —0.002
Bz 0.001 0.000 —0.002 0.000 0.000 —0.001 —0.000
Byz= 7.429 —3.999 —0.687 3.325 —3.129 —0.089 —9.787
Bz —0.049 | —0.006 —0.000 0.001 0.007 —0.007 0.001
Bros (x10731) | 0.731 0.146 7.324 1.369 137.672 13.469 292.256

TABLE XVIII

The dipole moment (p) and first-order hyperpolar-
izability (8) values of the DTBT molecular systems,
calculated using CAM-B3LYP/6-3114+G(d, p).

NLO DTBT NLO DTBT
parameters parameters
U 0.021 Braa —0.007
Uy —0.125 Baay —15.157
[z 0.002 Bayy 0.103
Lot 0.127 Byyy 16.198
Braz 0.041
By —-3.113
Byy= 0.012
Bezz 0.011
Byzz 6.327
Bazz —0.049
Brot (><10*31) 0.639

the DTBT:0CH3;, DTBT:0OH, and DTBT:NOq
molecular systems are calculated as 3.561, 2.947,
and 5.165 D, which are 2.581, 2.136, and 3.744
times greater than urea, respectively. In addi-
tion, first-order hyperpolarizability values of the
DTBT:OCHs, DTBT:OH, and DTBT:NO2 molec-
ular systems were calculated as 137.672 x 10731,
13.469 x 103!, and 292.256 x 1073! esu, which are
36.870, 3.6.07, and 78.268 times greater than urea,
respectively. Higher mu and § values were predicted
for the DTBT:NO5 molecule compared to that of all
other investigated systems. Hence, the DTBT sub-
stituted molecules can be useful for future studies

of NLO properties. The result of DTBT is in good
agreement with those obtained with B3LYP/CAM-
B3LYP listed in Table XVIII.

5. Conclusion

The molecular geometry and charge transfer
analysis were investigated for the molecular sys-
tems DTBT, DTBT:F, DTBT:Cl, DTBT:CHs;,
DTBT:OCHj3, DTBT:OH, and DTBT:NO5. The vi-
brational properties of the investigated molecular
systems, predicted using Raman spectral analysis,
prove red shift pointing out the charge transfer upon
substitutions.

The UV-Visible absorption and emission spectra
of the investigated molecular systems validate the
charge transfer from the D—A unit to the substi-
tuted groups. The frontier molecular orbital anal-
ysis confirms that the energy gap value of sub-
stituted molecules decreases after the addition of
substituents, which eases the intramolecular charge
transfer from the D-A unit to the substituted
groups except for DTBT:CHjs. The ionization po-
tential, electron affinity, and re-organization en-
ergy analyses indicate that the DTBT:OH molec-
ular system has both higher hole and electron
transportability compared with the parent DTBT
molecule and other substituents. The natural bond
orbital analysis proves higher stabilization energy
for DTBT:0OCH3, DTBT:OH, and DTBT:NOs in-
dicating that these molecular systems exhibit first-
order hyperpolarizability. Hence these materials can
be useful in designing potent NLO materials. The
present study will be useful in the design of novel
hole transport and NLO materials.
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