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a b s t r a c t
We employed a tunneling enabled hopping model to investigate the charge transport properties for four n-type organic semiconductors perylene diimides compounds. The molecular parameters are calculated by density functional theory and the transport is modeled by
kinetic Monte Carlo simulation. It is found that the substitutions at the bay positions of the
perylene core have large inﬂuences on the charge transport properties through modiﬁcations in molecular conformation, the charge reorganization energy as well as the stacking
networks in the crystals. The temperature dependence of the mobility shows typical
‘‘band-like’’, in agreement with the recent experiment, but we ascribe it to be the characteristic of nuclear tunneling effect for a localized charge, not by a delocalized band. The
largest charge mobility is calculated to be 16.96 cm2/V s for the cyano substitution, in good
comparison with the experimental value of 6 cm2/V s.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
There have been tremendous progresses in design and
synthesis of new molecular or polymeric organic semiconductor materials. Many p-type organic materials have been
proven to have large charge mobility comparable with,
even larger than, the amorphous or polycrystalline silicon
[1–5]. It has been noted that efforts should be devoted to
n-type organic materials owing to the relatively small
mobility and poor air stability. Progresses have been
achieved in this direction, for instance, cyclohexyl substituted naphthalene diimides (NDI) has been found to be
an n-type semiconductor with high electron mobility
(7.5 cm2/V s) [6]. For the fullerene (C60), the mobility has
reached as high as 6.0 cm2/V s for the device with polymer
as dielectric layer [7–9]. Perylene tetracarboxylic diimides
⇑ Corresponding author.
E-mail address: zgshuai@tsinghua.edu.cn (Z. Shuai).
1566-1199/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved.
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(PTCDIs) are also another extensively investigated n-type
semiconductor. Many derivatives of the PTCDI have been
designed, synthesized and characterized to have good conducting properties [10–19]. Usually, the chemical substitutions on the PTCDI are mainly located either at the end
sites or at the core positions. It is commonly thought that
the end substitutions can not only improve the solubility
but also the air stability, e.g. the long chain alkanes prevent
the invasion of H2O and O2 to some extent. The core functionalizations are believed to affect the delocalization of
electrons and signiﬁcantly change the stacking conﬁgurations in crystals [20].
In this study, we focus on the effect of the core substitution on charge mobility of PTCDI with the same end substitutions (e.g. CH2C3F7). For the sake of comparison, four
types of compounds with different electron withdrawing
substitution groups are investigated (see Fig. 1). With the
small changes on the substitution groups at the core, the
measured mobility values vary from 0.003 to 6.0 cm2/V s.
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Fig. 1. Molecular structures of four substituted PTCDIs.

Why and how such small modiﬁcation in substitution in
the core of PTCDI can induce such a signiﬁcant change of
charge mobility is still not understood.
In this work, we employ a ‘‘tunneling enabled hopping’’ model [22] coupled with quantum chemistry calculation to study the charge transport in substituted PTCDIs.
Under such model, the charge is assumed to be localized
on a single molecule, or a small polaron. The hopping
from one molecule to another is described by a charge
transfer process containing nuclear tunneling effect [22].
The macroscopic transport property is obtained by subsequent dynamic Monte Carlo simulation [23]. All the
parameters are obtained by density functional theory,
rendering such multiscale approach ‘‘ﬁrst-principles’’,
namely, parameter-free. In this way, the structure–
property relationship can be fully explored through computational studies.
2. Methodology
Based on the displaced harmonic oscillator model and
the Condon approximation, the quantum charge transfer
rate can be deduced from the Fermi Golden Rule [21–23]:

