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Abstract Electron mobilities of two pentacenquinone deriv-
atives as n-type organic semiconductors, 5,7,12,14-tetraaza-
6,13-pentacenquinone (TAPQS5) and 1,4,8,11-tetraaza-6,13-
pentacenquinone (TAPQ?7), have been investigated at the mo-
lecular and crystal levels by means of the density functional
theory (DFT) calculations and the incoherent charge-hopping
model. It was found that these materials have lower LUMO
energy levels, which can easily function as n-type organic
semiconductors. The reorganization energy and transfer inte-
gral are the two important factors for tuning the electron
transfer. The small reorganization energy and the large transfer
integral for electron transport suggested that they have rela-
tively high electron mobilities. The transfer integral among the
dominant hopping pathways showed that the electron trans-
port processes occur in parallel dimers between two neighbor-
ing molecules with 7-stacking interactions. On the basis of the
angular resolution anisotropic mobility investigation, TAPQS
and TAPQ?7 exhibit remarkable angular dependence of mobil-
ities and anisotropic behaviors. The results are helpful for
experimentalists to choose the candidate materials and to
design novel organic semiconductors.

Keywords Anisotropic behavior - Density functional theory
(DFT) - Electron mobility - n-type organic semiconductors

Introduction

Over the past two decades, organic semiconductors have been
the subject of intensive academic and commercial interest due

J. Yin - Y. Hu - X.-H. Ju (<)

Key Laboratory of Soft Chemistry and Functional Materials of MOE,
School of Chemical Engineering, Nanjing University of Science and
Technology, Nanjing 210094, People’s Republic of China

e-mail: xhju@mail.njust.edu.cn

to rapid development of technological applications, such as
organic field-effect transistors (OFETs), organic light-emitting
diodes (OLEDs), organic photovoltaic cells (OPVs), and var-
ious types of sensors [1-3]. Even though charge mobility of
organic semiconductors lower than the inorganic semiconduc-
tors, they have many desirable properties, such as low cost,
light weight, versatility of chemical synthesis, ease of process-
ing, and flexibility [4]. Organic semiconductor materials can
be classified as p-type (hole-transporting) or n-type (electron-
transporting) according to which type of charge carrier is more
efficiently transported through the material [5, 6]. The main
parameters to characterize the performance of organic semi-
conductor are its carrier mobility and on/off current ratio. To
be efficient in optoelectronic applications, the carrier mobility
(w) should be at least 0.1 cm?-V'-s™" and the on/off current
ratio (Ioy/I) should be at least 10° [7]. However, the findings
of the n-type semiconductors were much less than the p-type
ananlogs due to the limited understanding of the fundamental
electronic properties of organic semiconductor materials [8].
The n-channel materials are in huge demand, and the compre-
hensive understanding of the charge transport mechanism in
these n-type organic semiconductors is of fundamental interest
[9].

To develop high performance n-type organic semiconduc-
tors, new designs need to be explored. It is known that
quinones act as organic oxidizing reagents in organic synthe-
sis and biological systems due to their lower LUMO energy
and the larger electron affinities (EA) [10]. On the basis of
this, a large number of novel organic semiconductors have
been synthesized, but few studies have explored that the
ability to accept electrons links to n-type organic semiconduc-
tors [11]. Recently, a few studies have reported that nitrogen-
rich heteroquinones incorporated with pyrazine rings are po-
tential n-type organic semiconductors [12—14]. The
pentacenequinones with the electron-withdrawing quinone
and pyrazine moieties have low-lying and well delocalized
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lowest unoccupied molecular orbitals, which are well consis-
tent with n-type organic semiconductors. Mamada and
Kumaki et al. [11, 15] have reported that the quinone n-
channel organic semiconductors having high electron affini-
ties are very steady in the air atmosphere. In these n-type
organic semiconductor materials, there are two special com-
pounds: 5,7,12,14-tetraaza-6,13-pentacenequinone (TAPQS)
and 1,4,8,11-tetraaza-6,13-pentacenequinone (TAPQ7) as
shown in Fig. 1. The electron mobilities of TAPQ5 and
TAPQ7 were measured from their experiments are in the
range of 0.05-0.12 cm?-V '-s7! [16] and 2-6x107°

571 [17], respectively.

