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The reorganization energy and the spectroscopic properties of 2,6-bis(5'-hexyl-thieno[3,2-b]thiophene-2'-
yl)naphthalene (DH-TNT) and 2,6-bis(5'-hexyl-thieno|[3,2-b]thiophene-2'-yl)anthracene (DH-TAT), which are
composed of an acene unit and alkylated thienothiophene on both sides, as organic materials for display devices
were calculated and the results were compared with experimental values. The lower reorganization energy of
the DH-TAT over the DH-TNT calculated by the density functional theory is attributed to a smaller vibrational
distortion because of the heavier building block of DH-TAT, and it shows a good field effect performance over
the DH-TNT. The calculated spectra and the other spectroscopic characteristic of the compounds are well

consistent with those of observed results.
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Introduction

Conducting organic materials have recently seen much
attention with respect to fabrication of electronic devices.
These materials show conductivity despite their not being a
metal electrically and having no free electrons.

Among organic semiconductor materials, conjugated
organic molecules have been increasingly used as active
materials for optoelectronic devices such as field-effect
transistors (FET's),' light-emitting diodes (LED's),** and
photovoltaic and solar cells.!”!* The devices fabricated using
organic semiconductors are known as organic devices, and
organic thin film transistors (OTFT) are one class of these
devices.'* This transistor is one of the key components for
the switching circuitry in flexible display devices.

These materials used in OTFTs offer advantages of easy
fabrication, mechanical flexibility and low cost. A number
of organic materials including acenes and their derivatives
show useful field-effect transistor performance, which can
be characterized by their carrier mobility and on/off current
ratios. Among the acene-related compounds, pentacene is
the most popular molecule as it shows good carrier (hole)
mobility up to ~5 cm?/Vs, exceeding that of amorphous
silicon transistors.'>’

Recently, many of the organic semiconductors used for the
fabrication of the OTFTs have been derived from thiophene-
based m-conjugated systems, oligothiophene,'®! carbon-
sulfur fused rings,”® acenes,”'*> phthalocyanines,”*** poly-
thiophene,? and polythienylenevinylenes.?® In particular, the
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acene and oligothiophene derivatives represent two of the
most heavily studied series of compounds used in organic
semiconductors.””°

The field-effect mobility of o,m-dihexylsexithiophene,
one of the most widely investigated materials, reaches 0.1
cm?/Vs depending on the material used for the gate insulator
and the fabrication method.*'*? Recently, new acene deriva-
tives that are composed of a naphthalene or anthracene core
unit and alkylated thienothiophene on both sides was
reported.”® The thienothiophene-naphthalene-thienothio-
phene moiety or thienothiophene-anthracene-thienothiophene
moiety in reported molecules, which are composed of fused
aromatics, would be expected to have a suitable HOMO and
solid-state structure for use as a p-channel TFT semicon-
ductor. In addition, it was reported that the barrier to
oxidation could be higher than for pentacene, because the
oxygen addition in these molecules occurs across the central
ring. In the fused aromatics, the hexyl group is introduced on
the o-position of sulfur of thienothiophene for increasing
their capacity for self-assembling into close-packed struc-
tures.

Furthermore, it was reported that a hybrid acene-thiophene
molecule shows good thermal and oxidation stability as well
as good TFT characteristics.*** It was also reported that
TFT characteristics could be increased by replacing bithio-
phene with fused thienothiophene.>*%

In this work, the TFT property of a fused aromatic mole-
cule was studied theoretically. The electronic properties and
TFT characteristics of 2,6-bis(5'-hexyl-thieno[3,2-b]thio-
phene-2"-yl)naphthalene (DH-TNT) and 2,6-bis(5'-hexyl-
thieno[3,2-b]thiophene-2'-yl)anthracene (DH-TAT), which
were synthesized by Kwon and coworkers, were calculated



1214 Bull. Korean Chem. Soc. 2012, Vol. 33, No. 4

s

DH-TNT
S,
1 S
DH-TAT
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and the results were compared with experimental values.*®

Computational Method

Many theoretical characterizations including the charge
transport properties of organic materials for the OTFTs are
well described by Brédas er al** The work was mainly
achieved using the density functional theory (DFT) and
showed the reliability of the DFT to reproduce experimental
findings. The measured hole and electron mobilities of
oligoacene crystals showed a band hopping transition
occurring at about room temperature.

