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Internal reorganization energy due to the structural relaxation in hole or electron hopping mechanism is one of the mea-
surements of key indices in designing an organic thin film transistor (OTFT) for flexible display devices. In this study,
the reorganization energies of dicyanoanthracenes for the hole and electron transfer were estimated by adiabatic potential
energy surface and normal mode analysis method in order to examine the effect on the energies for the positional varia-
tion of the cyano substituents in the anthracene as a protocol of acenes to design an organic field effect transistor. The reo-
rganization energy for the hole transfer was reduced considerably upon cyanation of anthracene, especially at the 9,10-
positions of anthracene, and the origin of the reduction was interpreted in terms of understanding the coupling of vibra-

tional modes to the hole transfer.
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Introduction

Among organic semiconductor materials, conjugated organic
molecules have been increasingly used as active materials for
optoelectronic devices such as field-effect transistors (FET's),l'5
light-emitting diodes (LED’s),G'9 and photovoltaic and solar
cells."”" The devices fabricated by using organic semicon-
ductors are known as organic devices, and organic thin film
transistors (OTFT) are one class of these devices.'* This transis-
tor is one of the key components for the switching circuitry for
use in flexible display devices.

These materials used in OTFTs offer advantages of easy fa-
brication, mechanical flexibility and low cost. A number of or-
ganic materials including acenes and their derivatives show use-
ful field-effect transistor performance, which can be characteriz-
ed 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."”"

Despite its adequate charge transport properties, pentacene
suffers from chemical instability and insolubility.'*'* Therefore,
numerous attempts have been made to enhance both of these
properties by structural modification.””**

Among the acenes, anthracene and its derivatives also have
attracted considerable interest since they have interesting photo-
luminescence (PL), electroluminescence (EL), and electroche-
mical properties.””’

Together with research on acene derivatives, studies on many
derivatives of heterocyclic oligomers have been reported both
experimentally and theoretically.”*" In one notable study,
Marks and coworkers®' discussed substituent effects of oligo-
mers such as oligothiophene, oligopyrrole and oligofuran in
terms of reorganization energy (4), which will be discussed later

in detail.

Based on the examination of the data presented in Marks'
work, it was found that the cyano group (CN) shows lower reor-
ganization energy than any other simple substituents such as -F,
-CF; and NH,. Oliveira et al.”” also reported geometries and
electronic properties for cyanothiophene oligomers as a proto-
type of an organic conducting polymer using ab initio and densi-
ty functional theory (DFT),” and they showed that the CN group
generally reduced the band gap with variation of the substitution
position. Very recently Kuo et al. reported the effectiveness of
cyanation on pentacene in designing of n-type organic FETs.*
Thus, studies to re-estimate the properties of organic semicon-
ductor materials are being increasingly performed, and it is
known that estimation of the mobility of organic semiconductor
materials is possible through estimation of the reorganization
energy.

Therefore, it is quite valuable to examine the cyano group
substituent effect on acene molecule varying the position of the
substituent. For this purpose, an anthracene molecule is one of
the simple acenes showing optoelectronic properties and struc-
tural similarities to well-known OTFT materials, and an anthra-
cene unit along with the pentacene is widely used as a parent
molecule in designing organic semiconductors.

In the present work, we have performed density functional
theory studies on the reorganization energy and some electronic
structures such as band gap of the dicyanoanthracenes depicted
in Figure 1 to examine the effects of the position of the sub-
stituents. In particular, all reorganization energies related to
the hole hopping and the electron hopping are discussed. The
cause of the dependency of reorganization energy of dicyano-
anthracene on the position of substitution of the cyano group
is studied using a normal-mode frequency analysis.
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Figure 1. Structures of anthracene and its derivatives discussed in this
work.

Computational Method

Many theoretical characterizations including the charge
transport properties of organic materials for the OTFTs are
well described by Brédas et al.”® The work was mainly achieved
by using the DFT and show the reliability of the DFT to repro-
duce experimental findings. The measured hole and electron
mobilities of oligoacene crystals show a band hopping transition
occurring at about room temperature.