It is known that the charge transport properties of organic
semiconductors are influenced by a series of factors such as
mode of crystal packing, film morphology, molecular structure,
and material stability, etc. [18, 19]. The crystal packing and
molecular structures of TAPQS and TAPQ?7 are similar. It is
believed that the mobility of TAPQS should be close to the
TAPQ7. However, the electron mobility of TAPQS is much
larger than that of TAPQ7. In view of this, we perform
theoretical calculations to the mobilities of TAPQS5 and
TAPQ?7 to forecast the possible theoretical values and under-
stand how the interplaying role of various factors affects the
charge transport property. Zhang et al. have predicted the
electron mobilities of TAPQS5 and TAPQ7 using the four-
point method for the mode-specific reorganization energies
and the molecular dynamics (MD) simulations for the aver-
age electronic couplings [20]. While in this paper, we ap-
plied the Marcus-Hush theory to investigate the electron
mobilities of TAPQ5 and TAPQ7. In addition, we investi-
gated the electronic properties and charge transport parame-
ters of TAPQS and TAPQ?7 crystals at the molecular level
based on the density functional theory (DFT) calculations
coupled with incoherent charge-hopping mechanism model.
The results would give insight for the potential n-type semi-
conductors with high mobility.

Fig. 1 Crystal (upside) and mo-
lecular (below) structures of
TAPQS and TAPQ7
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Computational details

Although the charge-transfer mechanism in organic crystals is
often difficult to determine, the charge-transfer in 7t-conjugated
organic semiconductors with weak intermolecular interactions is
generally regarded to occur via the incoherent hopping process
[21]. In the incoherent hopping mechanism, the charge carriers
are expected to localize and jump between neighboring mole-
cules to migrate across the organic layer. The electron-transfer
was represented by the following reactions, respectively:

M+M M +M, (1)

where the M and M are the neutral molecule and anion,
respectively. Besides, as the organic crystals are usually weak
polar materials, the charge carrier is fully localized on a single
molecule, and the rate of charge transfer between two adjacent
molecules, k; is expressed by Marcus theory [22, 23] as:

1

22 T 2 P
ki (/\kBT> eXp( 4kBT>’ @)

h

where ¢; denotes the transfer integral between neighboring
molecules in each individual hopping pathway, and A_ is the
reorganization energy for electron transports, T is the temper-
ature, & and kp are the Planck and Boltzmann constants,
respectively.

According to Eq. 2, we firstly need to compute the A_ value
to calculate the k;. Generally speaking, the A_ can be estimated
by two methods: (i) the adiabatic potential (AP) energy sur-
face approach [24, 25] and (ii) the normal-mode (NM) anal-
ysis method [26, 27], which provides the partition of total
relaxation energy into the contribution from each vibration
mode. According to the AP scheme, A_ can be expressed as
the following equation [28]:

A= Eo(Q-)—Eo(Qy) + E-(Qp)

~E-(Q-), (3)
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where E, (Qo) and E_ (Q-) are the respective energies
of optimized neutral and anionic structures, £, (Q-) is the
neutral molecular energy with the optimized anionic struc-
ture of the molecule, and E_(Qp) is the anionic energy
with the optimized neutral structure. According to Eq. 2, it
can be seen that the electronic coupling # is an important
parameter determining the rate of charge transfer. In this
work, the ¢ was calculated on the direct coupling ap-
proach, which provides a relatively accurate estimation
for the #; due to considering the spatial overlap between
two monomers [29]. In terms of this scheme, the electron
coupling is given by:

1
hlz—z (h11 + h22)S12
f=
1-S1,2

; (4)

where h;=(pilhgs| gy, Sy=(pdSlpy, and [@;) (i=12) is
the electronic wave function of LUMO for the ith monomer.
hy; is the charge transfer integral and Sj; is the spatial overlap
integral, respectively. /g is the Kohn—Sham Hamiltonian of
the dimer system, which can be calculated by the following
equation [30, 31]:

hgs = SCeC™!, (5)

where S is the intermolecular overlap matrix, C is the
molecular orbital coefficient matrix from the isolated mono-
mer, and ¢ is the orbital energy from one-step diagonalization
without iteration.

