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Abstract The charge transport and photophysical prop-
erties of N-heteroquinones, which can function as n-type
organic semiconductors in organic field-effect transistors
(OFETs) with high electron mobility, were systematically
investigated using hopping model, band theory, and time-
dependent density functional theory (TDDFT). The calcu-
lated absorption spectra and electron mobility are in good
agreement with experimental results. To the studied com-
pounds, subtle structural modifications can greatly reduce
the reorganization energy. There are two main kinds of
intermolecular interaction forces of the studied compounds
in the crystal, which result from intermolecular n—m and
hydrogen bonds interactions, respectively. The results of
hopping model show that the electron transport properties
are mainly determined by pathways containing intermo-
lecular m—r interactions, and hole transport properties are
mainly determined by pathways containing intermolecular
hydrogen bonds from the standpoint of transfer integral.
Moreover, electronic transfer integral value increases with
the enhancement of intermolecular overlap corresponding
to the overlap extent of n—n packing. Hole transfer integral
value decreases with decreasing the number of hydrogen

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-010-0841-4) contains supplementary
material, which is available to authorized users.

G. Yang - Y. Si - Y. Geng - F. Yu - Q. Wu - Z. Su (X))
Institute of Functional Material Chemistry,

Faculty of Chemistry, Northeast Normal University,
130024 Changchun, Jilin, People’s Republic of China
e-mail: zmsu@nenu.edu.cn

Y. Si

College of Resource and Environmental Science,
Jilin Agricultural University, 130118 Changchun,
Jilin, People’s Republic of China

bonds. This means that charge transport properties can be
efficiently tuned by controlling the relative positions of the
molecules and the number of hydrogen bonds. The analysis
of band structure also supports the conclusion of hopping
model.
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1 Introduction

The advantages of organic field-effect transistors (OFETs),
such as low cost, flexibility, and large-area fabrication,
have recently attracted much attention due to their elec-
tronic applications [1]. N-type organic semiconductors that
accept and transport electrons are the key materials in
organic thin-film transistors (OTFTs) [2—-7]. Unlike p-type
organic materials, the development of high-performance
ambient-stable n-type organic materials has lagged far
behind that of p-type organic materials [8]. In the past few
years, this situation has been greatly changed due to the
increasing attention in this field. Several high-performance
n-type organic materials have been developed, and the
devices fabricated by vapor deposition methods also
exhibit high stability in ambient conditions. Specific pro-
gress in performance and molecular design of n-type
organic semiconductors in the past 5 years have been
reviewed by Liu et al. [9]. However, as far as solution-
processable n-channel semiconductors are concerned, it is
still challenging to fabricate high-performance ambient-
stable n-channel OTFTs.

Excellent n-type organic semiconductors require not
only relatively large electron affinity [10—13] but also high
electron mobilities [14—17]. The semiconductor materials
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with relatively large electron affinity permit efficient
electron injection into the LUMO of semiconductor mol-
ecules and increase thermodynamic stability of devices.
The rational design of new organic materials exhibiting
nonconventional optoelectronic properties is based on the
synthesis of molecules with appropriate geometrical and
electronic structures [18, 19]. It is known that quinones act
as organic oxidizing reagents in organic synthesis and
biological systems. Studies show that nitrogen-rich hete-
roacenes are promising n-type organic semiconductors [20,
21]. Based on these structural and electronic features, N-
heteroquinones (Fig. 1) are synthesized and can function as
n-type organic semiconductors in OTFTs with high elec-
tron mobility [22]. Here, 5,7,12,14-tetraaza-6,13-penta-
cenequinone (TAPQ) compound was taken as an example
to analyze its structural characters in crystal environment
(Fig. 1). TAPQ can form close n—n stacking with a dis-
tance of 3.32 A and four intermolecular DDAA-AADD D
is hydrogen donor and A is hydrogen acceptor) pattern
hydrogen bonds. The n—n stacking mainly occurs along
a axis direction, while the quadruple hydrogen bond
interactions along the bc plane. Up to now, it is not clear
that their carrier transport properties are determined whe-
ther by the intermolecular n—n interactions or by inter-
molecular hydrogen bonds. This provides good model
compounds for us to study the relationship between them.

