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A series of CHy, NH, O, and Se substituted 2,1,3-benzothiadiazole derivatives have been de-
signed and investigated computationally to elucidate their potential as organic light-emitting
materials for organic light-emitting diodes. Both ab initio Hartree-Fock and hybrid density
functional methods are used. It is found that adjusting the central aromatic ring by replacing
S by CH,, NH, O, and Se makes it possible to fine-tune the electronic, optical, and charge

transport properties of the pristine molecule.
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I. INTRODUCTION

During the past decades, many studies have focused
on developing efficient and stable organic light-emitting
materials [1—5]. The major method of tailoring the
electronic, optical, and physical properties is through
varying the molecular structures. To design an or-
ganic molecule with a specific application understand-
ing the material structure-property relationship is nec-
essary. Quantum chemical calculations can help provid-
ing structure-property relationships that are useful for
the engineering of materials with improved characteris-
tics.

We have previously taken a single-polymer white
electroluminescent system (polyfluorene as a blue host
and 2,1,3-benzothiadiazole (BTD)-based derivative as
an orange dopant) as model compound to explore its
experimentally observed electronic and spectroscopic
behaviors employing the quantum-chemical calculations
[6(a)]. Furthermore, a series of asymmetric derivatives
were designed [6(b)] by introducing cyclopentadithio-
phene (CPDT) or fluorene to the backbone of 4,7-bis(4-
(N, N-diphenylamino)phenyl)-2,1,3-benzothiadiazole
[7, 8. In this continuous investigation, {4-[7-(4,4-
dimethyl-4 H-cyclopenta|2,1—b;3,4—b']dithiophen-2-yl)-
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benzo[1,2,5]thiadiazol-4-yl]-phenyl}-diphenyl-amine
(OMC-PT, shown in Fig.1) and its electron-donating
substituted derivatives are presented as potential
candidates for orange dopants [6(b)].

The search for novel materials with promising struc-
tural and optoelectronic properties is still a challenge
for scientists. In this work, on the basis of OMC-PT,
four molecules with the different acceptor unit are cho-
sen as the objects. The group X (shown in Fig.1) in
the BTD core is varied along the same row (CHy, NH,
O) and the same group (O, S, Se). Modification of the
BTD core by replacing S by CHs, NH, O, and Se is
expected to give rise to a new class of organic light-
emitting materials. We applied the ab initio Hartree
Fock (HF), density functional theory (DFT), config-
uration interaction singles (CIS), and time-dependent
DFT (TD-DFT) methods to investigate the electronic,
optical, and charge transport properties of these com-
pounds. We attempt to gain better insights into the
electronic, optical, and charge transport properties of
these compounds to characterize the substituent effects

FIG. 1 Chemical structures of OMC-PT (X= S) and OMC-
PT-X (X=CH,, NH, O, and Se).
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FIG. 2 HOMOs and LUMOs of OMC-PT and OMC-PT-X (X=CH:, NH, O, and Se) calculated at the PBEO0/6-

31G(d)//HF/6-31G(d) level of theory.

on the optoelectronic properties using theoretical tools.

1. COMPUTATIONAL DETAILS

All calculations were performed with the Gaussian
03 package [9]. The methods applied in this work have
been validated in our previous work [6(a)] and will be
used in further analysis of optoelectronic properties in
BTD-based derivatives. Geometry optimizations are
performed for the ground-state (Sg) at the level of HF
[10—12] and for the excited-state (S;) using CIS ap-
proach [13]. Electronic properties are obtained based
on the optimized Sp geometries at the DFT [14] level
by the PBEO [15] hybrid functional. TD-DFT [16—18]
is becoming the ideal method for treating the electronic
absorption and emission spectra of medium to large or-
ganic molecules in recent years. On the basis of the
optimized Sy and S; geometries, the electronic absorp-
tion and emission spectra are calculated using TD-DFT
with PBEO functional, respectively. The above theo-
retical calculations are done with the 6-31G(d) [19—21]
split valence polarized basis set. The reorganization en-
ergies are predicted from the single point energy at the
B3LYP/6-31G(d,p) [19—21] level based on the PBE0/6-
31G(d) optimized neutral, cationic, and anionic geome-
tries.

I1l. RESULTS AND DISCUSSION

A. Electronic property

The analysis of the frontier molecular orbitals, that is,
the highest occupied molecular orbitals (HOMOs) and
the lowest unoccupied orbitals (LUMOs), can provide
much useful information about a molecular reactivity.
The electronic density distribution of the HOMOs and
the LUMOs for OMC-PT and OMC-PT-X (X=CHa,
NH, O, and Se) are depicted in Fig.2. Characteristics
similar to OMC-PT are observed for the HOMO and
LUMO plots of OMC-PT-X (X=CHs, NH, O, and Se).
Their LUMOs mainly localized on substituted BTD,
while their HOMOs mainly localized on triphenylamine
(TPA) and CPDT.