kfi ¼

V 2fi
2
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The electron transfer integral V fi , vibration frequency
xj and Huang–Rhys factor Sj are important parameters
to determine the transfer rate. There are many different
approaches to calculate the transfer integral such as the
energy splitting method [24–26], the site energy correction method [27–29], the direct coupling method
[30–31,22] and so on. Here we adopt the site energy correction method which has been proven to be reliable and
easy to be adopted [23,32]. We use the density functional
theory (DFT) with the PW91PW91 functional and 6-31G⁄
basis set to describe the electronic structure. The vibration frequencies and the normal coordinates of the
neutral and anion states are calculated using the Gaussian
09 program [33] with the B3LYP functional and the
6-31G⁄ basis set, then the DUSHIN program [34] is used
to calculate the Huang–Rhys factor and reorganization
energy for every vibration mode. The total reorganization
energy is the sum of the relaxation energy of normal
modes:
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where Efi is the potential energy difference between the ﬁnal state and the initial state and it equals to zero for the
self-exchange reaction. Here xj is the vibration frequency
of the vibration mode j and V fi is the transfer integral. Sj
is the Huang–Rhys factor, which can reﬂect the strength
of the electron–phonon coupling, and it is deﬁned as

Such expression can be termed as normal mode analysis
method (NM) [34]. The easiest way to calculate the total
reorganization energy is the four-point method based on
adiabatic potential energy surface method (AP) [4]. Furthermore, the reorganization energy can also be decomposed onto the internal coordinates to analysis the
contributions from different components:
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which is deduced according to the relationship:
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DQ i ¼

X
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ð4Þ

j

where Q i is the normal coordinate and Sj is the internal
coordinate, for details see the reference of Geng et al.
[35].
In our work, the kinetic Monte Carlo simulation approach is adopted to calculate the charge diffusion process based on the microscopic charge transfer rate in
organic molecular single-crystals. By repeating the process for thousands of times, we can get thousands of trajectories. The average value of all the trajectories with
respect to the time has a linear relationship. The ratio is
r2
the diffusion coefﬁcient according to D ¼ lim 2nt
, where r
t!1
and t are the averaged displacement and total time span.
n represents the dimension of the charge transport in the
crystal. In our calculation, the 10  10  10 supercell is
adopted. The limit time for every track was set as 0.1 ns
and 3000 trajectories were chosen to get the average value of the diffusion coefﬁcient D. The charge mobility was
ﬁnally calculated according to the Einstein equation
l ¼ KeDB T .
3. Results and discussion
3.1. Geometric comparison
First, we look at the substitution effects on the molecular structures [14,15,17]. From the single crystal structure,
it is seen that the dihedral angles of the skeleton change a
lot due to the substitution of electron-drawing groups in
the bay positions of the PTCDI molecule (see Fig. 2 and Table 1). For 1, the planarity is kept with the dihedral angle
only about 1.5°. For 2 and 3, the planarity of the conjugated
core has been inﬂuenced to some extent due to the substitution at the bay positions with dihedral angles about 5.1°
and 3.7°, respectively. The dihedral angle becomes as large
as 29.55° in 4, and its planarity has been totally destroyed
owing to the steric encumbrance of the long chain substitution at the bay positions. Besides the planarity differences induced by the substitution at bay positions, the
chains connected to the nitrogen atom at the end positions

2765

also differ with each other signiﬁcantly in different systems. For 1, the four carbon atoms in the chain keep good
planarity with the nitrogen atom. Large torsional angles
between plane 11-12-13 and plane 12-13-14 have been
found in 2 and 4 with the dihedral angles 145.94° and
159.47°. The dihedral angles of plane 12-13-14 and plane
13-14-15 are also as large as 168.93° and 164.32° for 2
and 4. For 3, the ﬁrst dihedral angle (11-12-13-14) is very
small with relatively good planarity, while the second
dihedral angle (12-13-14-15) is as large as 63.48°. Due to
the torsion of the CF2 group next to the CH2 group, the angle 11-12-13 increases almost 3.0° in 2 and 4 compared
with 1 and 3. For the same reason, the torsion angle of
the CF2 group which is second closest to the CH2 group
in 3 increases almost 3.0° compared with 1.
To calculate the reorganization energy, we ﬁrst optimized the four molecules of neutral and anion states in
the gas phase respectively. It is found that, for 1 and 3,
there is no signiﬁcant change in the gas phase compared
with that in crystal phase except the increment of the C–
H bond lengths for about 0.1 Å. For 4, the dihedral angles
of 5-1-2-6 and 7-3-4-8 is about 25.47° and 25.33° respectively in the gas phase, which is a little smaller than that
in crystal phase (26.53° and 29.55°), that is to say, the core
is still non-planar in the gas phase. For 2, the optimized
conﬁguration differs signiﬁcantly with the structure obtained from the experiment. The core no longer keeps planar in the gas phase with the 5-1-2-6 dihedral angle
16.13°. In addition, the dihedral angles of 11-12-13-14
and 12-13-14-15 in CH2C3F7 chains increase to 178.60°
and 179.30° respectively. The signiﬁcant differences of
the conﬁgurations in the gas phase and the crystal phase
indicate that the intermolecular interaction in the crystal
is strong enough to change the molecular conﬁgurations.
The reorganization energy in the crystal can be approximated by that calculated in the gas phase theoretically, signiﬁcant conﬁguration differences between this two phases
may induce drastic errors. Therefore we optimized the
molecule (2) with the dihedral angles of 5-1-2-6 and 7-34-8 all frozen in both the neutral state and the anion state
to simulate the crystal structures and to calculate the reorganization energy.