The charge transfer mobility, p, is then evaluated from the
Einstein relation [32]:

p=-—D, (6)

kgT
where e is the elementary charge, kp is the
Boltzmann constant, and D, diffusion coefficient, is a
sum of the individual diffusion coefficient along the ith
hopping pathway [33]:

1 2
DZEZH‘ kiP;, (7)

here, n=3 is the space dimensionality, 7; is the centroid
distance of the hopping channel i, k; is the hopping rate of the
charge carrier in the ith pathway, and P; is the relative prob-
ability for charge carrier hopping to a particular ith neighbor,
which is calculated as by:

P =

ki
S (8)

All the quantum chemical calculations were performed
with Gaussian 09 package [34].

Results and discussion
Crystal and molecular structures of TAPQS5 and TAPQ7

We optimized the geometries of TAPQ5 and TAPQ7 by the
density functional theory with different functionals. The
structural parameters of TAPQS5 and TAPQ7 were listed
in Tables 1 and 2. It has been demonstrated that the
optimized structures are in good agreement with the
experimental values at the PBEIPBE/6-31+G(d) level.
Therefore, we obtained reorganization energy using this
hybrid functional. However, we calculated the electron
transfer at the hybrid functional PW91PW91/6-31G(d)
level, which has been proved to give good descriptions
for electron transfer at the DFT level [35].

As seen in Tables 1 and 2, the optimized bond-lengths and
bond-angles for TAPQS5 and TAPQ7 molecules are in good
agreement with the experimental values, and the bond-length
deviation between them is only about 0.093 A (the length of
C2-N1 for TAPQS). This result manifests that the PBE1PBE/
6-31+G(d) method is quite suitable for elaborating the geo-
metric properties of the investigated materials. The optimized
TAPQS5 and TAPQ7 molecules are excellently planar. From
the gas phase to the solid phase, bond length and dihedral
angle distortions have undergone appropriately. Since the
molecular geometry may be somewhat affected by the inter-
action with surrounding molecules in the solid phase. A
further calculation indicates that slight difference in geometry
has also little influence on their electronic structures. From

Table 1 Optimized structural parameters and experimental values of
TAPQ5 2

Parameter ~ B3PW91 B3LYP M06-2X PBEIPBE Exp®
Cl1-01 1.21 1.21 1.20 1.21 1.20
Cl-C2 1.51 1.51 1.51 1.50 1.50
C3-C4 1.42 1.42 1.42 1.42 1.42
C4-C5 1.37 1.38 1.37 1.37 1.36
C5-Co6 1.42 1.42 1.42 1.42 1.41
C3-C7 1.43 1.44 1.43 1.43 1.44
C2-C8 1.43 1.43 1.43 1.43 1.42
C2-N1 1.32 1.32 1.31 1.32 1.32
N1-C3 1.35 1.35 1.35 1.35 1.35
O1-C1-C2  121.65 121.63 121.56 121.63 121.50
C4-C5-C6  120.89 120.89  120.86 120.89 121.00
CI-C2-N1  116.49 116.60 116.47 116.47 116.50
C2-N1-C3  117.24 117.43 117.04 117.16 116.90
N1-C3-C4  119.59 119.69 119.43 119.54 119.70
C3-C4-N5  119.60 119.62 119.56 119.59 119.50

*Bond length in Angstrom, bond angle in degree
5 X-ray in crystal [20]