Next we investigate the changes that take place upon
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CHs, NH, O, and Se substitutions, to the frontier molec-
ular orbitals, like the energies of the HOMO (Enomo)
and LUMO (Erumo), HOMO-LUMO energy gap (Ey).
The EFnowmo and Erymo as well as the E, for CHa,
NH, O, and Se substituted BTD-based derivatives based
on OMC-PT are schematically plotted in Fig.3. The
Enomo, FrLumo, and E, of the pristine molecule OMC-
PT in Sy lie at —5.18, —2.13, and 3.05 eV, respectively,
while those in S; lie at —4.78, —2.43, and 2.35 eV, re-
spectively. When S is replaced by CHs in BTD unit, the
HOMO energy level is only slightly upshifted (—5.12 eV
for Sp and —4.71 eV for S1) whereas the LUMO energy
level is downshifted (—2.32 eV for Sp and —2.60 eV for
S1) with the overall result of a smaller £, (2.80 eV
for Sg and 2.11 eV for S;). When S is replaced by
NH in BTD unit, the HOMO (—5.09 ¢V for Sy and
—4.68 eV for S1) and the LUMO (—1.57 eV for Sy and
—1.94 eV for S;) energy levels are both upshifted, the
more upshifted being the LUMO. A significant increas-
ing E, (3.52 eV for Sy and 2.74 eV for S1) is obtained in
contrast to OMC-PT. From Fig.2 and Fig.3 it is noted
that, substituents CHy, and NH participate in their LU-
MOs, which could pronouncedly influence their Er,ymo,
while their HOMOs shows that no contribution from
substituents CHy and NH, thus Fgowmo have no no-
table changes. On the other hand, O/Se substitution
has only a minor effect on the Fyomo (—5.24 eV for S
and —4.85 eV for S; in OMC-PT-O/ —5.16 eV for Sy
and —4.75 eV for S; in OMC-PT-Se), Frumo (—2.13
eV for Sy and —2.44 eV for S; in OMC-PT-O/—-2.21 eV
for Sop and —2.49 eV for S; in OMC-PT-O) and E,
(3.11 eV for Sy and 2.41 €V for S; in OMC-PT-0/2.95
eV for Sp and 2.26 eV for S; in OMC-PT-Se), which
is ascribed to O, Se and S atoms belong to the same
main group. Consequently, the affection of CHs, NH,
O, and Se substitutions towards the changing rate of
E, increases in the order: OMC-PT-CH,;<OMC-PT-
Se<OMC-PT<OMC-PT-O<OMC-PT-NH both in Sy
and S;.

B. Optical properties

The absorption and the emission spectra details (the
vertical excitation energy FE,, the maximum absorp-
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TABLE I Optical properties of OMC-PT and OMC-PT-X (X=CHa, NH, O, and Se) computed at the TD-PBE0/6-31G(d)

level.
Absorption property Emission property
E./eV Aabs /NN f E,/eV Aem/NIM f
OMC-PT 2.50 496.4 0.54 1.94 639.4 0.83
OMC-PT-CH» 2.26 548.8 0.61 1.72 720.6 0.79
OMC-PT-NH 2.99 414.7 1.17 2.40 515.7 1.58
OMC-PT-O 2.59 478.7 0.84 2.08 597.1 1.23
OMC-PT-Se 2.39 519.2 0.46 1.82 682.2 0.68
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FIG. 3 Scheme of the frontier molecular orbital levels calcu-
lated at (a) the PBE0/6-31G(d)//HF/6-31G(d) level of the-
ory and (b) the TD-PBE0/6-31G(d)//CIS/6-31G(d) level of
theory.

tion/emission wavelength Aups/Aem and corresponding
oscillator strength f) for OMC-PT and OMC-PT-X
(X=CHay, NH, O, and Se) calculated by TD-DFT are
collected in Table I. With respect to OMC-PT, on CH,
and Se substitutions, A,ps shows red shifted by 52.4 and
22.8 nm, respectively, whereas A,ns of OMC-PT-NH
and OMC-PT-O is blue-shifted by 81.7 and 17.7 nm, re-
spectively. The same observation for Ay, is also found.
Both the A 1,5 and A¢y have the same variation trends
with the decreasing order of OMC-PT-CHy>OMC-PT-
Se>OMC-PT>0OMC-PT-O>0OMC-PT-NH. Our calcu-
lations also show that the Ae,, of OMC-PT-CHs, OMC-
PT-NH, OMC-PT-O, and OMC-PT-Se are located at
the red, green, yellow, and red scope, so they may
be used as red, green, yellow, and red light-emitting
materials, respectively. It must be pointed out that
the smaller E, is, the more obvious the red shift in
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FIG. 4 (a) Absorption spectra and (b) emission spectra of
OMC-PT and OMC-PT-X (X=CH,, NH, O, and Se).