With the development of photoelectric theory and
quantum-chemical computational method, it is possible to

Fig. 1 a Chemical structures of (a) 0
DATQ and TAPQ. b Crystal
structure of TAPQ. ¢ Crystal
structure of TAPQ viewed
along the bc plane, which are
formed by intermolecular
hydrogen bonding interactions.
d Crystal structure of TAPQ
viewed along a axis direction,
which are formed by strong
intermolecular n—m interactions

explain the experimental phenomenon and design excellent
photoelectric materials. For example, Bredas et al. have
systemically investigated charge transport in organic
semiconductors [14] and energy-transfer processes in 7-
conjugated oligomers and polymers [23]. Shuai et al.
quantitatively calculated the molecular fluorescence quan-
tum efficiency under harmonic approximation by consid-
ering the Duschinsky rotation effect [24]. Frenking and
Zhang have studied Alq; by quantum-chemical analysis,
which is very helpful for understanding its chemical bonds
and photophysical properties [25]. Our group also investi-
gated the charge transport mechanism and photophysical
properties of a series of organic photoelectric materials
[26-29]. In this paper, we focus on studying photophysical
properties, determining the mechanism of electron or hole
transport, exploring the relationships between reorganiza-
tion energy and bond-length changes upon oxidation or
reduction of the two novel N-heteroquinones compounds
with the assistance of quantum-chemical calculations.

2 Theoretical methodology

The geometry of neutral, cation, and anion states was
optimized at the density functional theory level with the
B3LYP functional, involving the gradient correction of the
exchange functional by Becke [30, 31] and the correction
functional by Lee, Yang and Parr, [31] employing a
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6-31G* basis set using the Gaussian 03 program suite [32].
No symmetry or internal coordinate constraints were
applied during optimization. The electronic absorption
spectra were systematically investigated by time-dependent
density functional theory (TD-DFT) based on the opti-
mized structures.

The hopping model [33-39] was employed to calculate
the carrier mobility in which charge can transfer only
between neighboring molecules. In this case, the charge
transport mechanism can be described as involving a self-
exchange electron transfer from a charged molecule to an
adjacent neutral molecule. The rate of charge transfer
between neighboring molecules, &, can be expressed by the
standard Marcus equation [40, 41] in terms of the reorga-
nization energy /, the transfer integral ¢, and the temper-
ature T as

2 5

k= 4 : P exp( . ) (1)
h \/47Z)LkBT 4kBT

where & and kj are the Planck and Boltzmann constants. To

get larger transfer rate, it needs the larger transfer integral

and the smaller reorganization energy. The drift mobility of

hopping, 1, can be evaluated from the Einstein relation

‘ 2)

T

where e is the electronic charge and D is the diffusion
coefficient, which is related to the charge-transfer rate k as
summing over all possible hops. The diffusion coefficient
can be approximately evaluated as [42—46]

1
D=—Y dKP; 3

where n is equal to 3, which is the dimensionality of space,
k; is the hopping rate due to the charge carrier to the ith
neighbor, d; is the distance to neighbor i, and P; is the
relative probability for charge carrier to a particular ith
neighbor

P— / S & @

To study the anisotropy of charge transport, the
electronic band-structure calculations were performed
with VASP [47-49] using the PBE (Perdew-Burke-
Ernzerhof) exchange—correlation functional [50] and a
plane-wave basis set. Electron—ion interactions were
described using the projector augmented wave (PAW)
method [51-53]. The kinetic energy cutoff on the wave
function expansion was set to 500 eV. The band-structure
calculations were based on the optimized crystal structure,
and the cell constants were fixed at the experimental values
during optimization, with a Monkhorst-Pack mesh of
10 x 4 x 2 k-points

3 Results and discussion
3.1 Electron spectra

Time-dependent density functional theory (TDDFT) has
emerged as the currently most applied method for molec-
ular computations due to its balance between accuracy and
efficiency. The electron transition energies, oscillator
strengths, and major transition contribution of the studied
compounds have been calculated by TDDFT method based
on the optimized ground state geometry (Fig. 1) and listed
in Table 1. The calculated transition energies agree with
the experimental results. This indicates that our adopted
method is suitable to the studied compounds. The maximum
transitions of 6,11-diaza-5,12-tetracenequinone (DATQ) and
TAPQ are characterized by electron promotion from the
HOMO-4 to the LUMO + 1 and the HOMO-5 to the LUMO,
respectively. Theses electronic transitions possess © — m*
character (Fig. 2). Moreover, the oscillator strength of TAPQ
is larger than that of DATQ, which is also observed in the
experimental measurement.