Hopping of 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 tem-
peratures, the hopping rates for the self-exchange reactions are
given in Eq. (2), according to the semi-classical Marcus theory.™

k _4—72.2;%3)(}3 _L 2)
Y h Jamk,T 4k, T

Here, 4 is a reorganization energy that describes the strength
of hole (electron)-vibration coupling energy of a charge localiz-
ed on a single molecule, and it needs to be small for efficient
transport. The electronic coupling term (¢) between two adjacent
molecules, often called transfer integral largely depends upon
the orbital overlap between those, and it needs to be large for
higher mobility.37 The intramolecular reorganization energy is
apurely intrinsic property of a single molecule, and the energy
consists of two terms corresponding to the structural relaxation
energies Ay and 4, as illustrated in Figure 2.

The reorganization energies can be estimated in two ways,
with an adiabatic process using adiabatic potential energy sur-
face, shown in Figure 2, and with a normal-mode analysis. In the
former procedure, total adiabatic reorganization energy (4, =
Ax + Ac) is a sum of the relaxation or reorganization energies
given in Egs. (3) and (4),37'41
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Figure 2. Schematic diagram of general adiabatic energy surfaces cor-
responding to the ionization process. Q is a normal-mode displacement
and Ay and 4 are relaxation energies described at Eqs. 3 and 4, respec-
tively.

Ay = Ex (rel) - Ey 3)
A.=E. (rel) -E. 4)

where Ey (rel) and Ec (rel) are the energies of neutral state
in the optimized (relaxed) geometry of a charged (cationic or
anionic) molecule and the energies of a charged state in the
optimized geometry of a neutral molecule, respectively. £y and
E 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 over the contributions of each vibra-
tional mode based on harmonic oscillation approximation:

1
}“N(c) = z A= zakiAQiz (5)

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

All quantum mechanical calculations were performed using
the Gaussian 98 program,42 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 (BE»LYP)43 at the 6-31G(d,p) level. Total
adiabatic reorganization energies were calculated using Egs.(3)
and (4), and the evaluation of reorganization energies represent-
ed by Eq. (5) with normal mode analysis were performed by
the DUSHIN program written by Reimers.*’ ZINDO method™
was applied to evaluated band gaps along with DFT and Hartree-
Fock (HF) geometries of the molecules.

Results and Discussion

We calculated the reorganization energies of 9,10-disubstitut-
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Table 1. Calculated reorganization energies (eV) of anthracene and its
derivatives for hole and electron hopping with Hammett substituent
constants
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Table 2. Hole transfer reorganization energies (eV) of dicyanoanthra-
cenes in Figure 1

molecule method” AN Ac ot
Hole hoppin, Electron hoppin,
PPne Pping c 1 AP 0.069 0.070 0.139
N e e N Ao e NM 0.071 0.069 0.140
OH 0.147 0.145 0.292 0.124 0.124 0.248 -0.37 5 AP 0.065 0.065 0.130
OCH; 0.173 0.169 0.342 0.134 0.133 0.267 -0.27 NM 0.066 0.064 0.130
CH; 0.074 0.075 0.149 0.094 0.096 0.189 -0.17 3 AP 0.065 0.066 0.131
H 0.068 0.069 0.137 0.099 0.101 0.200 0.0 NM 0.067 0.065 0.132
F 0.108 0.107 0.215 0.117 0.118 0.235 0.06 4 AP 0.053 0.054 0.107
Cl 0.094 0.094 0.188 0.108 0.106 0.213 0.23 NM 0.054 0.053 0.107
Br 0.089 0.089 0.178 0.105 0.105 0.209 0.23 5 AP 0.066 0.065 0.131
CN  0.053 0.0504 0.107 0.100 0.099 0.199 1.00 NM 0.066 0.065 0.131
6 AP 0.060 0.061 0.121
NM 0.061 0.060 0.121
0.40
g “AP and NM refer to the adiabatic potential surfaces method and normal
> i mode method, respectively.
o 035 °
L
Z 0301 N .
5 Table 3. Vibrational frequencies @ (cm '), normal-mode displacement
S 025 0, and relaxation energies 4 (in eV) associated with the totally sym-
5 metric vibrations of anthracene in neutral and singly oxidized states
Rel [ ]
N 0291 H neutral cation
C
g 0.154 ° . w 0 N w 0 o
o
& o101 ° 1194 -0.214 0.003 1207 -0.236  0.004
1300 -0.297 0.007 1290 -0.200  0.003
0.05 : : : : : . . . -
06 -04 -02 00 02 04 06 08 10 1.2 1444 0.434 0.017 1426 0551 0.027
o 1530 -0.146 0.002 1545 -0.313 0.009
1608 -0.629 0.039 1611 0.504  0.025
Figure 3. Plots of the computed reorganization energies for hole hopp- total 0.071 0.069

ing against Hammett parameters.

