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a b s t r a c t

In the present work, two dipyrro-boradiazaindacenes (BODIPY) derivatives functioning as
novel high-performance organic semiconductors are investigated by theoretical method.
These two isomeric complexes are demonstrated to have large electron-transfer mobility,
which means they are favor to be n-type organic semiconductors. The highest electron-
transfer mobility appears at the same packing style in two crystals. The intermolecular dis-
tances of the packing style are nearly same, 4.994 Å in crystal 1 and 5.283 Å in crystal 2.
However, their electron-transfer mobility changes significantly. The mobility of crystal 2
with better planar molecular structure is 0.291 cm2 V�1 s�1, which is 13 times larger than
that of crystal 1 as 0.022 cm2 V�1 s�1. The significant difference of carrier mobility is
ascribed to the little structural difference of these two isomers. It has been demonstrated
that both crystal 1 and 2 show remarkable anisotropic behavior. This study will undoubt-
edly provide a new understanding of isomerization on designing novel organic
semiconductors.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

In the past decades, molecular organic semiconductors is
the object of much interest because of their applications in
new generations of (opto)electronic devices [1–8]. The
development of single-crystal organic field effect transistors
(SCOFETs) makes it possible to explore intrinsic properties
of these materials [9–11]. p-Type organic semiconductors
such as pentacene, rubrene and derivatives of them have
been investigated widely [12–27]. The recently improved
theoretical understandings of organic semiconductors have
even addressed the design rule of organics with high hole
mobilities [28–31]. However, n-type semiconductors are
not fully developed, and their field effect transistors (FETs)
performance is not satisfactory yet. Fluorinated perylene
diimide as a novel organic n-type material was reported by
. All rights reserved.
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Heremans and coworkers in 2005 [32]. They also did re-
search on the influence of the contact metal on the perfor-
mance of n-type carbonyl-functionalized quaterthiophene
organic thin-film transistors [33]. Kahn and coworkers used
direct and inverse photoemission spectroscopy and some
other experimental methods to study the n-type doping of
an electron transport materials in 2006 [34,35]. Recently,
they have reported a new acetylenic n-type organic semi-
conductor: fluoro-substituted phenyleneethynylenes with
high performance [36]. Among intrinsic properties of organ-
ic semiconductors, the electrical anisotropy of organic mate-
rials has attracted much attention [9,37–47]. The
anisotropic effects in rubrene crystals were first observed
by Sundar et al. in 2004 [9]. Deng and Han have investigated
the quantitative structure–activity relationships of trans-
port properties in a series of organic semiconductors such
as acene, acene derivatives and rubrene by first-principles-
based simulation based on Marcus-Hush theory [48–51].
They provide systematically anisotropic mobility of each
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material above, which agree with experiments very well
[48–51].

As we all know, dipyrro-boradiazaindacenes (BODIPY)
is fluorescence sensor with good function. The properties
of BODIPY and its derivatives have been studied widely
[52–58]. Herein, we investigate the properties of two
derivatives of BODIPY function as organic semiconductor.
These two compounds are isomers with only little differ-
ence of the structure as shown in Fig. 1. Our simulations
demonstrate that this kind of BODIPY derivative has better
mobility function as n-type organic semiconductor com-
paring with p-type. On the other hand, complex 2 has lar-
ger electron mobility than complex 1, though there’s only
little different of their monomers and crystal structures.
This obvious difference indicates that isomerization has
significant influence on the mobility. The favorable perfor-
mance as n-type organic semiconductor of both complex 1
and 2 is assigned to the high electron affinity of F atoms in
the molecule. The better planar structure of complex 2 is
demonstrated to be responsible for large electron mobility
of crystal 2.

2. Theory and computational methods

Our simulation model is based on first-principle quan-
tum mechanics (QM) calculations combined with Mar-
cus-Hush theory [59,60]. For the calculations of the
intermolecular effective electronic coupling, we calculate
the spatial overlap (Sij), charge transfer integrals (Jij), and
site energies (ei, ej):

eðijÞ ¼ hwiðjÞ j H j wðiÞji ð1Þ

SðijÞ ¼ hwi j wji ð2Þ

Jij ¼ hwi j H j wji ð3Þ

where H is the system Kohn–Sham Hamiltonian of the di-
mer system, and Wi(j) means the monomer HOMOs (for
Fig. 1. Optimized structures of monomer 1 and 2 in crystal 1 and 2,
respectively.
hole transport) or LUMOs (for electron transport) with
Löwdin’s symmetric transformation, which can be used
as the orthogonal basis set for calculation [61]. Then the
intermolecular electronic coupling Vij can be written as