3.2 Reorganization energy

The inner reorganization energy can be computed either
from adiabatic potential energy surfaces [36] or from
normal mode calculations [54, 55]. The adiabatic potential
energy surfaces method combined with B3LYP functional
has been widely employed for calculating reorganization
energies of the charge transport processes [35, 36, 38, 56,
57]. The calculated reorganization energies based on the
adiabatic potential energy surfaces method are given in
Table 2. Overall, the electron reorganization energies are
much smaller than of hole reorganization energies. Espe-
cially, the value 4. (0.12 eV) of TAPQ is smaller than the
value A, (0.27 eV) of Alq which is a typical electron
transport material [58]. This indicates that the studied
compounds could be a good electron transport material
from the standpoint of reorganization energy. Both electron
and hole reorganization energies of TAPQ are smaller than
those of DATQ, which can be explained from the analysis
of bond-length changes upon oxidation or reduction.
There is a close relationship between charge transport
and bond-length changes upon oxidation or reduction. In
general, the smaller bond-length changes in these processes

Table 1 Absorption energies (nm), oscillator strength (f), major
contribution, and experimental data

Compounds Experiment Theory f Major contribution

DATQ 284
TAPQ 300

290.5
307.5

0.59 HOMO-4 - LUMO + 1
1.08 HOMO-5 - LUMO
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Fig. 2 Molecular orbitals
involved into the main
absorption transition

DATQ-HOMO-4

(1) 0 X C

TAPQ-HOMO-5

Table 2 Calculated hole (4;,) and electron (4,) reorganization ener-
gies (eV) of the studied compounds at B3LYP/6-31G* level

Compounds h Ae
DATQ 0.66 0.32
TAPQ 0.37 0.12

would exhibit the smaller reorganization energy, which
would lead to the easier charge transport. The geometry
modifications occurring upon oxidation and reduction of
the studied compounds are listed in Table 3. The bond-
length changes of DATQ in both oxidation and reduction
process are larger than those of TAPQ. Therefore, it is not
surprising that the reorganization energies of DATQ were
estimated to be larger than those of TAPQ. Here, the
reduction process was taken as an example. The largest
bond-length changes upon reduction of TAPQ are bonds 4
and 4’. While the largest bond-length changes upon
reduction of DATQ locate at quinone part. The TAPQ
contains another benzene ring compared with DATQ and
form a nearly symmetric center around quinone. This
means that subtle structural modifications can lead to the
obvious different bond-length changes upon reduction and
exhibit obvious variation of reorganization energy.

3.3 Transfer integral

Currently, three methods are mainly used to calculate
transfer integral value, such as site-energy corrected
method [59], direct coupling method [60, 61], and sim-
plified energy splitting in dimer (ESD) method [45]. To the
studied compounds, the structures of some dimers are
asymmetric. To these kinds of structures, ESD method
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Table 3 Calculated bond-length changes (in A) upon oxidation
(CBLA, going from the neutral to the cation state) and reduction
(ABLA, going from the neutral to the anion state) of the studied
compounds

Bonds DATQ TAPQ
CBLA ABLA CBLA ABLA

1 0.002 —0.015 0.001 0.013
2 —0.003 0.010 —0.002 —0.011
3 0.000 —0.014 0.005 0.007
4 —0.009 —0.016 -0.017 0.023
5 0.017 0.026 0.010 —0.014
6 0.009 —0.032 0.021 —0.008
7 —0.031 0.031 —0.036 0.000
8 —0.036 —0.032 —-0.014 0.011
9 0.034 —0.015 0.012 —0.012
10 0.019 0.010 - -

11 —0.030 —0.004 - -

12 0.008 —0.007 - -

13 —0.003 0.003 - -

14 0.002 —0.006 - -

Large variations of the CBLA and ABLA values are given in bold

could overestimate the transfer integral value. Thus, the
site-energy corrected method and direct coupling method
are used to calculate the transfer integral at PW91PW91/6-
31G** level [46, 62, 63]. To be simple, TAPQ was taken
as an example to investigate the influence of hydrogen
bonds and n—r interactions on transfer integral. All possi-
ble charge hopping pathways are shown in Fig. 3. The
calculated transfer integral values for both hole and elec-
tron are given in Table 4. From Table 4 and Fig. 3, we can
draw the following conclusions: (1) The results obtained
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Fig. 3 All charge hopping
pathways for the studied
compound TAPQ

4

from the site-energy corrected method and direct coupling
method are almost the same. (2) The pathways 1 and 2
contain strong intermolecular n—rn interactions and exhibit
large electronic transfer integral value, which means that
these pathways containing the intermolecular n—rn interac-
tions favor the electron transport. Compared with the
pathways 1 and 2, electronic transfer integral value
increases with enhancement of intermolecular overlap. The
pathways 3, 4, and 5 contain intermolecular hydrogen
bonding interactions and have large hole transfer integral
value, which indicates that these pathways containing the
intermolecular hydrogen bonds favor the whole transport.
The hydrogen bonding number of the pathways of 3, 4, and
5 is 4, 2, and 1, respectively. The value of hole transfer
integral increases with increasing the number of hydrogen
bonds. This means that hole transfer integral can be