Fig. 2. (a) Structure scheme of systems investigated. R = CH2C3F7, X = H (1); X = CN (2); X = F (3); X = C4F9 (4). (b) Conﬁguration of the R substitution.
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Table 1
Conformation differences of four systems in crystal structures (unit:
degree).
Internal coordinate

1

2

3

4

5-1-2-6
7-3-4-8
9-1-2-10
9-3-4-10
11-12-13-14
12-13-14-15
11-12-13
12-13-14

1.54
1.52
0.70
0.72
179.58
179.58
109.20
113.55

5.14
5.16
2.10
2.10
145.94
168.93
112.63
112.58

3.74
3.74
1.87
1.87
178.51
63.48
110.64
115.99

26.53
29.55
28.00
32.01
159.47
164.32
112.90
112.69

3.2. Electronic structure
Based on the optimized conﬁgurations of the neutral
state in the gas phase, the energy levels as well as the electron distribution of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) are plotted in Fig. 3. It is straightforward to see that
substitutions with electron-withdrawing groups at the bay
positions can lower both the energy of the HOMO and the
LUMO. The energy levels of the LUMOs of compound 2
and 4 are even lower than 4.0 eV, which means high air
stability can be obtained for these two single crystals for
n-type doping. The electron distribution of the HOMOs or
LUMOs for the four systems is very similar and they are
mainly delocalized at the perylene core. For compound 2
and 3, there is also electron distribution at the substitution
groups CN and F. The electron distribution in compound 2
become more delocalized owing to the existence of the p
electrons in the CN group. The nonbonding character on
the CN group in the compound 2 will induce less bond
length adjustment, thus less reorganization energy is expected [36].
The spin density analysis also supports our conclusions.
From the spin density distribution of the anions (as illustrated in Fig. 4), we can see that the spin density of molecule 3 and 4 is quite similar to that in molecule 1. There is
little distribution on the core substitutes (F and C4F9). The

electron on the molecule with the CN group (2) has quite
signiﬁcant distribution on the CN group and different signs
for the carbon atom and the nitrogen atom in the CN group.
That is to say, the electron distribution becomes more
delocalized in molecule 2.

3.3. Molecular charge reorganization energy
The molecular charge reorganization energy strongly
depends on the conﬁguration differences between neutral
and anion states. Comparison of the conﬁgurations between the neutral state and the anion state can reﬂect
the reorganization energy to some extent but not very
obviously. Here we perform the calculation of the reorganization energy through the normal mode analysis (NM) to
see the contribution of every vibration mode. The contribution to the reorganization energy of all the vibration modes
for compound 2 both in the neutral state and the anion
state is shown in Fig. 5. The distribution proﬁles in both
the neutral and anion states are similar with one group
in the low frequency region (around 500 cm1) and the
other group in the high frequency area (around
1500 cm1). The contribution from the high frequency area
is much larger than that from the low frequency modes.
From careful analysis, we found that the vibration modes
with the highest contribution to the reorganization energy
in both the neutral and anion states mainly come from the
C@C in-plane stretching vibration in the core. Similar distribution of the contributions to the reorganization energy
of vibration modes can also be seen in other three systems.
The total reorganization energies are shown in Table 2.
It shows that compound 2 possesses less reorganization
energy than compound 1, while compound 4 has much larger reorganization energy. The increment of the reorganization in compound 4 is induced by the increase of the
degrees of the freedom when the perﬂuoroalkyl substitutes
are introduced. However, the decrease of the reorganization energy in 2 is believed to come from the nonbonding
character induced by the CN group [36]. For compound 3,
the total reorganization energy is comparable with that

