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Abstract The charge-transport properties of a series of
silylethynylated N-heteropentacenes (TIPS-PEN-xN; x = 2, 4)
were systematically investigated using Marcus electron-transfer
theory coupled with kinetic Monte Carlo simulations. Electronic
structure calculations showed that introducing more pyrazine
rings decreases the energy levels of the lowest unoccupied
molecular orbitals (LUMOs) and should aid electron transfer.
The number and the positions of the pyrazine rings greatly
influence the molecular packing in crystals and hence the inter-
molecular electronic coupling. Furthermore, the introduction of
internal (rather than external) pyrazine rings leads to a better
charge-transport network. Transport parameters evaluated from
the hopping and band-like models both demonstrate that, among
the TIPS-PEN-xNmolecules, B-TIPS-PEN-4N—which has two
internal pyrazine rings—is the most promising n-type material.
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Introduction

Organic semiconductors have drawn much attention due to
their potential applications in low-cost, large-area, and flexible
electronic devices, such as organic light-emitting diodes
(OLEDs) [1, 2], organic field-effect transistors (OFETs)
[3–5], solar cells [6, 7], and sensors [8–11]. Significant prog-
ress has been made so far in p-channel organic semiconductor
development [12–20]. Some representative p-type materials
have surpassed amorphous silicon devices, with hole mobil-
ities of >10 cm2 V−1 s−1 observed at room temperature (in
pentacene, rubrene, and so on) [12, 21, 22]. In contrast, the
progress of n-type materials has lagged behind somewhat due
to the high injection energy barrier for electrons and the poor
stability of organic radical anions in the ambient atmosphere.
Considering that complementary integrated circuits consisting
of both p-type and n-type transistors can achieve far greater
speed, reliability, and stability than unipolar circuits [23, 24],
the molecular design and synthesis of excellent n-type organic
semiconducting materials is urgently required.

Among various approaches to n-type material develop-
ment, the introduction of pyrazine rings into oligoacenes has
been found to be a successful strategy. In terms of experimen-
tal studies, Yamashita and co-workers were the first to report
n-type OFETs based on pyrazinoacene-type molecules, and
they found that introducing pyrazine rings increased the elec-
tron affinity (EA), leading to higher electron mobilities [25,
26]. Zhu et al. demonstrated that molecules with larger fused-
ring pyrazine cores exhibited lower LUMO energies and
relatively low reorganization energies [27]. Miao’s group
reported a series of OFETs based on N-heteropentacenes with
electronmobilities that could reach as high as 3.3 cm2 V−1 s−1,
meaning that they rank among the best-performing n-type
materials [28–30]. In terms of theoretical studies, Chao et al.
performed a detailed investigation of N-functionalized
pentacenes, and their computational calculations indicated
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that N atoms reduced the influence of λ (the reorganization
energy) on functionalization and afforded a larger window for
tuning HOMO (highest occupied molecular orbital)/LUMO
energies. Moreover, N atoms also provided the opportunity to
promote π-stacking crystal structures via C–H···N interactions
[31]. Winkler’s group predicted that introducing more nitro-
gen atoms into pentacene would increase the EA and hence
aid electron transfer [32]. In our previous work, we studied the
transport properties of typical materials with pyrazine rings
from the perspective of the molecular stacking motif, carrier
mobilities, and electronic band structures. The results showed
that introducing pyrazine can lead to excellent n-type OFET
materials due to the small electron reorganization energies and
large electronic couplings associated with the π-stacking
structures [33].

However, one crucial question that is still to be answered
comprehensively is: how do the number of pyrazines and their
positions influence the charge-transport properties? For exam-
ple, while the isomers 1,4,8,11-tetraaza-6,13-pentacenequinone
(TA-PEN-1 in Fig. 1a) and 5,7,12,14-tetraaza-6,13-
pentacenequinone (TA-PEN-2 in Fig. 1a) show similar molec-
ular packing structures, the latter exhibits three orders of
magnitude higher experimental electron mobility values
(0.05–0.12 cm2 V−1 s−1) than the former (2–6 × 10−5

cm2 V−1 s−1) [34, 35]. However, recent theoretical work
reported by the Zhao group found that the predicted
electron mobility of TA-PEN-1 (8.75 cm2 V−1 s−1) is
much higher than that of TA-PEN-2 (1.54 cm2 V−1 s−1).
This discrepancy was attributed to the amorphous films
of TA-PEN-1, based on an analysis of experimental X-
ray diffraction patterns [36]. Therefore, it is still hard to
pinpoint which position of pyrazine is the most benefi-
cial to electron transport in these two TA-PEN (tetraaza-
6,13-pentacenequinone) molecules, and the effect of the
position of pyrazine on the charge transport properties
should be studied for other N-heteropentacenes. Aside
from the optimal position of pyrazine, the effect of the
number of pyrazines present on the electron mobility is
also not clear [37]. For N-heteropentacenes based on

6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-PEN)
[38], the electron mobility of B-TIPS-PEN-2N with one
pyrazine was found to be as low as 10−4 cm2 V−1 s−1, but it
reached 3.3 cm2 V−1 s−1 for B-TIPS-PEN-4N with two pyr-
azine rings [29]. The question here is: why does the presence
of only one extra pyrazine have such a marked effect on the
electron mobility? To get answers to these questions, the
effects of the number of pyrazines and their positions on the
charge-transport properties of the system must be
investigated.

In the work reported in the present paper, we selected four
N-heteropentacenes based on TIPS-PEN to study (see
Fig. 1b). These N-heteropentacenes varied in both the number
and the positions of the pyrazine rings in the N-
heteropentacene, so they provided the opportunity to compre-
hensively study the influence of the pyrazine rings on the
charge-transport properties of N-heteropentacenes. This paper
is arranged as follows. The next section briefly presents the
theoretical and computational methods used in the present
work. The “Results and discussion” section explores the effect
of the number and the positions of pyrazines on the charge-
transport parameters in both the hopping mechanism and the
band-like mechanism. The effect of dynamic disorder on the
carrier mobilities of these N-heteropentacenes is also
discussed in this section. The final section of the paper pro-
vides some concluding remarks about the results.