@ Springer



2460, Page 4 of 8

J Mol Model (2014) 20:2460

Table 2 Optimized structural parameters and experimental values of

TAPQ7 *

Parameter ~ B3PW91  B3LYP M06-2X PBEIPBE Exp®
C1-01 1.22 1.23 1.22 1.22 122
C1-C2 1.49 1.49 1.50 1.49 1.49
C2-C3 1.38 1.38 1.38 1.38 1.37
C3-C4 1.41 1.41 1.41 1.41 1.41
C5-Co6 1.42 1.43 1.43 1.42 1.42
C4-C7 1.43 1.43 1.42 1.43 1.42
C2-C8 1.43 1.43 1.43 1.43 1.44
C4-N1 1.36 1.37 1.37 1.36 1.37
N1-C5 1.31 1.31 1.31 1.31 1.31
C1-C2-C3 11857 118.66  118.47 118.52 119.40
C2-C3-C4  119.40 120.41 120.10 120.30 120.70
C3-C4-N1  119.35 11944  119.17 119.30 119.40
C4-N1-C5 116.11 11625  116.10 116.08 115.80
NI1-C5-Co6  122.68 122.63  122.64 122.69 123.00
O1-C1-C2  121.24 121.18  121.20 121.25 120.80

#Bond length in Angstrom, bond angle in degree
® X-ray in crystal [20]

Fig. 1, it is straightforward to see that there are two main kinds
of packing modes for two adjacent molecules, i.e., face-to-
edge and face-to-face packing (7t-stacking). Besides, the mo-
lecular packings of TAPQS and TAPQ?7 crystals have a similar
-7t stacking and quadruple weak hydrogen bonds [36]. The
7t-1t distances between two neighboring molecules along the
pathways (vertical direction) in TAPQ5 (3.89 A) and TAPQ7
(3.80 A) are very similar. The large difference of their electron
mobilities of TAPQS and TAPQ?7 has been interpreted by the
different morphologies that TAPQ7 has an amorphous film,
but TAPQS forms a polycrystalline film [17]. In fact, the
mobilities strongly depend on the shape and can be covered
under different morphologies [37].

Frontier molecular orbitals and electron affinities

The charges were injected from the source electrode to drain
electrode into the semiconductor, the current can flow through
the transistor channel in OFETs [38]. In order to ensure charge
injection from the source electrode effectively, the n-type
organic semiconductors should possess low energies of the
lowest unoccupied molecular orbital [39]. Based on the opti-
mized structures of the neutral state, the energy levels as well
as the electron distribution of the lowest unoccupied molecu-
lar orbital (LUMO) and the highest occupied molecular orbital
(HOMO) were shown in Fig. 2. As can be seen, the pure
PBEI1PBE functional combining with the 6-31+G(d) basis set
can present confidence in the accuracy of the electronic prop-
erties of TAPQS5 and TAPQ7 [20]. The calculated LUMO
energies are consistent with the fact that n-type materials
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Fig. 2 HOMOs and LUMOs of TAPQ5 and TAPQ?7 calculated with
PBE1PBE/6-31+G(d) method

typically have LUMO levels between —3 and —4 eV [18].
The calculated LUMO energy, HOMO energy as well as the
gap of them for TAPQS on this method are —3.52 eV,
—=7.51 eV, and 3.99 eV, respectively, which are approvingly
consistent with the experiment values of —3.78 eV, —6.93 eV,
and 3.15 eV [16]. As depicted graphically in Fig. 2, the
HOMO and LUMO of TAPQS5 and TAPQ?7 distribute to the
entire molecule and reveal the typical 7-type molecular orbital
character, which demonstrates their good carrier transport
property. In addition, both TAPQS5 and TAPQ7 with
low-lying HOMO and LUMO energies show that they
have good carrier injection property. Further investiga-
tion exposes the HOMO and LUMO denote a clearly
symmetrical distribution in TAPQS5 and TAPQ7. From
Tables 1 and 2, we can see that the bond lengths of TAPQS are
closer to the average bond length than those of TAPQ7. As
expected, the electron distribution becomes more delocalized
in TAPQS than the TAPQ?7.