Fig. 3. Energy levels as well as charge density distribution of the HOMOs and LUMOs of compound 1–4.
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Fig. 4. Spin density distribution of the anions of compound 1–4.

Fig. 5. Reorganization energy from NM analysis for compound 2 with the neutral state (a) and the anion state (b).

Table 2
Total reorganization energy of four compounds calculated with NM and AP
methods (unit: meV).
Calculation methods

1

2

3

4

Normal mode
Adiabatic potential

298
298

270
269

307
306

352
348

of compound 1. For comparison, the adiabatic potential energy surface (AP) method is also used to calculate the reorganization energy (see Table 2). The calculation results
with the AP method agree very well with those calculated
with the NM method. This fact validates the applicability of
the harmonic oscillator model. From the reorganization energy analysis, compound 2 is expected to have the best
charge transport properties and 4 should possess the
smallest transfer rate.
The reorganization energy contributed by the core, the
end substitutes and the core substitutes as well as their
weights are shown in Table 3. The reorganization energy

smaller than 1.0 cm-1 in the decomposition is ignored here.
Most of the reorganization energy comes from the core for
all the four systems. When the hydrogen atoms at the bay
positions of the core are substituted by the CN, F and C4F9
groups, signiﬁcant contributions to the reorganization energy from these groups are obtained. As shown in this table, the contribution from the C4F9 group is as high as
18.2%, much larger than the other two groups, and even
larger than that from the end substitution groups. For the
CN substitute, its contribution to the reorganization energy
is much smaller. More importantly, it reduces the reorganization energy from both the core and the end substitutes.
In our opinion, the existence of the p bond in the CN group
can promote the delocalization of the electrons in the molecule, which implies that the molecular conformation will
relax a little when an external charge is located on it. In
addition, the nonbonding characteristic on the CN group
also implies little contributions to the reorganization energy. Although the freedom of the substitute group F is
the smallest, its contribution to the reorganization energy
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Table 3
Decomposition of the reorganization energy of four systems on the core (except the substitute groups), the end substitution groups and the core substitution
groups.
Compound
Core
End substitutes
Core substitutes

R-Energy (cm1)
Weight
R-Energy (cm1)
Weight
R-Energy (cm1)
Weight

1

2

3

4

1066.0714
91.0%
104.9363
9.0%
<1.0
–

998.6718
90.5%
76.9268
7.0%
28.3428
2.5%

1040.257
86.1%
118.7076
9.8%
49.4987
4.1%

1034.7069
69.4%
184.4001
12.4%
271.1156
18.2%

is more than we expected, which might be induced by the
strong electronegativity of the F atom.
3.4. Transfer integral
Another important factor that can inﬂuence the transfer
rate is the electron coupling or the transfer integral. It has
been discovered that the transfer integral depends on the
relative positions of the two sites involved. For different
systems, the relative positions of the two sites involved
are totally different owing to different stacking structures
in their crystal structures. Based on the crystal structures
of the four systems, the electron transfer pathways are
illustrated in Figs. 6 and 7. It is worth to notice that both
1 and 2 adopt the p stacking conﬁgurations, but the displacements of the stacking pairs along the short-axis and
the long-axis as well as the vertical distances are different
in different transfer pathways. It is straightforward to see
that the overlap between the dimers in all the pathways
of 2 become larger than 1 along the long-axis. Along the
short-axis direction, dimers in P1, P2, P5 and P6 pathways
have comparable overlap for 2, the vertical distances between the dimers in the upper four pathways are 3.38,
3.38, 3.08 and 3.08 Å. For compound 1, the overlap of the
dimers in P3 and P4 is less than that of dimers in P5 and
P6 (see from the short axis direction), but the vertical distances are much narrower than the latter two dimers. Both
the dimers in P3 and P4 for 2 and the dimers in P1 and P2
for 1 have none overlap though the vertical distances are so
small. The transport network of 3 is characterized by the