Vij ¼ ðJij � 0:5ðei þ ejÞSijÞ=ð1� S2
ijÞ ð4Þ

The calculations of all electronic couplings in different
molecular packing dimers are performed with the PW91/
TZ2P of density functional theory (DFT) implemented in
the Amsterdam density functional (ADF) program [62].
The reorganization energy k associated with charge trans-
port process in organic solid materials is evaluated by the
adiabatic potential energy surface method:

k ¼ ðE�þ � EþÞ þ ðE� � EÞ ð5Þ

or

k ¼ ðE�� � E�Þ þ ðE� � EÞ ð6Þ

where E and E+ (E�) represent the energies of the neutral
and cation (anion) species in their lowest energy geome-
tries, respectively; E⁄ are the energies of the neutral and
cation (anion) species with the geometries of the cation
(in Eq. (5)) and anion (in Eq. (6)). E�þ (E��) are the energies
of cation (anion) species with the geometries of neutral
species, respectively. Then the adiabatic ionization poten-
tial (IP) and affinities (EA) can be calculated as

IP ¼ Eþ � E ð7Þ

EA ¼ E� � E ð8Þ

Full geometry optimizations of the monomer molecules
and the reorganization energy calculations are carried out
using the B3LYP functional in conjunction with the 6-
31G(d,p) basis set [63]. These calculations are performed
with the Gaussian09 package [64]. The reorganization en-
ergy consists of intra- and intermolecular contributions.
Here we focus on the intramolecular contributions. How-
ever, the neglect of intermolecular contribution of reorga-
nization energy will result in the overestimation of the
hopping rate Eq. (10) and sequentially the absolute value
of mobility Eq. (9) and (11). Previous research [65] sug-
gested a method to evaluate the intermolecular geometric
relaxation energy based on the electronic polarization P+

that results from the interaction of the excess charge with
both permanent and induced multipoles in surrounding
molecules, and the P+ can be obtained from the ultraviolet
photoelectron spectroscopic (UPS) data of gas and solid
phases [66,67]. Herein, we pay our attention to indicate
which kind of organic semiconductor complex 1 and 2
could be function as, the n-type or p-type and which one
has better functions. The total same method is chose for
calculation of each compound. Therefore, the systematic
error will be eliminated by comparison and the absolute
value is not so important. At room temperature, it is gener-
ally accepted that the transport in organic materials oc-
cures via charge carrier hopping between adjacent
molecules. Assuming no correlation between charge hop-
ping events and charge motion is a homogeneous random
walk, the maximum values of drift mobility for charge car-
rier (hole/electron) transport in semiconductor can be
written as [28,49].



Fig. 2. Illustration of charge hopping pathway schemes in the same molecular stacking layers in (1) for crystal 1 and (2) for crystal 2.
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where n is the spatial dimensionality, ri is the hopping dis-
tance; Pi is the hopping probability, Pi ¼Wi=

P
iWij; i

means the ith pathway; W is the intermolecular hopping
rate based on Marcus-Hush theory [68] in the high-tem-
perature limit:
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p

kkBT

� �1=2

exp � k
4kBT

� �
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k is the reorganization energy and V is the intermolecu-
lar effective electronic coupling. The magnitude of the
field effect mobility in a particular transistor channel de-
pends on the specific surface of the organic crystal. We
analyze the mobility of components for each surface in
terms of angles of the hopping jumps (ci) between adja-
cent molecules relative to the plane of interest. Crystal 1
and 2 give rise to a two-dimensional (2D) transport
within the basal stacked organic layers, while transport
between layers is less efficient; the values of ci are 0�.
Using the basal plane as the reference, U is the orienta-
tion angle of the transistor channel relative to the refer-
ence axis (generally using the crystallographic axis) and
{hi} are the angles of the projected electronic coupling
pathways of different dimer types relative to the refer-
ence axis. Thus, the angles between the different path-
ways and the conducting channel are hi�U, as shown
in Fig. 4a for crystal 1 and Fig. 4b for crystal 2. We then
use projection to describe the combined effects of differ-
ent electronic coupling pathways on every measuring
transistor channel U. In the basal stacked organic layers
of crystal 1 and 2, neighboring molecules can be charac-
terized as transverse dimers X1, X2 and parallel dimers P,
as illustrated in Fig. 2. For the ideal high-purity crystals
without disorder, the orientations of the molecules sur-
rounding each molecule are identical, so that Eq. (9)
leads to the orientation function describing the mobility
in a specific conducting direction on a specific surface in
organic single crystal [28,49].