As is known to all, the ionization potential (IP) and the
electron affinity (EA) are directly relevant to the air stability.
Based on this, the values of EA and IP for TAPQS5 and
TAPQ7, both vertical and adiabatic ones were listed in
Table 3. According to previous studies, the adiabatic IP of
selected air-stable p-type materials ranges from 5.680 eV to
6.786 ¢V, while the adiabatic EA for n-type ones should be
less than 4.0 eV and air-stable n-type ones should be more than
2.80 eV [40, 41]. In light of these viewpoints, TAPQS5 and

Table 3 Calculated ionization potentials (IP) and electron affinities (EA)
for TAPQ5 and TAPQ7 (in eV)*

Compound 1P(v) 1P(a) EA(v) EA(a)
TAPQ5 8.72 8.54 2.19 225
TAPQ7 8.95 8.84 2.01 2.08

“IP(V)=E.(Qp) — E(Qp), IP@)=E(Q+) — Eo(Qp), EA(V)=E((Qp) ~E
(Q0), EA(2)=Eo(Qp) — £ (0 )
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TAPQ7 are as n-type materials, but they are unstable as
electron transport ones due to the small EA values.
Therefore, the suitable operating conditions need to be con-
sidered when TAPQS5 and TAPQ?7 are applied in practical
electron transport OFET devices.

Reorganization energy

According to Egs. 2, 6 and 7, the reorganization energy A_ and
transfer integral #; are the two dominant quantities governing
the charge mobility. The reorganization energy has both inter-
nal and external contributions. The reorganization energy of
molecular charge mainly depends on the material differences
between neutral and anion state. At this stage, the external part
is often neglected, and we only take the internal contribution
into account in organic crystals [17, 42-44]. Here we per-
formed the calculation of reorganization energy through the
adiabatic potential (AP) energy surface approach. To investi-
gate the performance of different theoretical methods in
predicting the reorganization energy for TAPQS5 and
TAPQ7, we obtained the reorganization energy using the
B3LYP, PBEIPBE, B3PW91, and M06-2X density func-
tionals with 6-31+G(d) basis set. All the reorganization ener-
gies of TAPQS and TAPQ?7 were listed in Table 4. As can be
seen in Table 4, the reorganization energies at the PBE1PBE/
6-31+G(d) level are 125.4 and 146.6 meV for TAPQS and
TAPQ7, respectively, which are consistent with the reported
values [20], indicating that the PBE1PBE/6-31+G(d) method
is valid to describe the reorganization energy. TAPQS pos-
sesses less reorganization energy than TAPQ?7, indicating that
the electron delocalization can be promoted by moving the
hetero nitrogen atom from the inner ring to the end ring. From
the reorganization energy analysis, TAPQS5 is expected to
have better charge transport properties than TAPQ?7.

Transfer integral

The transfer integral plays an important role in the charge
mobility. It is known that transfer integrals are dependent on
the molecular arrangement and the overlapping degree of their
frontier molecular orbitals [45]. For different crystal struc-
tures, the relative positions of the two neighboring molecules
involved are entirely different due to different packing struc-
tures in crystals. Based on the crystal structures of TAPQS5 and

Table 4 Reorganization energy (in meV) for electron transport of
TAPQS5 and TAPQ7 using different DFT functionals with the 6-31+
G(d) basis set

Compound B3LYP PBEIPBE B3PWOI1 MO06-2X
TAPQ5 122.493 125.381 121.697 152.317
TAPQ7 142.114 146.610 141.372 176.664

TAPQ7, the electron transfer pathways were illustrated in
Figs. 3 and 4. It can be seen that the transport channels of
TAPQS5 are featured by the herringbone structure with two
directions employing the face-to-edge packing and other di-
rections adopting the face-to-face packing. The overlap for the
dimers with the 7t-7t stacking pattern is very large in the short-
axis direction, whereas the dimers with face-to-edge stacking
are away from each other in the long-axis direction. It is worth
noting that TAPQ7 adopts the 7t-7t stacking configurations,
but in different transfer pathways, the displacements of the
dimers along the long-axis and the short-axis as well as the
vertical distances are different. As seen, for TAPQ7, the
overlaps of dimers 2 and 5 are less than those of dimers 1, 4
and 3, 6 (see the short axis direction), but the vertical distances
of dimers 1, 4 and 3, 6 are much lengthier than the former two
dimers. Both the dimers 2 and 5 for TAPQ7 and the dimers in
8 and 12 for TAPQS have no overlap though the vertical
distances are very small.