efficiently tuned through controlling the number of
hydrogen bonds. (3) The rate of charge transfer between
neighboring is proportional to the square of transfer inte-
gral. The electronic transfer integral values obtained from
the intermolecular m—n packing are much larger than those
of hydrogen bonding dimers. Thus, the electron mobility is
mainly determined by the intermolecular 7—n packing. The
hole mobility is mainly determined by the hydrogen
bonding dimer. The same methods are used to DATQ
compound. All possible charge hopping pathways and their
transfer integral values of DATQ are given in Figure S1
and Table S1 available as supplementary material. The
results of DATQ are similar to those of TAPQ. Based on
the above discussion, intermolecular electronic couplings
are very sensitive to the relative positions of the molecules
and the number of intermolecular hydrogen bonds.
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Table 4 The calculated transfer integral value (meV) for both hole
and electron of TAPQ compound based on direct coupling method
and site-energy corrected method

Pathway Direct coupling method  Site-energy corrected method
173 t, 173 t,

1 -1.19 59.65 2.78 63.62

2 0.23 —13.95 2.21 2.17

3 46.37 1.30 29.81 2.14

4 —2.32 —-1.32 1.93 2.12

5 0.38 2.82 0.29 5.46

Table 5 The calculated carrier mobilities (cmz/Vs) for both hole (u;,)
and electron (1) based on direct coupling method and site-energy
corrected method

Compound  Direct coupling Site-energy Experiment
method corrected method
Hn He Hn He He
TAPQ 0.107 0.541 0.043 0.618 0.12
DATQ 0.011 0.016 0.005 0.026

3.4 Carrier mobility

Based on the calculated results of reorganization energy
and transfer integral, the carrier mobilities for both hole
and electron are calculated using the Eq. 2 and given in
Table 5. On the whole, the electron mobilities are larger
than the hole mobilities for both DATQ and TAPQ, which
is in agreement with the experimental predication. Fur-
thermore, the two methods give the similar results, and the
electron mobility of TAPQ is close to the experimentally
measured values. This means that our adopted methods are
suitable to the studied compounds.

3.5 Band structure

Studies of the anisotropy of charge transport in single
crystals show that the efficiency of transport is intimately
related to the relative positions of the interacting mole-
cules, and hence to crystal packing [14]. To further validate
above calculated results and discuss the influence of the
anisotropy on the charge transport, the electronic band
structure along high-symmetry directions of TAPQ is
shown in Fig. 4. Due to the two translationally inequivalent
molecules present in the unit cell, both occupied and
unoccupied bands consist of two sub-bands. In general,
there is a close relationship between bandwidth and charge
transport. The larger bandwidth is, the larger carrier
mobility is. The largest dispersion for conduction band is
observed along the symmetry line I — B corresponding to
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Fig. 4 Calculated band structure of TAPQ crystal. The high-
symmetry points are 1'(0,0,0), B(0.5,0,0), Y(0,0.5,0), Z(0,0,0.5)

the a axis in real space, which mainly results from the
intermolecular n—n packing (Fig. 1). However, the largest
dispersion for valence band is observed along the sym-
metry line between Y — " and Y — Z corresponding to
the bc plane in real space, which results from the inter-
molecular hydrogen bonds (Fig. 1). This means that
intermolecular n—n packing are responsible for electron
transport and intermolecular hydrogen bonding interactions
are responsible for hole transport. Moreover, the bandwidth
of conduction band is larger than that of valence band.
From the band-structure point of view, the electron in
conduction band could move much easier than the holes in
valence band, which is agreement with the results of
hopping model and experimental measurement.

4 Conclusions

N-heteroquinones can function as n-type organic semi-
conductors in OTFTs with high electron mobility. There
are two main kinds of intermolecular interaction forces of
the studied compounds in the crystal, which result from
intermolecular m—n and hydrogen bonds interactions,
respectively. N-heteroquinones were taken as model to
study the relationships between charge transports and the
intermolecular n—m interactions or intermolecular hydrogen
bonding interactions. The results of hopping model show
that the electron transport properties of the studied com-
pounds are mainly determined by pathways containing
intermolecular m—7 interactions, and hole transport prop-
erties are mainly determined by pathways containing with
intermolecular hydrogen bonds. Electronic transfer integral
value increases with enhancement of intermolecular over-
lap corresponding to the overlap extent of n—m packing.
Whereas hole transfer integral value decreases with
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decreasing the number of hydrogen bonds. This means that
charge transport properties can be efficiently tuned by
controlling the relative positions of the molecules and the
number of hydrogen bonds. The analysis of band structure
shows that the electron in conduction band could move
much easier than the holes in valence band, which is
agreement with the results of hopping model and experi-
mental measurement.
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