Hopping of a hole or electron can be described as an
electron transfer (ET) reaction from a charged, relaxed unit
to an adjacent neutral unit, and the mobility depends on the
electron transfer rate. The hole transport in the p-type
organic semiconductor materials can be described as a self-
exchange reaction (1).

M"+M >M+M* (1)

Here, M" refers to the molecule in the cationic state, and M
refers to the adjacent molecule in the neutral state. At high
temperatures, the hopping rates for the self-exchange
reactions are given in Eq. (2), according to the semi-classical
Marcus theory.*’
471 o ( 2 )
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Here, A is a reorganization energy that describes the strength
of the hole (electron)-vibration coupling energy of a charge
localized on a single molecule, and it needs to be small for
efficient transport. The electronic coupling term (7) between
two adjacent molecules, often called transfer integral largely
depends upon the orbital overlap between the two, and it
needs to be large for higher mobility.*! The intramolecular
reorganization energy is a purely intrinsic property of a
single molecule, and the energy consists of two terms corre-
sponding to the structural relaxation energies Ax and Ac as
illustrated in Figure 1.

The reorganization energies can be estimated in two ways,
with an adiabatic process using the adiabatic potential
energy surface, shown in Figure 2, and with a normal-mode
analysis. In the former procedure, total adiabatic reorgani-
zation energy (A=AxtAc), is a sum of the relaxation or
reorganization energies given in Egs. (3) and (4),*'*
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Figure 1. Schematic diagram of general adiabatic energy surfaces
corresponding to the ionization process. Q is a normal-mode
displacement and Ay and Ac are relaxation energies described at
Egs. (3) and (4), respectively.

An=En(rel)-Ey (3)
Ac=Ec(rel)-E¢ 4)

where Ex(rel) and Ec(rel) are the energies of the neutral state
in the optimized (relaxed) geometry of a charged molecule
and the energies of a charged state in the optimized geo-
metry of a neutral molecule, respectively. Ex and Ec are the
energies of the neutral state in the optimized geometry of a
neutral molecule and the energies of the charged state in the
optimized geometry of a charged molecule, respectively.

In the latter procedure, the total reorganization energies
can be estimated by summing the contributions of each
vibrational mode based on a harmonic oscillation approxi-
mation:

Ino=TA=13kAQ} 5)

where AQ; represents the displacement along vibrational
coordinate Q; between the geometries of the two states, and
ki is the corresponding force constant.

All quantum mechanical calculations were performed
using the Gaussian 98*° and Gaussian 03*” programs and the
structures and the adiabatic reorganization energies were
evaluated at the DFT of Becke's 3-parameter hybrid method
using the correlation functional of Lee, Yang, and Parr
(B3LYP)*® at the 6-31G(d,p) level. Total adiabatic reorgani-
zation energies were calculated using Egs. (3) and (4), and
the evaluation of reorganization energies represented by Eq.
(5) with normal mode analysis were performed by the
DUSHIN program written by Reimers.*

The time-dependent density functional theory (TD-DFT)*
with a B3LYP functional and 6-31G(d,p) basis set was
applied to evaluated band gaps and absorption spectra. The
ZINDO method™**! was also applied to obtain the absorp-
tion properties of the compounds for the comparison.
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Figure 2. The geometries of neutral (left) and cation (right) for DH-TNT (top) and DH-TAT (bottom). Hydrogen atoms are omitted for

clarity.

Geometry optimizations for excited states geometry were
performed with the HF/CIS method®? with a 3-21G(d) basis
set. Using the optimized geometries for the excited state
geometry, their fluorescence spectra and oscillator strengths
were obtained with the TD-DFT method.>

Results and Discussion

Geometries of neutral and cationic states for DH-TNT and
DH-TAT are shown in Figure 2. The dihedral angle between
naphthalene (or anthracene) and hexylthienothiophene de-
creased from ~27° (or ~28°) at the optimized geometry for
the neutral state to ~0° at the optimized geometry for the
cation state.