Theoretical and computational methods

In general, there are two types of charge-transport mecha-
nisms in organic semiconductor materials: an incoherent hop-
pingmechanism [39–43] and a coherent bandmechanism [22,
44–47]. However, it is still challenge to classify the charge-
transport behavior of an organic semiconductor into a hopping
or a band-like mechanism. In this study, both mechanisms
were taken into consideration.

For the hopping mechanism, each hopping event can be
described as a charge-transport process that follows the

Fig. 1 (a) Chemical structures of
1,4,8,11-tetraaza-6,13-
pentacenequinone and 5,7,12,14-
tetraaza-6,13-pentacenequinone.
(b) Chemical structures of the
four silylethynylated
N-heteropentacenes investigated
in this study
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reaction: M+M+/−=M+/−+M. According to the Marcus elec-
tron transfer theory, the charge transfer rate (k) can be
expressed as [48]

kct ¼ t2

ℏ

ffiffiffiffiffiffiffiffiffiffiffiffi
π

λkBT

r
exp −

λ
4kBT

� �
: ð1Þ

There are two key parameters in hopping charge transport:
the reorganization energy (λ) and the transfer integral (t). The
adiabatic potential energy method can be applied to calculate
λ. The internal reorganization energies for holes (λh) and
electrons (λe) are then given by

λh ¼ VIP−HEP ¼ E Mþð Þ−E Mð Þ½ �− Eþ Mþð Þ−Eþ Mð Þ½ � ð2Þ

λe ¼ EEP−VEA ¼ E− Mð Þ−E− M−ð Þ½ �− E Mð Þ−E M−ð Þ½ �: ð3Þ

Here, VIP and VEA refer to the vertical ionization potential
and electron affinity, while HEP and EEP are the hole and
electron extraction potentials, respectively. In addition, E+/

−(M) is the energy of the neutral molecule at the optimized
ion geometry, E+/−(M+/−) is the energy of the ionized state at
the optimized neutral molecular geometry, and E(M) and
E(M+/−) are the ground-state energies of the neutral and
charged molecular states, respectively. All neutral and ionic
geometries were optimized at the density functional theory
(DFT) level with the B3LYP functional [49–51] and the 6-
31G(d,p) basis set [52–54], using the Gaussian09 software
package [55]. To accurately characterize the energies of these
species, the 6-31++G(d,p) basis set was applied to perform
single-point calculations on the optimized geometric
structures.

Transfer integrals of nearest-neighboring dimers were cal-
culated based on the fragment orbital approach using the
following expression [56–58]:

ti j ¼
Hi j−Si j eii þ e j j

� �.
2

1−S2i j
; ð4Þ

where the charge transfer integral Hij=<φi|H|φj>, the site
energies eii=<φi|H|φi> and ejj=<φj|H|φj>, and the spatial
overlap Sij=<φi|φj>, respectively. Here, φi/j is the HOMO/
LUMO (for the hole/electron transport process, respectively)
following Löwdin’s symmetric transformation of one mono-
mer, which can be used as the orthogonal basis set in the
calculations, and H is the Kohn–Sham Hamiltonian of the
dimer system. All transfer integral calculations were per-
formed using the Amsterdam Density Functional (ADF) pro-
gram package and the PW91/TZ2P method [59].

The hopping carrier mobility (μ) can be expressed by the
Einstein equation

μ ¼ e

KBT
D: ð5Þ

Here, e refers to the electronic charge, T is the temperature,
KB is Boltzmann’s constant, and D is the charge diffusion
coefficient. The charge diffusion coefficient can be obtained
via the Brownian motion model and kinetic Monte Carlo
(KMC) simulation technology by the following equation
[60–65]:

D ¼ lim
t→∞

1

2n

x2 t0ð Þ� �

t0
; ð6Þ

where n is the dimensionality and t′ is the simulation time.
For comparison purposes, the relevant transport parameters

in the band-like mechanism were also calculated. The elec-
tronic band structure was calculated using the Perdew–Burke–
Ernzerhof (PBE) exchange-correlation functional [66] and the
plane-wave basis set in the Vienna ab initio simulation pack-
age (VASP) [67–69]. Electron–ion interactions were de-
scribed using the projector augmented wave (PAW) potentials
[70, 71]. The kinetic energy cutoff for the wave function
expansion was set to 650 eV. An 8×8×8, 5×5×5, 8×8×8,
6×6×6 Monkhorst-Pack k-point mesh [72] was employed for
each crystal Brillouin zone, respectively. The inverse effective
mass tensor can be defined as

1

mi j
¼ 1

ℏ2
∂2E

∂ki∂k j
; ð7Þ

where E is the band energy, ħ is the Planck constant, and ki/j
is the electron wave vector for the Cartesian coordinates i/j in
reciprocal space, respectively. Sperling’s centered difference
method with dk = 0.01/bohr was used for effective mass
calculations [73–75].