Aabs/Aem 18, and vice versa. Indeed, a remarkable cor-
relation is found between E, and Aabs/Aem (shown in
Fig.3 and Table I). Therefore, the change for Aups/Aem
can be ascribed to the variation of E,. What is very
interesting is that, NH and O substitutions lead to
marginally stronger oscillator strengths of the emission
spectra with respect to OMC-PT, implying these two
compounds could have larger fluorescent intensity and
could be used as efficient green and yellow light-emitting
materials, while in OMC-CHy; and OMC-PT-Se it is
lower than in OMC-PT, suggesting CHs and Se sub-
stitutions have no enhancing effect on the oscillator
strength (shown in Table I and Fig.4).

The TD-DFT results shows that the electron
excitation at the MAjps/Aem 18 characterized as
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TABLE II ¢; and @2 of OMC-PT and OMC-PT-X (X=CHg2, NH, O, and Se) in So (HF/6-31G(d)) and S (CIS/6-31G(d)).

p1/(°) e2/(°)
So S1 So-S1 So S1 So-S1
OMC-PT 44.96 23.62 21.34 25.24 —0.49 25.73
OMC-PT-CH, 40.53 17.29 23.24 7.24 —0.26 7.50
OMC-PT-NH 41.31 21.83 19.48 19.97 —0.25 20.22
OMC-PT-O 39.97 15.55 24.42 13.86 —-0.19 14.05
OMC-PT-Se 45.77 25.15 20.62 25.09 —0.61 25.70
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FIG. 5 HOMOs and LUMOs of OMC-PT and OMC-PT-X (X=CH;, NH, O, and Se) calculated at the TD-PBE0/6-

31G(d)//C1S/6-31G(d) level of theory.

HOMO—LUMO/LUMO—HOMO transition exclu-
sively. The participating orbitals (HOMOs and LU-
MOs, Fig.2 and Fig.5) in the Sy and S; show that,
there are no notable changes in the LUMOs, and the
orbital contribution is still mainly from the central
BTD/substituted BTD as in the case of Sg. The distri-
bution differences in the character of the HOMO com-
paring the Sy and S; are much remarkable. In OMC-
PT and OMC-PT-X (X=CH,, NH, O, and Se), the
contribution from the phenyl ring of BTD/substituted
BTD, the spacer phenyl rings of TPA increase, whereas
the contribution from another two phenyl rings of TPA
decrease. A careful analysis of the optimized S; and
So geometries of the investigated derivatives gives im-
portant information on the dihedral angles ¢; and

o (Fig.1). For OMC-PT, the respective ¢ and @9
values of 23.62° and —0.49° in S; are much smaller
than the corresponding values of 44.96° and 25.24°
in Sg. Similarly, for OMC-PT-X (X=CH,, NH, O,
and Se), the ¢; and @y values in S; are dramati-
cally decreased with respect to the corresponding val-
ues in Sy (shown in Table II). This indicates that
S1 geometries are favored to be more coplanar com-
pared to those in Sy ones. The decreasing dihedral an-
gles may enhance the degree of m-conjugation between
TPA/CPDT and BTD/substituted BTD. As a result,
the HOMOs of OMC-PT and OMC-PT-X (X=CHa,
NH, O, and Se) are mainly localized on the phenyl
ring of BTD/substituted BTD, the spacer phenyl rings
of TPA, and CPDT. Moreover, large Stoke’s shifts of
171.8 nm (OMC-PT-CHs), 101.0 nm (OMC-PT-NH),
118.4 nm (OMC-PT-0O), and 163.0 nm (OMC-PT-Se)
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also occur due to more planar conformations between
TPA/CPDT and substituted BTD in S;. The distri-
bution patterns of the HOMOs and LUMOs present
the charge transfer character in the absorption/emission
transition.

C. Reorganization energy

The effect of the reorganization energy (An/A. for
hole/electron) in the charge transfer process is investi-
gated because the reorganization energy has a dominant
impact on the charge transfer rate. Here, the reorgani-
zation energy is just the internal reorganization energy
of the isolated active organic m-conjugated systems due
to ignoring any environmental relaxation and changes.
Our calculations of the internal reorganization energy
associated with different geometries of two states are
based on the hopping model schematically illustrated in
Fig.6. The internal reorganization energy corresponds
to the sum of geometry relaxation energies upon going
from the neutral state geometry to the charged state
geometry and vice versa. The internal reorganization
energy for hole transfer (\,) can be expressed as fol-
lows:

Ah = Ano + Ang

= (Eg — Eo) + (EL — E4) (1)
Asillustrated in Fig.6, Fy and E represent the energies
of the neutral and cation species in their lowest energy
geometries, respectively, while Ej and E7 represent the
energies of the neutral and cation species with the ge-
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TABLE III Intramolecular reorganization energies (in eV) of OMC-PT and OMC-PT-X (X=CH2, NH, O, and Se) computed
at the B3LYP/6-31G(d,p)//PBE0/6-31G(d) level, which reorganize for hole and electron.