The reorganization energy of DH-TNT and DH-TAT were
estimated in two ways: an adiabatic process and a normal-
mode analysis. As shown in Table 1, the reorganization
energy of DH-TAT was smaller than that of DH-TNT. This
supports the experimental results in which the hole mobility
and on/off ratio of DH-TAT were higher than those of DH-
TNT. This is attributed to DH-TAT having a large fused
anthracene unit. A normal mode analysis was also perform-
ed to examine the effect of the vibrational mode on the
reorganization energy.

The partition of the reorganization energies for the hole
transfer in DH-TNT and DH-TAT is given in Tables 2 and 3.
Graphical representations of the partition are also shown in

Table 1. Computed reorganization energies observed hole mobility
(n) and on/off ratio

Computational value Exp erlmintal
value
Molecule Reorganization E (eV) p? on/off
Method” ) .
In Ac Ao (em/Vs)  ratio
DELTNT AP 0.143  0.177 0320 0084 88 x 10°
i NM 0217 0.155 0372 ' '
DH-TAT AP 0.132  0.145 0277 014 63 x 105
i NM  0.177 0.118  0.295 : '

“AP and NM refer to the adiabatic potential surfaces method and normal
mode method, respectively. *Top contact device deposited at T, = 100 °C
(DH-TNT) and Ts= 120 °C (DH-TAT) on 1,1,1,3,3,3-hexamethyldisilazane
(HMDS)-treated SiO». “Values from Ref. 33.

Figure 3.
As the Tables demonstrate, the main contribution of hole
transfer to the reorganization energy comes from the vibra-

Table 2. Vibrational frequencies @ (cm™) and relaxation energies A
(eV) associated with the totally symmetric vibrations of DH-TNT
in neutral and their singly oxidized states”

DH-TNT
neutral cation

a Q lN,m Q Q /1(:,0)

37 -1.485 0.005 16 2.540 0.006

44 -5.698 0.089 26 3.707 0.023

109 -1.552 0.016 85 -0.940 0.005
1476 0.449 0.018 118 -0.916 0.006
1559 0317 0.010 1188 0.357 0.009
1580 0314 0.010 1283 0.261 0.005
1675 -0.262 0.007 1359 -0.253 0.005
1374 0.376 0.012

1498 0.292 0.008

total 0.217 0.155

“The vibrations which correspond to the reorganization energy of 0.005
eV or more are summarized.

Table 3. Vibrational frequencies @ (cm™") and relaxation energies A
(eV) associated with the totally symmetric vibrations of DH-TAT in
neutral and their singly oxidized states”

DH-TAT
neutral cation
9 Q ﬁ-N,w 9 Q AC,(»
15 -2.517 0.006 11 -3.338 0.008
36 4.386 0.043 113 -0.818 0.005
41 3.376 0.029 1222 0.311 0.007
101 1.108 0.008 1435 0.230 0.005
1475 0.371 0.013 1569 -0.358 0.012
1553 0.236 0.005
1580 -0.220 0.005
1595 -0.302 0.009
1671 0.258 0.007
total 0.177 0.118

“The vibrations which correspond to the reorganization energy of 0.005
eV or more are summarized.
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Figure 3. Graphical representation for reorganization energies of
DH-TNT and DH-TAT for electron hopping at vibrational fre-
quencies.

DH-TNT (neutral)

DH-TAT (cation)

Figure 4. Bond length (A) of thienothiophene moiety in DH-TNT
and DH-TAT.

tions at 44 cm™ (in DH-TNT) or 36 cm™ (in DH-TAT)
which make up the torsional mode of vibration along the C-
C bond between the thienothiophene and acene moiety of
the molecule. The vibrational modes at around 1470-1580
cm ' and over 1580-1675 cm™' correspond to nt-bond stretch-
ing of thienothiophene and acenes (naphthalene or anthr-
acene), respectively. Therefore, the contribution of the
vibrational mode to the reorganization energy is divided into
the contribution of the torsional mode and that of the n-bond
stretching. The contribution of the m-bond stretching is
subdivided again into thienothiophene and naphthalene (or
anthracene). The reorganization energies originated from the
vibrational frequencies less than 140 cm™' in DH-TAT were
smaller than those in the DH-TNT. This is due to the fact
that the structure of the DH-TAT has heavier building
blocks, and consequently, lower vibrational frequencies in
the DH-TAT results in lower reorganization energy in that
region. The contribution of the vibrational mode correspond-
ing to the m-bond stretching of the thienothiophene in DH-
TNT is larger than in the DH-TAT, while the contribution
from the aromatic C=C bond in DH-TAT is larger than in the
DH-TNT. The larger contribution from the thienothiophene
in DH-TNT was also confirmed as the geometry changed
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upon ionization to the cationic state as depicted at Figure 4:
the root means square deviation (os) of bond lengths
between two states were 0.018 A and 0.012 A for the DH-
TNT and DH-TAT, respectively.