Results and discussion

HOMO/LUMO energies, IPs, and EAs

A detailed analysis of the electronic structures of the mole-
cules of interest is needed to clarify the origin of the observed
differences in their charge transport properties. On the one
hand, the relative magnitudes of the HOMO and LUMO
energies can provide a qualitative indication of the capacity
for hole and electron injection, respectively [76]. When the
interfacial vacuum energy shift is negligible, the height of the
energy barrier to hole/electron injection, which is usually
treated as a Mott–Schottky barrier, can be defined as the
energy difference between the electrode’s work function
(Φm) and the HOMO/LUMO energy level of the organic
semiconducting material: ΦB=|HOMO| − Φm for hole injec-
tion andΦB=Φm − |LUMO| for electron injection, respectively
[23, 77]. Therefore, we would expect the work function for the
metal electrode to be close to the HOMO/LUMO energy level,
leading to a low energy barrier to injection and hence good
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performance with a high carrier mobility. On the other hand,
semiconductor materials can easily interact with water or
oxygen due to the strong reducing ability of the organic radical
anions formed during the charge-transport process. Therefore,
it is important to note that a high electron affinity (EA) is
required for an n-type semiconductor material in order to
reduce its sensitivity to oxidants and hence improve environ-
mental stability.

For a good n-type semiconducting material, a high electron
affinity is a key to the stability of radical anions in the ambient
atmosphere. In general, an n-type material needs to have an
electron affinity of at least 3 eV to observe n-channel behavior,
and it should not be much larger than 4 eV to avoid overly
compromising its stability [5, 23]. The vertical and adiabatic
electron affinities (VEA/AEA) and ionization potentials (VIP/
AIP) for the four N-heteropentacenes as well as TIPS-PEN
were calculated and are listed in Table 1. Compared to the
parent molecule, chemical derivatives containing pyrazine
rings possess larger EAs (VEA: 2.2∼2.66 eV; AEA:
2.29∼2.76 eV) and IPs (VIP: 6.21∼6.65 eV; AIP:
6.12∼6.54 eV). Introducing pyrazine rings will undoubtedly
significantly improve the stability of the electron-transport
process in these semiconducting materials. Also, molecules
with two pyrazine rings show higher EAs than molecules with
one pyrazine, which implies that introducing more pyrazine
rings enhances the environmental stability of n-type materials.
When considering the effect on the molecular stability of
positioning the rings externally or internally, it was found that
molecules containing internal pyrazine rings exhibited larger
EAs than molecules containing external pyrazine rings. This
fact implies that the former yields more stable organic radical
anions. To explain this, the contributions of the pyrazine ring
to the LUMOs of A-TIPS-PEN-2N and B-TIPS-PEN-2N are
shown in Fig. 2. Compared to the contribution of the benzene
rings in TIPS-PEN, the contribution of the pyrazine ring to the
LUMO is significantly greater, and the contribution of an
internal pyrazine ring (29.2 %) to the LUMO is larger than
that of an external pyrazine ring (21.6 %). This clearly indi-
cates that an internal pyrazine ring has stronger electron-
withdrawing ability than an external pyrazine does, so the
molecule B-TIPS-PEN-2N presents a lower LUMO energy

and a higher electron affinity than the molecule A-TIPS-PEN-
2N. This explanation also holds for molecules containing two
internal/external pyrazine rings.

The HOMO and LUMO ene rg i e s fo r a l l N -
heteropentacenes as well as TIPS-PEN are also listed in
Table 1. First, it is apparent that the HOMO/LUMO levels
for silylethynylated N-heteropentacenes are all lower than
those of TIPS-PEN, and they all have similar energy gaps of
about 1.85 eV. From a charge-transfer viewpoint, the lower
LUMO levels should aid electron injection. Thus, the success-
ful conversion of p-type TIPS-PEN to n-type semiconducting
materials can be credited to some extent to the lower LUMO
energies induced by the introduction of pyrazine rings. Sec-
ond, it is also apparent that the LUMO levels of the molecules
A-TIPS-PEN-4N and B-TIPS-PEN-4N are lower than those
of the molecules A-TIPS-PEN-2N and B-TIPS-PEN-2N. This
indicates that introducing more pyrazine rings into the mole-
cule will further reduce the LUMO energy, hence lowering the
injection energy barrier. For instance, when a gold electrode
(work function Φm = 5.1 eV) is used for charge-carrier injec-
tion, the electron injection energy barrier heights increase in
the order B-TIPS-PEN-4N (ΦB = 1.33 eV)<A-TIPS-PEN-4N
(ΦB = 1.58 eV)<B-TIPS-PEN-2N (ΦB = 1.67 eV)<A-TIPS-
PEN-2N (ΦB = 1.83 eV). The result also clearly demonstrates
that introducing internal pyrazine rings is more beneficial to
electron injection than introducing external rings. This can be
explained as follows. Internal pyrazine rings contribute more
to the LUMO than external pyrazine rings do. Therefore, in
terms of influence on the electron distribution of the molecule,
the benzene-pyrazine structure present inside a molecule with
internal pyrazines exerts a greater influence on the electron
distribution than the core acene structure present inside a
molecule with external pyrazines does.

Reorganization energies, transfer integrals, and carrier
mobilities

Small reorganization energies and large intermolecular trans-
fer integrals help to enhance the carrier mobility [78]. These
two key factors can be calculated by considering a single
molecule and neighboring dimers in the crystal, respectively.