ed-anthracenes as p- and n-type semiconductors, where the sub-
stituents were located at the central position of the anthracene
moiety for the preliminary examination. Calculated reorganiza-
tions are summarized in Table 1, and we attempted to relate the
p-type reorganization energies to the Hammett substituent con-
stants (cs)45 as shown in Figure 3.

The reorganization energy was reduced significantly upon
substitution of the CN group in anthracene, especially for posi-
tive doping (hole hopping). However, it did not show a good
linear relationship with the Hammett parameter (o) although a
general tendency could be observed. Moreover, we also could
not find any considerable linear relationship between the elec-
tron hopping reorganization energy and the Hammett parame-
ters.

To examine the effect on the reorganization energy for the
positional variation of the cyano substituents we calculated reor-
ganization energies of molecules displayed in Figure 1.

Reorganization energies for the hole-transport reaction ob-
tained by adiabatic potential energy surface (AP) and normal
mode analyses (NM) are presented in Table 2.

Energies obtained by the two methods were almost the same,
and the value of anthracene was in good agreement with the
values reported by others.*® As shown in Table 2, reorganization

energies of all derivatives were lower than that of anthracene, 1,
and 9,10-dicyanoanthracene, 4 showed the lowest reorganiza-
tion energy, which is similar to that of pentacene, i.e., 0.097 eV.
The rest of the derivatives showed almost the same reorganiza-
tion energies of about 0.130 eV. Positions 2,6 or symmetric both
ends of the acene unit, as in molecule 5, are commonly used posi-
tions for the design of functionalized anthracene or pentacene
units to alter molecular packing ability and to increase solubility.

The partition of the hole transfer reorganization energy of
anthracene into its contribution to each vibrational mode is given
in Table 3. The larger contributions to the reorganization energy
come from the vibrations at around 1444 and 1608 cm ' in a
neutral state of anthracene. The largest one corresponds to the
vibration at 1608 cm ' in a neutral state, which contributes by
halfto the reorganization energy. The mode that corresponds to
this vibration is symmetric stretching of four vertical C=C
bonds, as depicted in Figure 4, while the vibration at 1444 cm '
in a neutral state corresponds to anti-symmetric stretching
of four vertical C=C bonds; the anti-symmetric here denotes that
two of the vertical C=C bonds in the central position are leng-
thening, while the other vertical C=C bonds in both ends are
shortening. Both vibrations are corresponding to ‘latitudinal’
lengthening of the molecule, and substitution on the latitudinal
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w=1608cm’

Figure 4. Snap shot of stretching modes of anti-symmetric stretching
(left) and symmetric stretching (right) in anthracene with respect to the
vertical four C-C bonds.

position seems to reduce the reorganization energies such as
compounds 4 and 6.

The partitions of the hole transfer reorganization energies
for the neutral state in the dicyanoanthracenes are given in Table
4. In the table, only one part of reorganization energy 4y is par-
titioned into corresponding vibrations for clarity since the other
part of the reorganization energy A is almost the same as 4y
with slight alteration of the frequency as seen in the anthracene
(see Tables 2 and 3). Graphical representation of the partitions is
depicted in Figure 5.

As shown in Table 4 and Figure 5, the reorganization energy
decreased, especially around 1600 cm ™' when the CN groups
were substituted at the 9,10 positions. Upon ionization to cation,
the electron in the highest occupied molecular orbital (HOMO),
which was a © bonding molecular orbital, was removed and the
effect on reorganization energy was the largest around 1600
cm ', which corresponds to C=C double bond stretching as
shown in Figure 4.