We have calculated the electronic couplings for all the dimers
and the corresponding values of these electronic couplings were
listed in Table 5. As can be seen in Table 5, the electronic
couplings along the short-axis (dimers 7 and 11) for TAPQS
crystal is 63.95 meV, more than five fold of those along other
directions, which means that electrons transfer mainly along the
one-dimension direction. The same transport properties can also
be found in TAPQ7, where electrons transport only along 7t-

(b)

Fig.3 Electron transfer pathways for TAPQS5; (a) short-axis view and (b)
long-axis view of TAPQ5
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(b)

Fig.4 Electron transfer pathways for TAPQ7; (a) short-axis view and (b)
long-axis view of TAPQ7

stacking dimers 1 and 4. Along the short-axis (dimers 1 and 4)
for TAPQ7 crystal is 103.27 meV, which is much larger than
those along other directions, demonstrating that the electron
mobility of each crystal is mainly determined by one dimensional
charge transport. For both TAPQ5 and TAPQ?7, the calculated
results suggest that the electron transfer along 7t-stacking is
crucial to the charge mobility.

Electron mobility

The electron mobilities of TAPQS and TAPQ7 were calculated
based on the Einstein equation with values shown in Table 6. It
was surprising to find that the calculated mobility of TAPQ?7 is
much larger than that of TAPQS. The calculated mobilities of
TAPQ5 and TAPQ7 are more than 0.1 cm*V "5, the thresh-
old value fully meets the practical OFET application [5].
Furthermore, the calculated mobility is about ten times larger
than experimental values for TAPQS [17]. The theoretical

@ Springer

Table 5 Electronic couplings for different molecular pairs in TAPQ5 and
TAPQ7 crystals

Pathway TAPQS TAPQ7

Lo FL o Pon
1 9.07 14.01 3.80 103.27
2 10.39 1.63 10.14 2.86
3 10.52 1.77 9.61 8.16
4 9.07 14.01 3.80 103.27
5 10.38 1.63 10.14 2.86
6 10.32 1.77 9.61 8.16
7 3.89 63.95 10.03 3.81
8 9.87 2.99 9.61 8.16
9 9.07 14.01 9.61 8.16
10 9.87 0.01 16.03 3.81
11 3.89 63.95 9.61 8.16
12 9.87 2.99 9.61 8.16
13 9.07 14.01
14 9.87 0.01

*The distance between two adjacent monomers and the unit is A

° The electronic coupling calculated at PW91PW91/6-31G(d) level and
the unit is meV

electron mobility is for the ideal single crystal, while the exper-
imentally measured mobility is for polycrystalline. For TAPQ?7,
the calculated mobility is also much larger than the experimental
value [18]. The small experimental value has been explained by
the amorphous film of TAPQ7 with the help of X-ray diffraction
patterns [21]. Once the monocrystalline film of TAPQ7 is syn-
thesized, it should have a high mobility. Furthermore, there is a
large difference of mobilities between the previous works [20]
and our results since the diffusion coefficients were obtained
from different methods. Zhang et al. implemented the MD
simulation to calculate the diffusion coefficient. Some investiga-
tions reported that diffusion coefficient using the MD simulation
method is smaller than that by Eq. 7 [46—48]. In addition, the
electron mobility in this work refers to room temperature, while
Zhang’s results were at 400 K [20]. It is noted that our predicted
mobilities are closer to the experimental values (Table 6).
Besides, the electric field, the charge carrier density and the
nuclear tunneling effect also influence the charge transport prop-
erties and are quite complicated especially when they are tangled
together [49]. As a whole, both TAPQS and TAPQ7 crystals

Table 6 Calculated and experimental mobilities of TAPQS and TAPQ7
(unit: cm*>V s

Mobility TAPQ5 TAPQ7
Calculated 0.52 (1.54)* 1.03 (8.75)
Experimental 0.05-0.12 2-6x107°

#From ref. [20]
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have a potential to be further ameliorated to improve the electron
mobility.