l/ ¼
e

2kBT

X
i

Wrr2
i Picos2cicos2ðhi �UÞ ð11Þ

where ri is the hopping distance; Picos2cicos2ðhi �UÞ de-
scribes the relative hopping probability of various elec-
tronic coupling pathways to the specific transistor
channel; ci and hi are determined by the molecular archi-
tecture in the organic crystal. In Eq. (11), a specific U cor-
responds to a specific conducting direction; thus, the
spatial dimensionality n in Eq. (9) is taken to be approx-
imately 1 to extract the mobility along a specific direction
for the derivation of Eq. (11). Eq. (11) can be considered
as an anisotropic three-dimensional random walk with
the charge drifting effect in one direction, and it provides
an analytic function to determine the angular resolution



Fig. 4. Illustration of dimmers models in crystal 1 and 2, (1) for crystal 1
and (2) for crystal 2.

Fig. 3. Frontier molecular orbitals of complex 1 (a) and 2 (b).
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anisotropic mobilities for any type of organic semicon-
ductors by relating the crystal packing and electron cou-
pling V to the outer measuring channel angle U.
Table 1
Calculated hole-transport electronic couplings Vh (meV) and electron-
transport electronic couplings Ve (meV) for the different hopping pathways
in crystal 1 and 2.

Pathway 1 2

Vh Ve Vh Ve

P 6.99 �7.94 7.07 �2.72
X1 �2.16 3.15 10.08 �20.16
X2 �13.50 17.24 3.53 �64.49
3. Results and discussion

As shown in Fig. 1, monomers of crystal 1 and 2 have
the same formula C26H19BF2N2O3, but molecular structures
are somewhat different. The heterocycle associates with C1
in monomer 1, while it is C2 in monomer 2. The main part
of the molecule 2 is more planar than molecule 1 which
means the p-conjugation of molecule 2 should be larger
than molecule 1. The calculated energies of these two
monomers are similar. The reorganization energies k� of
complexes 1 and 2 are 0.290 and 0.316 eV, respectively,
while k+ are 0.529 and 0.475 eV. It’s easy to find that k�
of 1 and 2 are both smaller than k+. High reorganization en-
ergy is unfavorable for higher carrier mobilities [26,69,70].
Thus, complex 1 and 2 are proposed to function as a more
high efficiency n-type organic semiconductor than p-type.

Another important parameter of charge transfer ability
of a material is the intermolecular electronic coupling V.
For crystal 1 and 2, four types of intermolecular packing
modes are defined as X1, X2, P, and L. The X1,X2, and P di-
mers are in the same molecular stacking layer as shown in
Fig. 2, and head-to-tail stacking (L dimers) is out of the
molecular stacking layer of X1, X2, and P dimers. As used
in Han et al.’s work, [48–51,71] we also introduce the near-
est-neighbor approximation, which means that only the
interaction with the adjacent neighboring molecules is
considered. The electronic couplings for hole and electron
transfer in the four cases (P, X1, X2, and L) are calculated
based on DFT with PW91 functional and TZ2P basis set. It
is found that the calculated electronic couplings of the L di-
mers are very small and negligible, which means that the
charge transport in the organic materials is a 2D transport
within the stacked organic layers [72,73]. The hole-trans-
port electronic couplings Vh and electron-transport elec-
tronic couplings Ve of each packing mode of crystal 1 and
2 are shown in Table 1. One can find that all Ve are larger
than Vh (except in the case of the p type packing mode of
crystal 2). These results confirm that complex 1 and 2 are
favor to be n-type organic semiconductor.

On the other hand, X2 packing mode of crystals 2 pro-
duces the largest Ve = �64.49 meV, which is about 19 times
larger than the counterpart of crystal 1. The different struc-
tures of molecules of crystal 1 and 2 are responsible to this
significant change. As discussed above, monomers of crys-
tal 1 and 2 are isomer. There’s only one little difference of



Fig. 5. Calculated angle resolved anisotropic electron mobility of complex 1 and 2, respectively.
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their structures that the heterocycle associates with differ-
ent carbon atoms. However, just this little difference
introduces large change of the frontier molecular orbitals.
Fig. 3 indicates the frontier molecular orbitals of monomer
1 and 2. It obviously that HOMO of monomer 1 locates at
the left part, while that of monomer 2 distributes on the
whole molecule. Thus, the extended p-conjugated system
is beneficial to electronic coupling between neighbor mol-
ecules. Above all, it’s indicated that crystal 2 should be
function as n-type organic semiconductor material better
than crystal 1.