Net charge density calculated by the Mulliken population an-
alysis and atomic orbital (AO) coefficients of the nitrogen atom
in the HOMO are summarized in Table 5 and other indices to
support this charge transfer. As shown in Table 5, the charge
density and the AO coefficient of the nitrogen atom in 4 were
the largest among those of the dicyanoanthracenes in this study.
We plot the reorganization energies versus the AO coefficients
in Figure 6. As shown in the figure, one can see a very good
linear relationship between the reorganization energy and the
nitrogen AO coefficients in the HOMO. This implies that the
electron density was more localized on the nitrogen atom in
the HOMO, and thus the electron density in the nitrogen atom
could be ionized more than that in the carbon & orbital frame.

The lowest reorganization energy of the 9,10-dicyanoan-
thracene, 4 can be ascribed to the fact that electrons were more
localized at the CN group, especially at the N atom. Thus, delo-
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Table 4. Vibrational frequencies w (cmﬁl) and reorganization energies
Jn (eV)* associated to the totally symmetric vibrations of dicyanoan-
thracene in neutral states.

2 3 4 5 6

w ;LN,m [0) ;LN,m [0) )LN,m [0) )LN,m w /‘LN,U,

1314 0.009 1032 0.009 1313 0.007 1302 0.005 1395 0.011

1443 0.013 1419 0.005 1454 0.016 1308 0.006 1441 0.011

1605 0.033 1434 0.008 1609 0.026 1450 0.016 1608 0.028
1609 0.032 1598 0.035

“The vibrations which correspond to the reorganization energy of 0.002 eV
or more are summarized.
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Figure 5. Comparison of hole hopping reorganization energy at vibra-
tional frequencies for anthracene and dicyanoanthracenes. Only Ax
values are displayed for clarity.

calized 7 electrons in the aromatic backbone of 9,10-dicyano-
anthracene were relatively smaller than those in others, and the
deformation caused by the ionization is smaller than those in
the others.

We also summarized the HOMO n-electron population of
the carbon skeleton of the neutral and cationic molecules and
the root-mean-square (rms) deviation between coordinates of
neutral and cationic molecules.

As shown in Table 5, the decrease in the n-electron population
was the smallest in the 9,10 position (4). The ratio of the n-elec-
tron population in molecule 4 over molecule 1 was 81%, which
is similar to that of the reorganization energy (78%). Therefore,
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Table 5. Electron populations (p in e), atomic orbital coefficients (C)
and geometry change in terms of 7ms deviation (in A) upon ionization
of dicyanoanthracenes

1 - - 0.581 0.253 0.328  0.0101
2 -0.4702 0.1236  0.558 0.239 0.319  0.0097
3 -0.4823 0.1149  0.560 0.235 0.325 0.0157
4 -0.4973 0.1823  0.473 0.208 0.265  0.0083
5 -0.4733 0.1237  0.565 0.235 0.330 0.0102
6 -0.4884 0.1460  0.550 0.232 0.318  0.0099

“Net charge density of nitrogen atom. ? Atomic orbital coefficient of N atom
in HOMO. “Total and decrease (—A© ) of HOMO n-electron populations of
carbon backbone
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Reorg. energy (eV)

0.1107

0.105 T T T T T T T
011 012 0.13 0.14 0.15 0.16 0.17 0.18 0.19

AO coefficient of N atom in HOMO

Figure 6. The linear relationship between AO coefficient of nitrogen
atom and reorganization energy.

substitution of the CN group reduced the n-electron population
in HOMO, and this led to a decrease in geometry deformation in
anthracene when molecules were ionized to cations. This effect
of the CN group was the largest in the 9,10 positions of anth-
racene. This is clear upon inspection of the change of the geo-
metry in terms of rms deviation between the neutral molecule
and the cationic molecule. The 7ms deviation for the 4 was the
smallest among the derivatives, as shown in Table 5.

This discussion related to the CN group can be applied to the
pentacene molecule. We calculated the reorganization energies
of pentacene and dicyanopentacene using the normal mode
(NM) method, and the results are summarized in Table 6. The
total reorganization energy of pentacene and dicyanopentacene
for the hole transfer are 0.095 an 0.072 eV, respectively. These
values are almost the same as values reported,”*”” and the reor-
ganization energy of the dicyanopentacene was significantly
reduced upon the dicyanation. As shown in Table 6 the change
in the relaxation energy is the largest around 1570 cm ' when the
CN group was substituted in pentacene, and this frequency cor-
responds to C=C double bond stretching vibration, which is a
similar mode in the anthracene (see Fig. 4 (right)).