Next, the photoinduced dynamics of DH-TNT and DH-
TAT were theoretically investigated with quantum chemical
methods to study the excited state properties of DH-TNT
and DH-TAT. In particlar, vertical absorption and fluore-
scence spectra were calculated and compared with the
experimental data. For the excited properties of the vertical
absorption related to the frontier orbital transition from
HOMO to LUMO, the energy levels were investigated
theoretically; furthermore, the energy levels of the HOMO
and LUMO in the vertical absorption were compared with
those in the vertical fluorescence.

With optimized geometries of the ground and excited
states, the differences in the dihedral angle between the
naphthalene (or anthracene) and the hexylthienothiophene
were examined in the processes of photoinduced dynamics.
For DH-TNT and DH-TAT, the dihedral angle of the
optimized geometry for the ground state decreased from
~27° (for DH-TAT) or ~28° (for DH-TNT) to ~0° of the
optimized geometry for the excited state. It is known that
these changes of dihedral angles are a characteristic of an
exciton self-trapping.>*>¢ The similar dihedral angle in DH-
TNT and DH-TAT shows that the steric hindrance between
building blocks is almost the same.

Frontier molecular energy levels, first excitation energies
(band gap), vertical absorption and fluorescence spectra of
DH-TNT and DH-TAT are listed in Table 4. The calculated
TD-DFT absorption spectra of DH-TNT and DH-TAT are

Table 4. The calculated vertical absorption (Ea, eV), fluorescence
frequencies (Er, eV) and their corresponding oscillator strengths
(in the parenthesis) for DH-TNT and DH-TAT

Method DH-TNT DH-TAT
Exptl.¢ 265 241
8.UMO-EHOMO DFT 3.42 2.98
ZINDO 6.13 (3.20) 5.82 (3.09)
ot T s ‘a6
Exptl®  Ea 3.26 2.83
Ex  3.11(1501)  2.69(0.733)
TD-DFT CEOI:;;“ 066 (HoL)  0.65 (HoL)
Absorption Ex 2.90 (1.69) 2.81 (1.53)

0.11 (H-2-L+2)
ZINDO CI main 0.33 (H-1>L+1) -0.30 (H-1—>L+1)

coeff. 0.59 (H->L) 0.59 (H->L)
-0.14 (H->L+2)
Exptl.? Er 2.82 2.67
Fluore-
TD-DFT 2.72 241
scence Er
(ES) (1.95) (1.14)

“Values from Ref. 33.
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Figure 5. Calculated TD-DFT spectra of DH-TNT and DH-TAT.

displayed in Figure 5. All the theoretical results are well
congsistent with the experimental data in tendency. The cal-
culated band gaps or energy gap between the LUMO and
HOMO orbitals of DH-TNT and DH-TAT were qualitatively
consistent with experimental results® i.e., 2.65 eV and 2.41
eV for DH-TNT and DH-TAT, respectively. The vertical
ionization potentials of DH-TNT and DH-TAT obtained by
B3LYP/6-31G(d,p) level were 6.17 eV and 6.00 eV, respec-
tively, which are larger than that of pentacene (5.94 eV).
These results confirm that DH-TNT and DH-TAT have good
oxidative stability compared with that of pentacene. Com-
paring DH-TNT with DH-TAT, the hole mobility of the
latter was higher than that of the former as the conjugation
length of DH-TAT is longer than that of DH-TNT as report-
ed by Kwon and coworkers.*

The absorption peaks of DH-TNT were estimated at 300
nm and 399 nm, and those of DH-TAT were estimated at 328
nm, 348 nm, and 462 nm using the TD-DFT method. On the
other hand, experimental peaks appeared at 296 nm and 380
nm for DH-TNT, and 344 nm, 412 nm, and 438 nm for DH-
TAT, respectively. Our theoretical results are well consistent
with the experimental data,® considering that the experi-
mental data were obtained in solution and the theoretical
data were obtained in the gas phase.