Table 1 HOMO/LUMO energies, energy gaps, vertical and adiabatic ionization potentials (VIP/AIP), and electron affinities (VEA/AEA) of the studied
molecules. All values are in eV

EHOMO ELUMO Eg VIP AIP VEA AEA

TIPS-PEN −4.63 −2.74 1.89 5.97 5.90 1.94 2.03

A-TIPS-PEN-2N −5.11 −3.27 1.84 6.21 6.12 2.20 2.29

A-TIPS-PEN-4N −5.37 −3.52 1.86 6.47 6.38 2.42 2.51

B-TIPS-PEN-2Na −5.23 −3.43 1.80 6.31 6.22 2.33 2.42

B-TIPS-PEN-4Na −5.58 −3.77 1.81 6.65 6.54 2.66 2.76

a Data from [33]
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An organic single crystal is an excellent model to use to
elicidate intrinsic charge-transport properties because of the
favorable conditions present, such as unlimited grain bound-
aries, an ordered structure, no traps, etc. To study the effect of
introducing pyrazine rings into each silylethynylated N-
heteropentacene on its charge-transport properties, it is very
useful to explore the crystal structures of these molecules. The
relevant detailed crystallographic data obtained from the Cam-
bridge Structural Database are listed in Table 2. It can be seen
that the crystal parameters of A-TIPS-PEN-2N, B-TIPS-PEN-
2N, and B-TIPS-PEN-4N are very similar to those of TIPS-
PEN. The only significant difference is the change of space
group (SG): the space group of TIPS-PEN is P-1, whereas it is
P1 for A-TIPS-PEN-2N and B-TIPS-PEN-2N. It is well known
that the unit cells associated with space groups P-1 and P1
contain only one molecule, and that this molecule is symmet-
rical for P-1 and asymmetrical for P1. However, the lattice
parameters of the A-TIPS-PEN-4N crystal are totally different
from those of TIPS-PEN and the other silylethynylated N-
heteropentacenes: the cell volume increases substantially to
hold four single molecules, the space group changes to P21/c,
and the crystal symmetry is more complicated. The molecular
packing should be highly sensitive to weak intermolecular
interactions, including electrostatic, exchange, induction, and
dispersion interaction energies, etc. To investigate the nature of
the intermolecular interactions in these N-heteropentacenes,
symmetry-adapted perturbation theory (SAPT) was applied to
calculate the noncovalent interaction between the face-to-face
dimers, using the jun-cc-pVDZ basis set [79, 80].

For convenience, the SAPT energy was defined as the sim-
plest truncated form (ESAPT0), which is the summation of the

electrostatic (Eelst), exchange (Eexch), induction (Eind), and dis-
persion (Edisp) terms. Here, Eelst=E

(10)
elst, Eexch=E

(10)
exch, Eind=

E(20)ind,resp+E
(20)

exch-ind,resp, and Edisp=E
(20)

disp,resp+E
(20)

exch-

disp,resp, respectively. E
(mn) refers to the order in the perturbative

expansion of the interaction potential and in fluctuation poten-
tial; “resp” indicates that orbital relaxation effects are included.
As shown in Fig. 3, the displacement along the x-axis has a
remarkable effect on the intermolecular interactions. Taking pair
1 in A-TIPS-PEN-2N as an example, the most attractive contri-
bution between the two monomers is the dispersion force, and
the strength of this dispersion force continually weakens as the
displacement increases. The variation in ESAPT0 with displace-
ment for all four N-heteropentacenes is shown in Fig. 3. For
molecules with external pyrazines, the largest ESAPT0 occurs for
a displacement of about half a pyrazine ring. However, for
molecules with internal pyrazines, the largest ESAPT0 occurs
when the displacement is about one and a half pyrazine rings.
This difference can be explained by the charge contribution,
which will be discussed for the head-to-tail case. It was also
found that molecules with two pyrazines show stronger inter-
molecular interactions than molecules with one pyrazine at the
same displacement. That means that introducing two pyrazines
will lead to a greater reduction in crystal lattice energy and will
therefore yield greater lattice stability.

Aside from face-to-face van derWaals forces, there are also
important weak intermolecular interactions between the
monomers in head-to-tail dimers. The electrostatic potential
(ESP) is an important influence on atomic or molecular be-
havior. Contour maps of ESP for all molecules are plotted in
Fig. 4. As shown in the figure, the very negative electrostatic
potential (red areas) is concentrated on the nitrogen atoms of

Fig. 2 Contributions (%) of
pyrazine to the LUMOs of
TIPS-PEN, A-TIPS-PEN-2N,
and B-TIPS-PEN-2N

Table 2 Lattice parameters (a, b,
c, in Å; α, β, γ, in degrees) and
space groups (SG) for the unit
cells of the systems studied

System a b c α β γ SG

TIPS-PEN [38] 7.56 7.75 16.84 89.15 78.42 83.63 P-1

A-TIPS-PEN-2N [29] 7.57 7.95 16.86 78.24 89.30 79.54 P1

A-TIPS-PEN-4N [29] 13.75 18.90 14.84 90.00 99.37 90.00 P21/c

B-TIPS-PEN-2N [30] 7.66 7.72 16.98 78.23 88.76 81.78 P1

B-TIPS-PEN-4N [30] 7.58 7.61 16.83 78.98 89.54 81.90 P-1
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the pyrazine rings because of the existence of lone-pair elec-
trons. Strongly positive electrostatic potential areas are local-
ized on the hydrogen atoms of the external rings. If electro-
static interactions are to occur between neighboring mole-
cules, the relative positions of the molecules must be such
that the distances between the nitrogen atoms of pyrazine
rings in one molecule and the hydrogen atoms of the external
rings in the other are short. However, from a molecular struc-
ture viewpoint, the large 3-D branches present in
silylethynylated N-heteropentacenes can block electrostatic
interactions with the internal three-ring core. Therefore, it

appears that electrostatic interactions should only exist in
molecules with external pyrazine rings, not molecules con-
taining internal pyrazine rings. That is, only molecules A-
TIPS-PEN-2N and A-TIPS-PEN-4N (which have external
pyrazine rings) can change their molecular packing through
electrostatic interactions. Upon carefully checking the molec-
ular packing in one layer (see Fig. 4a), it was found that there
are hardly any intermolecular hydrogen bonds for A-TIPS-
PEN-2N due to the long distances between the dimers. On the
other hand, for A-TIPS-PEN-4N, the C–H–N angles in the

Fig. 3 a Illustration of the structure of the dimer model used to calculate
the intermolecular interactions. b Detailed components of the simplest
energy from symmetry-adapted perturbation theory (ESAPT0) for the
series of N-heteropentacenes. c Comparison of ESAPT0 for all of the
molecules investigated in this study at different positions along the long
axis