Examination of geometry change in terms of rms deviation bet-
ween neutral and cationic structures reveals that CN groups in
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Table 6. Vibrational frequencies ® (cmfl) and reorganization energies
Jn (V)" associated to the totally symmetric vibrations of dicyanoan-
thracene in neutral states

pentacene (pen) dicyanopentacene (pen-CN)

(A =0.095) (A =0.072)
neutral cation neutral cation
w j~N,u) w j~C,u) w j~N,u) w j~C,u)
1217 0.007 1227 0.007 1237 0.005 1248 0.005
1425 0.013 1441 0.017 1435 0.011 1432 0.004
1570 0.018 1560 0.011 1568 0.006 1445 0.010
1590 0.007 1593  0.007 1590 0.009

Table 7. Reorganization energies (eV) for electron hopping in anth-
racene and dicyanoanthracenes

molecule  method” AN Ac Aot
AP 0.099 0.100 0.199
1 NM 0.101 0.099 0.200
AP 0.082 0.084 0.166
2 NM 0.084 0.082 0.166
AP 0.105 0.107 0.212
3 NM 0.108 0.105 0.213
AP 0.100 0.099 0.199
4 NM 0.102 0.100 0.202
AP 0.093 0.092 0.185
S NM 0.095 0.090 0.185
AP 0.098 0.099 0.197
6 NM 0.100 0.098 0.198

“AP and NM refer to the adiabatic potential surfaces method and normal
mode method, respectively.

the central position reduced the deformation of carbon backbone
on ionization: the rms deviations for the pentacene and dicyano-
pentacene are 0.0085 A and 0.0068 A, respectively. The de-

homo homo

rease (A2 =P, =Py ) of HOMO r-electron population
in pentacene and dicyanopentacene are 0.306e and 0.229e,
respectively. This implies that the electron population is more
localized in the CN group and resulted in smaller reorganiza-
tion in the dicyanopentacene. It is worth noting that the amount
of decrease in 7 electron population in dicyanopentacene (25%)
is well in agreement with the decrease in the reorganization
energy (24%).

We also calculated the reorganization energies of dicyanoan-
thracenes for electron hopping, where anthracenes are used as
negative type (n-type) organic semiconductor materials. Com-
putational results obtained from both adiabatic (AP) and normal
mode (NM) analysis are summarized in Table 7.

As shown in Table 7, the reorganization energies for electron
transfer were larger than those for the hole transfer process by
about 0.07 eV, although CN is an electron-withdrawing group.
Reorganization energies were partitioned into the individual
vibrational frequencies, and are summarized in Table 8 for the
anthracene and dicyanoanthracens. Inspection of the vibration-
coupling frequencies for electron hopping in the anthracene re-
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Table 8. Vibrational frequencies e (cm ') and relaxation energies Ax (V) associated with the totally symmetric vibrations of dicyanoanthracenes

in neutral state

1 2 3 4 5 6
[0) ;LN,m [0) ;LN,m [0) ;LN,m [0) ;LN,m [0) ;LN,m [0) ;LN,m

399 0.027 327 0.018 326 0.018 425 0.019 304 0.014 124 0.004

1194 0.006 1314 0.007 1225 0.004 684 0.005 1187 0.005 379 0.014

1300 0.010 1443 0.028 1379 0.006 1206 0.004 1308 0.006 1395 0.013

1444 0.034 1577 0.006 1419 0.025 1313 0.031 1450 0.027 1441 0.033

1608 0.020 1605 0.009 1546 0.008 1531 0.005 1598 0.012 1608 0.019
1592 0.004 1609 0.022 1676 0.015 2340 0.004
2309 0.004 2332 0.011 2347 0.006

w=399 cm’

Figure 7. Displacement vectors for the one of the normal modes which
show larger vibrational coupling for the electron hopping in anthracene.

Y 9

2
c
9 = ]
4

Figure 8. HOMO of dicyanoanthracenes obtained by B3LYP/6-31G
(d.p).