Aho Aht An Aeo Ae— Ae
OMC-PT 0.150 0.119 0.269 0.107 0.233 0.340
OMC-PT-CHs 0.165 0.134 0.299 0.135 0.202 0.337
OMC-PT-NH 0.154 0.124 0.278 0.125 0.236 0.361
OMC-PT-O 0.148 0.112 0.260 0.114 0.241 0.355
OMC-PT-Se 0.160 0.133 0.293 0.105 0.223 0.328

Cation/anion

E, |-& RUVRRRURRRTN S
E oo N,
E, /10 .................. Neutral

FIG. 6 Sketch of the potential energies of neutral and
cation/anion species, illustrating the neutral (A\o) and
cation/anion (A;,_) relaxation energies.

ometries of the cation and neutral species, respectively.
Electron transfer A\, can be expressed as follows:

Ae = Ae0 + Ao
= (Ey — Eo) + (B~ —E_) (2)

The calculated Ay, and A, are listed in Table III.
Theoretically, the calculated Ay of OMC-PT-O is
9 meV lower than that of OMC-PT. It seems that
O substitution decreases the A,. The calculated Ay
values of OMC-PT-CH;, OMC-PT-NH, and OMC-
PT-Se are higher than that of OMC-PT. Thus we
conclude that CHy or NH or Se substitution has no
positive effect on hole transportation. Herein, A, of
OMC-PT-NH and OMC-PT-O are lower than that
of typical hole transport material N,N’-diphenyl-
N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine
(TPD, A\,=0.290 eV) [22], indicating their good hole
transportation ability. The lower A value is, the higher
the charge-carrier transport rate is. The data show
that Ap values are all smaller than their respective
Ae, suggesting that the carrier mobility of the hole
is larger than that of the electron for OMC-PT and
OMC-PT-X (X=CHs, NH, O, and Se) derivatives. It
suggests that OMC-PT and OMC-PT-X (X=CH,,
NH, O, and Se) derivatives could be used as hole
transport materials in the OLEDs from the stand point
of its smaller reorganization energy. Furthermore, the
difference between A, and )\, for OMC-PT-CH, and
OMC-PT-Se is only 0.038 and 0.035 eV, respectively,
suggesting that these two compounds have better hole
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and electron transporting balance and could function
as ambipolar charge transport materials.

IV. CONCLUSION

We report herein the implementation of a series of
having varied structures to elucidate some of the rela-
tionships that may exist between the molecular struc-
ture and the optoelectronic properties. Comparison
of CHy, NH, O, and Se substituted compounds with
OMC-PT shows that substituents CHy, NH, O, and
Se possess abilities to tune the electronic and op-
tical properties of OMC-PT. The affection of CHs,
NH, O, and Se substitutions towards the changing of
E; increases in the order: OMC-PT-CH;<OMC-PT-
Se<OMC-PT<OMC-PT-O<OMC-PT-NH both in Sy
and S;. Moreover, characteristics similar to OMC-
PT are observed for the HOMO and LUMO plots of
OMC-PT-X (X=CH,, NH, O, and Se). Both the Aups
and A¢;, have the same variation trends with the de-
creasing order of OMC-PT-CHy>OMC-PT-Se>0OMC-
PT>OMC-PT-O>OMC-PT-NH, which is ascribed to
the variation of E,. Also, OMC-PT-CHy, OMC-PT-
NH, OMC-PT-0O, and OMC-PT-Se could function as
red, green, yellow, and red light-emitting materials, re-
spectively. Notably, NH and O substitutions lead to
marginally stronger oscillator strengths of the emission
spectra with respect to OMC-PT, implying these two
compounds could have larger fluorescent intensity and
could be used as efficient light-emitting materials. Fi-
nally, OMC-PT-X (X=CHz, NH, O, and Se) may func-
tion as hole transport materials in the OLEDs on the
basis of low reorganization energies of hole, and OMC-
PT-CHy; and OMC-PT-Se also could function as am-
bipolar charge transport materials. All the results in-
dicate that CHy, NH, O, and Se substitution of S in
BTD core is a rational way toward good organic light-
emitting materials.
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