Fig. 4 aContour maps of electrostatic potential (in a.u.) for all molecules
considered in this study, obtained using the DFT//B3LYP//6-31G (d,p)
method. b Analysis of the binding energy in a single layer for the
molecules A-TIPS-PEN-2N and A-TIPS-PEN-4N

2502, Page 6 of 15 J Mol Model (2014) 20:2502



double-pyrazine head-to-tail structures of neighboring dimers
are 146°, and the distances are suitable for the formation of
hydrogen bonds. The basis set superposition error (BSSE)-
corrected binding energies of the dimers in systems containing
external pyrazine rings were calculated with the M06-2X/6-
31++G** method. The calculations yielded a binding energy
of −6.01 kcal/mol−1 for the A-TIPS-PEN-2N system, which is
much smaller than that for the system A-TIPS-PEN-4N
(−59.45 kcal/mol−1). Thus, the different levels of electrostatic
interaction present in these fourN-heteropentacenes is thought
to be the main reason for their different crystal structures.

The functional dependence of reorganization energy was
examined and the results are shown in Fig. S1 of the “Elec-
tronic supplementary material,” ESM. The corresponding
hopping charge-transport factors (such as the distances be-
tween the centers of mass of the dimers and the transfer
integrals for both holes and electrons) are gathered in Table 3.
The values of te are larger than those of th for all dimers of the
N-heteropentacenes considered here. To clarify the origin of
this difference, the HOMO–HOMO/LUMO–LUMO cou-
pling for pair 1 of A-TIPS-PEN-4N and B-TIPS-PEN-4N
was investigated using the B3LYP/6-31G** method in the
Multiwfn3.3.5 package [81, 82], and the overlap isosurface
for the same isovalue is shown in Fig. 5. The regions covered
by a positive isosurface (in red) and a negative isosurface (in
blue) represent the overlap of orbital wavefunctions that are in
the same phase and the overlap of those that are in opposite
phases, respectively. For the LUMO–LUMO overlaps, nega-
tive isosurfaces are much smaller than positive isosurfaces.
However, for HOMO–HOMO overlaps, the negative surfaces
are nearly the same size as the positive regions. This clearly
indicates that there is substantial cancellation between the
positive and negative values in HOMO–HOMO overlaps
but not in LUMO–LUMO overlaps. Consequently, the
electron-transfer integrals (>100 meV) for dimers are much
larger than the hole-transfer integrals (less than 10 meV). In
addition, series A presents larger hole transfer integrals
(6.34∼44.06 meV) than series B (th <5 meV). The transfer
integrals in these N-heteropentacenes indicate that the intro-
duction of external pyrazine rings may lead to bipolar

materials, whereas we can be much more confident that the
introduction of internal pyrazine rings will yield n-channel
semiconductors.

Given the reorganization energies and transfer integrals, the
hopping rate ki for each neighboring dimer can be obtained.
The diffusion coefficient can then be calculated via kinetic
Monte Carlo simulations. First, one random molecule in the
supercell is chosen as the initial position and its nearest-
neighboring molecules are assumed to be the next hopping
points. Second, the hopping probability pij is calculated as kij/
∑kij and the hopping time as 1/kij for the nearest molecules i
and j. Third, a random number r is generated which is uni-
formly distributed between 0 and 1. If ∑pn−1<r≤∑pn, the nth

molecule is chosen as the hopping point. In each simulation,
the displacement is recorded every 100 ns until the end of the
simulation. This procedure is repeated thousands of times
before a linear relationship between the mean-square displace-
ment and the simulation time is obtained [62, 83]. Here, the
total simulation time for each kinetic Monte Carlo simulation
was set to 10,000 ns, and 2000 KMC simulations were per-
formed to calculate the carrier mobility. The resulting linear
relationship between mean-square displacement and simula-
tion time is shown in Fig. 6.

The calculated carrier mobilities at 300 K are also listed in
Table 3. These four N-heteropentacenes all possess large
intrinsic electron mobilities in the range 0.84∼3.58
cm2 V−1 s−1. In addition, A-TIPS-PEN-2N and A-TIPS-
PEN-4N exhibit p-channel behavior, with hole mobilities of
0.19 cm2V−1 s−1 and 0.09 cm2 V−1 s−1, respectively. Although
A-TIPS-PEN-4N presents large electron-transfer integrals, its
calculated electron mobility (0.84 cm2 V−1 s−1) is the smallest
among the four N-heteropentacenes. As shown in Fig. 7a-b,
the hopping pathways for A-TIPS-PEN-2N, B-TIPS-PEN-
2N, and B-TIPS-PEN-4N are all similar to the typical 2-D
π-stacking transport network. But the transport network for A-
TIPS-PEN-4N shows sandwich-like π-stacking motifs, and
the electron-transfer integrals between layers are much smaller
than the transfer integrals in one layer (see Fig. S2 in the
ESM). Thus, when checking the trajectories in our KMC
simulations, it was found that electron-transport oscillations

Table 3 Distances between the
centers of mass of the dimers
(d0, in Å), DFT estimates of the
transfer integrals of those dimers
along the main transport path-
ways (t, in meV), simulated 2-D
averagemobilities (μh-2D/μe-2D, in
cm2 V−1 s−1) at 300 K, and
corresponding experimental thin-
film data (μh-exp/μe-exp, in
cm2 V−1 s−1) for holes and elec-
trons, respectively