Since the shapes of the frontier electronic level of indivi-
dual monomers are strongly connected with the excited state
properties of DH-TNT and DH-TAT,” the orbital energies of
the HOMO and LUMO of the individual monomer and two
organic semiconductor materials were investigated in the
process of the vertical absorption. This approach is useful,*®
because the S; state is indeed mainly composed of a HOMO-
LUMO transition, and the major coefficients of configu-
ration interaction (CI) are obtained by the orbital transition
from HOMO to LUMO. The energy levels of the frontier
molecular orbitals of fragment molecules and two semi-
conductor materials are shown in Figure 6.

The HOMO energy level of hexyl thienothiophene (HTT)
is located well between the HOMOs of naphthalene and
anthracene, while the LUMO level of HTT was much higher
than those of naphthalene or anthracene. Therefore, the
electron density of HOMO is well distributed in both the
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Figure 6. Energy levels of frontier molecular orbitals of individual
molecules.

Figure 7. HOMO (bottom) and LUMO (top) of DH-TAT.
Hydrogen atoms are omitted for clarity.

thienothiophene moiety of HTT and acene units: however,
electron density of LUMO is localized at the acene moiety
as shown at Figure 7.

The calculated HOMO-LUMO energy gaps of DH-TNT
and DH-TAT in the vertical absorption with TD-DFT were
3.42 eV and 2.98 eV, respectively, which are much smaller
than those with the ZINDO method: 6.13eV and 5.82 eV,
respectively. As summarized by Sun et al.,’**° an electron
and a hole are in the range of the attractive potential in the
ZINDO method and an effective electron-hole attraction
stabilizes the HOMO-LUMO gap. In general, an electron
and a hole are in the range of the repulsive potential in the
TD-DFT/DFT method, which decreases the band gap of
conjugated polymers. Nevertheless, the values estimated by
TD-DFT are much closer to the experimental values.

Figure 8 shows the HOMO-LUMO energy gaps of DH-
TNT and DH-TAT in the vertical absorption and the vertical
fluorescence process. The calculated HOMO-LUMO energy
gap of DH-TNT in the vertical absorption was larger than

Abs. Fluore. Abs. Fluore.

-1 -1.660 (L)

. —5 e 21.865 (L) 1978(L)  2002(L)
P 3 3.42 2.88 2.98 261

-4

-5 I 2 -~

) -5.081 (H) -4.747 (H) -4.957 (H) -4.698 (H)

DH-TNT DH-TAT

Figure 8. Energy levels of frontier molecular orbitals in the
vertical absorption and in the vertical fluorescence.
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that in the vertical fluorescence by 0.54 eV, while the energy
gap difference was 0.37 eV in the DH-TAT.

The lower gap difference of HOMO-LUMO for DH-TAT
implies more effective m-conjugation.’*®" These theoretical
results were also supported experimentally by the fact that
the mobility of DH-TAT is superior to that of DH-TNT as
reported by Kwon and coworkers.*®

Conclusions

The TFT characteristics and the excited state properties of
2,6-bis(5'-hexyl-thieno|[3,2-bthiophene-2'-yl)naphthalene
(DH-TNT) and 2,6-bis(5'-hexyl-thieno[3,2-b]thiophene-2'-
yl)anthracene (DH-TAT) were calculated and the results
were compared with experimental values. The theoretical
results on the OTFT properties of DH-TNT and DH-TAT as
organic semiconductor materials were consistent with the
experimental results.

The main contribution of hole transfer to the reorgani-
zation energy is attributed to the torsional distortion along
the C-C bond between the thienothiophene group and acene
moiety, and the reorganization energy caused by the vibra-
tional distortion at the DH-TNT was larger than that of DH-
TAT because of the lighter building block of DH-TNT.

According to the results of the spectroscopic property of
the DH series, the absorption peaks of DH-TNT and DH-
TAT were well consistent with the experimental data, con-
sidering that the experimental data were obtained in solution
and the theoretical data were obtained in a gas phase. In
addition, the energies and densities of frontier orbital
HOMOs and LUMOs of the building blocks showed that the
interaction between the building blocks in DH-TAT is larger
than that in DH-TNT, and thus m-conjugation in DH-TAT is
more effective than that in DH-TNT.
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