herringbone structure with one direction adopting the face
to face packing and other two directions employing the
face to edge stacking. The overlap for dimers with the p
stacking pattern is very good both in the short-axis and
long-axis directions. While the dimers with face to edge
stacking stay far away from each other in the long-axis
direction. The distances between the dimers both in the
short-axis and long-axis directions of 4 are very far, only
the dimmers in P1 and P2 have overlap to some extent. It
is seen that the overlap for the dimers in P1 is much larger
than that in P2, while the distances between the two parallel planes of the dimers in P1 and P2 are 5.70 and 3.42 Å
respectively.
The electron coupling along different transfer pathways
of the four systems are shown in Table 4. It shows that the
electron coupling strongly depends on the transfer pathway. For 1, only the stacking direction along P3 and P4
can provide signiﬁcant electron coupling, which means
that electrons transfer along the one-dimension direction.
The same transport properties can also be found in 3,
where electrons can only transport along the p stacking
direction (P5 and P6). Better transport properties are expected for 2 which have P1–P2 and P5–P6 two-dimension
transport properties. For 4, the long chain substitutions at
both the bay position and the end position induce large
displacement along short-axis and long-axis directions,
which also results in that the electron transfer can only
happen in the p stacking direction. Calculated results
indicated that the electron coupling in P2 is much smaller
than that in P1. It means that the electron transfer along

Fig. 6. Electron transfer pathways for system 115 and 210; (a) short-axis view and (b) long-axis view of 1; (c) short-axis view and (d) long-axis view of 2. All
the alkyl chain substitutions at the end of molecules are deleted for the convenience of view.
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Fig. 7. Electron transfer pathways for system 314 and 417: (a) short-axis view and (b) long-axis view of 3; (c) short-axis view and (b) long-axis view of 4. All
the alkyl chain substitutions at the end of molecules are deleted for the convenience of view. The alkyl chains at the side positions of 4 are also ignored here.

Table 4
Electron coupling along different transfer pathways of four systems (unit:
meV).
Pathways

1

2

3

4

P1
P2
P3
P4
P5
P6

5.55
5.55
39.44
39.44
0.23
0.23

67.94
67.94
4.57
4.57
84.74
84.74

1.58
1.58
1.58
1.58
110.29
110.28

84.32
27.75
0.00
0.00
0.00
0.00

the p stacking direction is not very easy, although the electron coupling along P1 is as large as 84.32 meV.
3.5. Electron mobility
Based on the above calculation of the charge transfer
rate along the four different paths, the kinetic Monte Carlo

approach is adopted to simulate the electron transfer process in organic single crystal systems. The squared displacement versus the transport time is shown in Fig. 8. It
is found that for an individual trajectory, the displacement
is quite disordered. But the average value over a large
number of trajectories follows a quite liner relationship
with respect to time. The diffusion constant is calculated
as the slope of the straight line. The average mobility is calculated based on the Einstein equation with values shown
in Table 5. It is shown that the calculated values are about
2 times larger than the largest experimental results reported so far for both 1 and 2. Owing to the extensive research on 1 and 2, the experimental values should be
reliable and our calculated results can accurately predict
the relative transport properties of these systems. In this
paper, many complex factors have been neglected, such
as the electric ﬁeld, the interface between active layer
and the gate, and the charge carrier density. These factors
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Fig. 8. Charge transport trajectories versus time. The straight line is the average values of the square displacements versus time.