A-TIPS-PEN-2N A-TIPS-PEN-4N B-TIPS-PEN-2N B-TIPS-PEN-4N

p1 p2 p1 p2 p1 p2 p1 p2

d0 7.95 9.93 7.64 8.55 7.72 10.01 7.61 9.96

th 7.81 17.09 6.34 44.06 4.08 2.80 2.38 0.31

te 97.14 77.15 109.00 19.63 101.34 50.00 102.65 42.30

μh-2D 0.19 0.09 0.01 6.97×10−4

μh-exp 0.3–1.2[29] 0.05–0.22[29] 0.02–0.05[30] -

μe-2D 3.58 0.84 2.31 2.04

μe-exp - 0.3–1.1[29] 0.0002–0.0004[30] 0.3–0.5, 1.0–3.3[30]
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occur, leading to long latent times between hops from dimer to
dimer in a layer. These oscillations hinder the charge-hopping
process between layers and hence limit the electron mobility.
This also indicates that besides the traditional main hopping-
transport factors, such as the reorganization energies and
transfer integrals, charge-transport networks should be con-
sidered when designing organic semiconductor materials.

From the carrier mobility results shown in Table 3, it is
clear that the calculated electron mobilities of A-TIPS-PEN-
4N and B-TIPS-PEN-4N are consistent with the correspond-
ing experimental values. However, the predicted electron

mobilities of A-TIPS-PEN-2N and B-TIPS-PEN-2N are consid-
erably higher than the actual values. It should be noted that the
trend in the predicted average electron mobilities for series B
agrees well with that seen in recently reported theoretical results
[84]. That is, the average 2-D electron mobilities of B-TIPS-
PEN-2N and B-TIPS-PEN-4N are of the same order of magni-
tude, with the former being slightly larger than the latter. The
high electron injection energy barriers (assuming the use
of gold electrodes) at the metal–organic semiconductor
interface and the poor molecular stability of molecules
with just one pyrazine ring may lead to the difference between
the theoretical results and the experimental mobilities. Also,
the simulated carrier mobility values are based on ideal single-
crystal devices, which are much more ordered and contain
fewer defects than the thin-film OFETs used in experiments.

Although the hopping mechanism has been used to de-
scribe the charge transport behavior in these N-
heteropentacene materials, it is important to mention that the
semiclassical Marcus electron transfer theory cannot help us
to elucidate all aspects of the charge-transport process. A
recent study has also demonstrated the simultaneous presence
of band carriers and incoherent states in crystalline organic
semiconductors with band-like transport behavior, and that the
respective contribution to carrier mobility is dependent on the
temperature [85]. The relevant transport parameters in the
band-like mechanism should therefore also be discussed in
order to achieve a relatively comprehensive understanding of
their charge-transport properties.

Band structure and effective mass

In the standard band-theory model, the charge moves coher-
ently in a wavelike manner, and the electronic band structures
can reflect the anisotropic carrier transport properties of the

Fig. 5 Molecular orbital overlap for pair 1 of A-TIPS-PEN-4N and B-
TIPS-PEN-4N

Fig. 6 Plots of mean-square displacement versus simulation time for
typical KMC simulations, and the average linear relationship between
mean-square displacement and simulation time for 2000 simulations

Fig. 7a–b Molecular packing and charge-transport networks for the
series of N-heteropentacenes: a normal π-stacking for A-TIPS-PEN-2N,
B-TIPS-PEN-2N, and B-TIPS-PEN-4N; b sandwich-like π-stacking for
A-TIPS-PEN-4N
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solid-state materials. In this case, the carrier mobility for the
band-like mechanism can be expressed as follows:

μ ¼ qτ
m
; ð8Þ

where q denotes the charge of the carrier, τ is the mean
relaxation time of the band state, and m is the effective mass
[86]. In general, the valence/conduction band (VB/CB) con-
sists of sub-bands arising from interactions among the mono-
mer HOMO/LUMO levels. Notably, the number of sub-bands
is equal to the number of molecules in the primitive unit cell
for nondegenerate monomer energy levels [54].

The calculated band structures of the N-heteropentacenes
included in this study are shown in Fig. 8. For the systems A-
TIPS-PEN-2N, B-TIPS-PEN-2N, and B-TIPS-PEN-4N, there
is a single sub-band in the conduction band and in the valence
band since there is only one molecule in the unit cell. How-
ever, there are four molecules in the unit cell of the A-TIPS-
PEN-4N crystal, and half of them are geometrically equiva-
lent, with specific mirror symmetry. The result is two by two
quasi-degenerate sub-bands. The molecular crystals A-TIPS-
PEN-2N, B-TIPS-PEN-2N, and B-TIPS-PEN-4N have

similar crystal packing structures, so the shapes of their CBs
and VBs are also very similar, and strong orientation anisot-
ropy of the band dispersion is observed. Importantly, they
present large bandwidths of their CBs (548∼663 meV), which
are comparable to those computed for the pentacene crystal
(590 meV for CB) [87] and for substituted PTCDI molecules
(649meV for CB) [54]. These results are consistent with those
from transfer integral calculations, where significant electron-
ic couplings are only found for the π-stacking dimers. It also
indicates that these molecules are probably promising candi-
dates for n-type materials. Their valence bands are relatively
flat, with small bandwidths (36∼113 meV). Greater band
dispersion would lead to a smaller effective mass and hence
higher band-like carrier mobility.