I i )
9 9

5

vealed an additional spectrum at around 400 cm ', which corres-
ponds to a kind of bending vibration as depicted in Figure 7. This
vibration caused expansion of the molecule along the longi-
tudinal axes as an electron was added to the neutral anthracene
molecule, and the reorganization energy was then increased by
about 0.06 eV as compared with that of the hole hopping.
Examination of the geometries of the neutral and anionic state
of anthracene revealed that the change of the longitudinal length
of the molecule was about 0.08 A upon addition of the electron
and this change corresponded to about 0.06 eV in the reorga-

Table 9. Calculated energy gap (eV) for the anthracene and dicyanoan-
thracenes

Compound Method 1 2 3 4 5 6

ZINDO/B3LYP/6-31G(d,p)  3.45

ZINDO/HF/6-31G(d,p) 3.53

B3LYP/6-31G(d,p)//
B3LYP/6-31G(d,p)

3.353.253.19 3.35 345
3.41 3.27 3.16 3.40 3.40

3.59  3.40 3.14 2.96 3.38 3.35

TD-DFT 327 3.052.70 2.84 3.02 3.06
B3LYP/6-31G(d,p)/cryst.  3.53~3.68
ZINDO//cryst. 3.28~3.42

Experimental energy gap of

b c
anthracene’ 4.10°, 4.40

“Ref. 48. " Adiabatic energy gap. “Optical energy gap.

nization energy of the electron-hopping. A similar degree of
molecular expansion (0.06 ~ 0.07 A) occurred in the dicyanoan-
thracenes, and this caused increased reorganization energies
of n-type doping. However, the relationship between the energi-
es and variations of the position of substituents are less clear than
that in the hole transfer, although there is a tendency to lower the
reorganization of the longer the molecules such as 2 and 5, where
the substituent makes the molecule longer in longitudinal direc-
tion.

We also calculated band gaps for the dicyanoanthracene using
several methods, and the gaps are summarized in Table 9. The
band gaps estimated by Zindo method and B3LYP DFT exhibit-
ed the lowest excitation energy and energy difference between
HOMO and LUMO energy level ( €Lumo — €nomo),”” respective-
ly. For geometry optimization, both the HF/6-31G(d,p) and
B3LYP/6-31G(d,p) methods were used, and experimental geo-
metries of anthracene were used for the estimation of band gap
for a comparison. Experimental values for the electrical (adiaba-
tic) band gap and optical band gap of anthracene were 4.1 and
4.40 eV, respectively.*®

Though the estimated band gaps of anthracene using several
methods and geometries were underestimated compared to the
experimental value, the values were very similar to each other.
However, the trends of estimated band gaps were all the same in
any methods of estimation. As shown in Table 9, cyanation on



Theoretical Studies on Dicyanoanthracenes: Reorganization Energy

anthracene lowered the band gap, and the band gap of 9,10-dicy-
anoanthracene was the smallest among them.

Conclusions

In order to elucidate the positional preference in cyanation on
acene molecule, which can be used as organic semiconductor
materials in thin film transistors (TFTs), we have estimated reor-
ganization energies of some dicyanoanthracenes as a theoretical
benchmark. The reorganization energies for the hole and elec-
tron transfer were estimated by adiabatic potential energy sur-
face and normal mode analysis method at the basis of B3LYP/
6-31G(d.p).

The reorganization energy for the hole transfer were reduced
significantly upon cyanation of anthracene, especially at the
9,10-positions of anthracene, and the origin of the reduction was
attributed to the enhanced electron localization on the CN group
in the highest occupied molecular orbital (HOMO). This ioniza-
tion led the molecules in “latitudinal” expansion, and such an ex-
pansion seemed to reduce the reorganization energies of mole-
cules, especially at the compounds 4 and 6.

The increased reorganization energy of electron hopping in
anthracene was attributed to the additional longitudinal expan-
sion of the molecule, and the effect upon cyanation on the elec-
tron hopping in cyanoanthracene was not that large compared to
the hole hopping.

The cyanation of anthracene reduced the band gap signifi-
cantly, and the 9,10-dicyanoanthracene showed the lowest band
gap. The present study provides an opportunity for the design
of novel functional organic materials for the relevant field of
organic thin film transistors (OTFTs).
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