Table 5
Calculated and experimental mobility of four systems (unit: cm2/V s).
Mobility

1

2

3

4

Calculated
Experimental

3.89
1.44[15]

16.96
6[13]

8.32
0.66[15]

0.41
0.003[17]

will also play important roles in practical OFET device and
their effect on the charge transport properties are quite
complicated especially when they are tangled together
[37,38]. Thus, it is reasonable that there is some
discrepancy between the theoretical simulations and the
experimental results when only the ideal crystals are considered and the intrinsic transport properties are focused

here. The study on the intrinsic transport properties aims
to guide the design of new functional materials. For 3
and 4, the calculated mobility is much larger than the
experimental values reported. Based on our calculations,
3 is expected to have larger mobility than 1. It is also very
possible to get larger mobility for 4 by optimizing the fabrication technique of the organic ﬁeld effect transistor.
3.6. Temperature dependence
The temperature dependence of the charge mobility is
an important property of organic molecular materials. It
is commonly believed that the mobility decreases with
temperature is a sign of the band transport mechanism.

Fig. 9. Temperature dependence of the mobility of four kinds of n-type organic molecular crystals.
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Indeed, for many closely packed organic single crystal
materials, the charge transport does behave like band electron such as C8-BTBT [39], TMTSF [40], and rubrene
[41,42]. All those organic molecular materials mentioned
above are p-type materials. Very recently, the temperature
dependence of the mobility of the n-type organic molecular materials (system 2) have been investigated experimentally and the ‘‘band-like’’ characteristic was found
from 230 K to the room temperature [43]. We also performed theoretical simulations of the temperature dependence of the mobility of system 2 and other three kinds
of organic molecular crystals. The calculated mobility reduces with the increase of the temperature (see Fig. 9).
All the four n-type organic molecular single-crystals under
investigations present the ‘‘band-like’’ temperature dependence of the mobility. This is contradictory since our
assumption for charge transport is based on localized
charge hopping instead of band. As we have shown previously, this is purely nuclear tunneling effect appeared in
Eq. (1) [21,22]. Namely, charge is still localized in a single
molecule. However, since it is strongly coupled with high
frequency vibration mode, it gives rise to remarkable
quantum effect (12 h
 x > kB T). This picture is in good agreement with a recent experiment observation [41] that (i)
the optical spectrum for the working OFET device made
of TIPS-pentacene showed localized charge feature even
at temperature as low as 43 K, but (ii) the charge transport
mobility at large bias decreases with temperature, much as
delocalized band. Our model based on ‘‘tunneling enabled
hopping’’ can explain such paradoxical phenomena [21].
Of course, other explanation such as the dynamics disorder
based on the delocalized band picture has also shown its
reasonableness [44]. However, for our investigated systems, the reorganization energy is much higher than the
electronic coupling, therefore, we eliminate this possibility. It should be noted that in the experiment of Minder
et al. [43], for lower temperature (T < 210 K), the mobility
behaves like an thermally activated process. That is due
to charge trap, commonly existed in organic materials at
low temperature, which is not intrinsic property, and
should not be compared with Fig. 8.

4. Conclusion
To conclude, we have investigated the electron transport properties of four kinds of substituted perylene diimides based n-type organic semiconductors by a
‘‘tunneling enabled hopping’’ model coupled with quantum chemistry calculations. It is found that the electronwithdrawing substitutions at the bay positions of core in
the PDCDI molecules can induce the signiﬁcant change of
the geometric structures as well as the electronic structures of the molecule. The reorganization energy and the
transfer integral have also been inﬂuenced, which induced
the drastic change of the electron mobility. Our calculations strongly suggest that the cyano group (CN) is a promising substitution that not only can reduce the
reorganization energy by enhancing the delocalization of
the electrons, but also can make the stacking conformation
favorable for electrons to transport. It is noted that the long
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chain perﬂuoroalkyl is not a preferable substitution group
to increase the charge mobility. The ‘‘band-like’’ temperature dependence of the mobility of the four kinds of n-type
organic molecular materials have been found theoretically,
even though our model is based on localized charge hopping. This is ascribed to the nuclear tunneling effect. Both
the temperature dependence and the mobility value at
room temperature are in good agreement with the recent
experiment by Minder et al. [43] for the cyano substitution.
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