To further understand their charge-transport properties in
the framework of band-like transport theory, the effective
masses were calculated and are listed in Table 4. As a conse-
quence of large CB dispersions, the effective electron masses
along the π-stacking direction are very small (0.641 m0,
0.852 m0, 0.731 m0, and 0.847 m0 respectively; here, m0

represents the rest mass of a free electron), which should be
highly beneficial to electron transport. Interestingly, although

Fig. 8 Illustration of the energy band structures for the molecular crystals
investigated in this study. The points of high symmetry in the first
Brillouin zone are labeled as follows: G=(0, 0, 0); X=(0.5, 0, 0); Y=(0,

0.5, 0); Z=(0, 0, 0.5); V=(0.5, 0.5, 0); U=(0.5, 0, 0.5); T=(0, 0.5, 0.5);
R=(0.5, 0.5, 0.5), all in crystallographic coordinates. The zero point in
energy is taken to be the Fermi energy level
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the electron transfer integral values in our systems and
for pentacene are comparable, the effective masses are
much smaller in the former (in pentacene, the smallest
effective electron mass component is about 1.7 m0 [88,
89]). This result can be explained by the fact that the
effective mass at the band edge also depends on the
effective hopping distance (m=ℏ2/2td2, where d is dis-
tance) in the one-dimensional tight-binding model. This
distance along the stacking direction in these systems is
much larger than the characteristic distances between
the nearest-neighbor molecules in pentacene with her-
ringbone molecular stacking. In addition, the systems A-
TIPS-PEN-2N and B-TIPS-PEN-2N (with only one pyrazine
ring) possess smaller effective masses than the systems A-
TIPS-PEN-4N and A-TIPS-PEN-4N (with two pyrazine
rings). This tendency is also consistent with the results for
the hopping mechanism.

In fact, molecules are held together by weak interactions in
organic semiconductors, and the electron coupling between
adjacent molecules is rather sensitive to geometric parameters
[56]. The fluctuations in the electronic coupling caused by
thermal molecular motions can be of the same order of mag-
nitude as the static value [90]. Thus, we also considered the
role of dynamic disorder in the charge-transport properties of
N-heteropentacenes.

Dynamic disorder

The combined molecular dynamics (MD) and quantum-
chemical calculation approach was employed to estimate the
thermodynamic vibrations of the transfer integrals. The MD
simulations were carried out in the Discover module of the
Materials Studio package using the COMPASS force field
[91]. To avoid potential artificial symmetry effects, 5×5×5
supercells were built based on their crystal structures. Each
system was equilibrated using the Andersen thermostat with
the NVTensemble at 300 K, and the simulation time step was
set to 1 fs. After thermal equilibration for 200 ps, one frame
was extracted every 100 fs until the total simulation time
reached 100 ps (see Fig. 9).

The vibration of the lattice has a dual effect on the charge
transport process. On the one hand, nonlocal electron–phonon
coupling leads to a phonon-assisted contribution to the hop-
ping mobility due to the variation (σ) in the transfer integral:
〈t2〉=〈t0〉

2+σ2. Here, the effect of nonlocal electron–phonon
coupling on hopping carrier mobility is defined as the ratio t2/
t0
2. From Table 5, the differences between t2 and t0

2 are only
0.02∼0.08, and the values of t2/t02 are all similar to each other,
which demonstrates that the lattice vibrations have little influ-
ence on the hopping carrier mobilities. This phenomenon can
be attributed to balanced thermal fluctuations of the nearest-
neighboring dimers in the same direction, similar to the penta-
cene case. On the other hand, the lattice vibrations also de-
crease the band-like carrier mobility through a scattering
mechanism. The relaxation time is given by ℏ

τ ∝
L
t0
kBT [85,

92]. Therefore, a larger L/t0 means a shorter relaxation time,
which will increase the band carrier mobility. Here, L has a
similar physical meaning to λ, which indicates the overall
strength of nonlocal electron–phonon coupling. The lattice
relaxation energy L can be calculated from the variation (σ)
in the transfer integral at the high-temperature limit: σ2=〈t2〉−
〈t0〉

2=2LKBT [86]. As shown in Table 5, the values of L/t0 in

Table 4 Principal components of the effective hole and electron masses
m (in units of the rest mass of a free electron m0)

Compound Hole Electron

m1 m2 m1 m2

A-TIPS-PEN-2N 5.103 1.060 0.641 1.370

A-TIPS-PEN-4N 6.082 2.428 0.852 2.111

B-TIPS-PEN-2N 2.329 12.458 0.731 1.701

B-TIPS-PEN-4N 2.716 13.305 0.847 2.072

Fig. 9 a Sketch of the supercell model (based on the crystal structure of
A-TIPS-PEN-2N) that was used to investigate dynamic disorder, and a
single layer extracted from the supercell. Here, x, y, and z are the reference

axes. b Thermal fluctuations during simulations of the hole and electron
transfer integrals for pair 1 and pair 2 at 300 K
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pair 1 for systems with one pyrazine are a bit larger than those
for systems with two pyrazines. This demonstrates that the
scattering process along the main charge-transfer direction in
molecules with one pyrazine is stronger than that in molecules
with two pyrazine rings. It is interesting to note that values of
L/t0 can vary for the same system. For example, L/t0 of pair 1
in A-TIPS-PEN-2N is 0.25, which is much larger than that of
pair 2 (L/t0=0.06). This implies that the scattering process
may be anisotropic for different molecular dimers.

The effect of dynamic disorder on the anisotropic mobil-
ities and the ultimate intrinsic electron mobilities of these
systems were also investigated. Here, we use the ab planes
of the systems A-TIPS-PEN-2N, B-TIPS-PEN-2N, and B-
TIPS-PEN-4N as examples. The following equation was
adopted to calculate the anisotropic mobilities [93, 94]:

μanisotropic ¼
e

2KBT
lim
t0→∞

X x t0ð Þ2cos2γicos2 ϕi−Φð Þ
t0

; ð9Þ

where γi and ϕi are angles in relation to the reference axis.
The crystallographic b axis was set as the reference axis, and
all γi should be zero for 2-D charge transport in the ab plane.
The results for the simulated 2-D anisotropic electron mobil-
ities with and without dynamic disorder are displayed in detail
in Fig. 10. Due to the rather small differences between t0 and t,
the electron mobilities in the same direction are very similar
with or without dynamic disorder. It can also be seen that the
electron mobilities for these N-heteropentacenes in the ab
plane show remarkably anisotropic transport behavior. For
A-TIPS-BEN-2N, the highest electron mobility values are
5.56 cm2 V−1 s−1 without dynamic disorder and 5.81
cm2 V−1 s−1 in the disorder case, where Φ =160°/340°. The
enhanced electron mobility in the latter case can be explained
by phonon-assisted transport behavior, where nonlocal cou-
pling contributions are introduced into the squared transfer
integrals: 〈t2〉=〈t0〉