The properties of these two crystals as n-type organic
semiconductor material are investigated in detail. In the
reference plane a-b of crystal 1, crystal axis a is chose to
be the reference axis and U is the orientation angle of the
transistor channel relative to the reference axis and hi are
the angles of the projected electronic coupling pathways
of different dimer types relative to the reference axis. In
crystal 1, the roll angles hp of dimers P dimer is 0� and
the separating distance is about 9 Å. As shown in
Fig. 4(1), the effective coupling projected areas is small,
therefore, the electron-transfer mobility at this direction
is only about 0.003 cm2 V�1 s�1. In the crystal 1, the geom-
etries of X1 and X2 dimers with the roll angles of 29.0 and
90.0�, the separating distances are 10 and 5 Å. With the
longest separating distance, X1 dimer provides the small-
est the electron-transfer mobility, only about
0.0001 cm2 V�1 s�1 because of the small effective coupling
projected areas. On the contrary, X2 dimer has the shortest
separating distance 5 Å and the electron-transfer mobility
is the largest, about 0.022 cm2 V�1 s�1. It’s more than 7
times of P dimer and 220 times of X1 dimer. In the case
of crystal 2, as shown in Fig. 2(2) and Fig. 4(2), plane a-b
is the reference plane; crystal axis a is chose to be the ref-
erence axis and U is the orientation angle of the transistor
channel relative to the reference axis and hi are the angles
of the projected electronic coupling pathways of different
dimer types relative to the reference axis. The separating
distance of P dimer is about 12 Å which is longer than that
of the counterpart of crystal 1. The electron-transfer mobil-
ity of P direction is only 4.5682 � 10�6 cm2 V�1 s�1, which
is far less than that of crystal 1. The separating distance of
X1 dimer is about 9 Å which is shorter than that of crystal
1. The electron-transfer mobility of X1 direction is about
0.009 cm2 V�1 s�1, which is far bigger than that of crystal
1 (90 times). The largest electron-transfer mobility appears
at the X2 direction of crystal 2. It’s 0.291 cm2 V�1 s�1,
about 10 times bigger than that of crystal 1. There are
two parameters contribute to this significantly big mobil-
ity. One is the short separating distance, about only 5 Å.
The other one is the better planar structure of the mono-
mer comparing with crystal 1, which produces larger elec-
tronic coupling.

The anisotropic electron-transfer mobility in 1 and 2
single crystals is shown in Fig. 5. Electron-transfer mobility
of 2 is obviously larger than that of 1. It can be seen from
Fig. 5 that the angle dependence of mobility in 1 and 2 sin-
gle crystal both shows remarkable anisotropic behavior.
But the highest mobility value appears when the value of
U near 90/270� in crystal 1, while it’s 150/330� in crystal
2. The mobility in crystal 2 is larger than crystal 1 with dif-
ferent order of magnitude. This is derived from differences
between monomers of these two crystals. Monomers of
crystal 1 and 2 have the same formula C26H19BF2N2O3, with
only one alternation in the structures that the heterocycle
associates with different carbon atoms. Just this little
change introduces a more planar structure of monomer 2
and the large p-conjugation, which determines the larger
mobility of crystal 2, directly.
4. Conclusion

We theoretically investigated two BODIPY derivatives
as organic semiconductor. The result indicates that the
electron-transport electronic couplings Ve of both complex
1 and 2 are larger than their electron-transport electronic
couplings Vh, which means they are favor to be n-type
semiconductor. On the other hand, the angle dependence
of mobility in 1 and 2 single crystal both shows remarkable
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anisotropic behavior. However, the maximum mobility of
crystal 2 are more than ten times larger than crystal 1.
As molecular 1 and 2 are isomeric with only little differ-
ence of the structure, this obvious difference of mobility
demonstrates that isomerism has significant influence on
the properties of organic semiconductor. The result is
essential for designing better functional organic semicon-
ductors. As usual, when purify a new material after synthe-
sizing, it’s difficult to separate the isomers and get the pure
crystal. On the contrary, the isomer of the main product
might have some kind of new good function which is dif-
ferent with the main product.
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