Anistropic mobility

In the high temperature environment, the strong thermal molec-
ular motions may cause dynamic disorder of molecular disorien-
tation in the crystal structures. This may lead to attenuations,
fluctuations, and even enhancements in the intermolecular trans-
fer integrals [43, 49]. As a result, we have investigated the
anisotropic effect in TAPQS and TAPQ7 to understand how it
influences mobility. The angular resolution anisotropic mobility
can be calculated by the following equation [48]:

Z ri*kiPicos?~y,cos” (0,—P), 9)

i

e
He = kst

where 0; and y; are the hopping angles along the specific
transistor channel relative to the reference axis. @ is the

0p=0°
6r,=79°
0r,=180°-73°

uem’nv's™)

(b)

Fig. 5 (a) Illustration of projecting different hopping pathways onto a
transistor channel in a-c plane of TAPQS crystals; 0p 074, and 07, are the
angles of P, T1, and T2 dimers relative to the reference crystallographic
axis a.® is the angle along a transistor channel relative to the reference
crystallographic axis a. (b) The curves of the calculated anisotropic
mobilities for TAPQS5

direction of the conducting channel relative to the reference
axis (Figs. 5 and 6). We only considered the dimer P in the
mobility orientation function on the a—c plane due to the
smaller transfer integrals along the dimer T1 and dimer T2
transfer pathways in the TAPQS and TAPQ?7, that is, the y;
=0°. As seen from Figs. 5 and 6, the largest electron mobilities
are all along or near the 0° and 180° directions relative to the a
axis for TAPQS and the ¢ axis for TAPQ7, and the directions
of their smallest mobilities are perpendicular to the axes
mentioned above in the selected planes. The largest mobilities
of TAPQ5 and TAPQ7 are 1.68 and 3.13 cm®V "5, re-
spectively, corresponding to the transport pathways with 7t-7t
intermolecular interactions. This result suggests that the 7t-7t
intermolecular packing is the main driving force to charge
transferring.

Conclusions

The geometries, electronic properties, and charge-transport
parameters of TAPQS5 and TAPQ?7 as organic semiconductors
have been theoretically investigated at the molecular and

0p=0°
612=87°
07,=180°-55°

conducting channel

u(em’nv’'s™)

(b)

Fig. 6 (a) Illustration of projecting different hopping pathways onto a
transistor channel in a-c¢ plane of TAPQ?7 crystals;, 0 077, and 07, are the
angles of P, T1, and T2 dimers relative to the reference crystallographic
axis ¢.® is the angle along a transistor channel relative to the reference
crystallographic axis c. (b) The curves of the calculated anisotropic
mobilities for TAPQ7
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crystal levels using DFT calculations coupled with the charge-
hopping mechanism. The results show that pentacenequinone
derivatives, which have low-lying and delocalized LUMOs,
can easily function as n-type organic semiconductors.
Besides, the reorganization energy and the transfer integral
significantly contribute to the dramatic change of the electron
mobility. The transfer integral calculations among the domi-
nant hopping pathways show that the electron transport pro-
cesses occur in parallel dimers between two neighboring
molecules with 7t-stacking interactions for TAPQS5 and
TAPQ?7. Furthermore, compared to the measured values, the
theoretical values of mobilities are much larger, indicating that
the experimental mobilities could be further increased by
crystallizing the OSC molecules into an ordered lattice, re-
ducing the contact resistance and/or using an alternative meth-
od of sample preparation.
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