2+σ2. According to Eq. 1, the average

hopping rate should increase, as it is proportional to< t2>.
Since the transfer integrals for pairs 1 and 2 are of the same
magnitude, the anisotropic electronmobilities should be great-
ly influenced by these two pathways according to Eq. 9. For
systems with internal pyrazine rings, the highest electron
mobilities occur in the direction with the maximal transfer
integrals, where Φ =0°/180°, because the main contribution to
anisotropic mobility derives from the electron mobility along
the b axis. For B-TIPS-PEN-2N and B-TIPS-PEN-4N, the
highest electron mobilities with dynamic disorder are 5.77
cm2 V−1 s−1 and 6.59 cm2 V−1 s−1, respectively. Considering
that the range of electron mobilities for B-TIPS-PEN-4N is
wider than that for B-TIPS-PEN-2N, it is reasonable that the
average electron mobility of the former is slightly smaller than
that of the latter.

Using the results of the systematic theoretical investigation
reported above, we now attempt to answer the questions posed
in the “Introduction.” Although A-TIPS-PEN-2N possesses
comparable intrinsic electron mobility to the highest values
seen for these N-heteropentacenes, its poor stability and high
injection energy barrier would be expected to limit its perfor-
mance in experimental measurements. Although A-TIPS-
PEN-4N is more stable, it suffers from poor charge-transport
networks in sandwich π-stacking motifs and thus low electron
mobility. B-TIPS-PEN-2N and B-TIPS-PEN-4N, with inter-
nal pyrazine rings, have been calculated to have intrinsic
electron mobilities of the same order of magnitude, which is
inconsistent with experimental results. Further, the highest
electron mobility of B-TIPS-PEN-4N (6.59 cm2 V−1 s−1) is
larger than that of B-TIPS-PEN-2N (5.77 cm2 V−1 s−1). At
present, it appears that introducing two internal pyrazine rings
into TIPS-PEN offers the best combination of high electron
mobility and good stability, in contrast with the results seen for
TA-PEN. It is also useful to recall that real device performance
is dictated by these two mechanisms as well as other practical
factors, such as the charge-transport process at the metal–
organic semiconductor interface, the effect of impurities on
charge-transport properties, and so on [95]. However, such a
comprehensive investigation would require a substantial up-
grade in the theoretical model used, which is beyond the scope
of the present work.

Conclusion

To summarize, we have theoretically investigated the effect of
the number of pyrazines and their positions on the charge-
t ransport propert ies of four si lylethynylated N-
heteropentacenes, considering both the hopping and band-
like mechanisms. Fluctuations in their transfer integrals were
also studied via the mixed quantum chemistry and molecular
dynamics approach. The results show that systems with

Table 5 Molecular dynamics estimates of σ, L, t2/t0
2, and L/t0 for the

main dimers in the studied N-heteropentacenes

A-TIPS-PEN-2N A-TIPS-PEN-4N

p1 p2 p1 p2

σ (meV) 35.19 15.03 29.56 15.83

L (meV) 23.95 4.37 16.90 4.85

t2/t0
2 1.06 1.02 1.04 1.03

L/t0 0.25 0.06 0.15 0.25

B-TIPS-PEN-2N B-TIPS-PEN-4N

p1 p2 p1 p2

σ (meV) 32.16 20.38 26.69 17.66

L (meV) 20.01 8.03 13.78 6.03

t2/t0
2 1.05 1.08 1.03 1.08

L/t0 0.20 0.16 0.13 0.14
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internal pyrazine rings possess relatively low electron injec-
tion barriers and better stability in the ambient atmosphere.
The mobilities calculated for the hopping mechanism suggest
that molecules with external pyrazine rings are bipolar mate-
rials while molecules containing internal pyrazine rings tend
to be n-type materials. The limited electron mobility of A-
TIPS-PEN-4N indicates that, besides the traditional main
hopping transport factors such as the reorganization energies
and transfer integrals, the charge-transport network should be
also taken into consideration when designing new materials.
The electronic band structures of the N-heteropentacenes and
the effective masses of the band-like mechanism were also
studied. The results obtained for band-like charge transport
indicate that these four N-heteropentacenes should be good n-
type organic semiconductors. It was also found that fluctua-
tions in transfer integrals have little effect on the hopping
carrier mobilities of these N-heteropentacenes. Our theretical
results demonstrate that it is more advantageous to introduce
internal than external pyrazine moieties in terms of enhancing

air stability and charge-transport networks. Although the elec-
tron mobility of B-TIPS-PEN-4N was found experimentally
to be four orders of magnitude larger than that of B-TIPS-
PEN-2N, our theoretical investigation clearly indicates that
the experimental results are not an accurate reflection of the
intrinsic charge-transport properties of these molecules. The
highest intrinsic electron mobilities of B-TIPS-PEN-2N and
B-TIPS-PEN-4N are 5.77 cm2 V−1 s−1 and 6.59 cm2 V−1 s−1,
respectively, which demonstrates that there is still room to
improve the performance of each in experiments based on
single-crystal devices rather than films. Among the four
silylethynylated N-heteropentacenes investigated, our results
suggest that B-TIPS-PEN-4N is the most promising n-type
material from the combined perspectives of electron mobility
and air stability.
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