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The intramolecular and intermolecular charge transport parameters are evaluated quantum chemically for
three fluorinated derivatives of perylene bisimide (PBI) semiconductors, two of which feature a twisted PBI
core. Charge transfer rates are computed within the Marcus-Levich-Jortner formalism including a single
effective mode treated quantum mechanically and are injected in a kinetic Monte Carlo scheme to propagate
the charge carrier in the crystal and to estimate charge mobilities at room temperature. The relative order of
computed mobilities agrees with the observed trend, and the largest mobility is computed for the planar PBI
derivative. It is suggested that thermally induced disorder effects should contribute considerably to the observed
large mobility of the planar PBI derivative, while a retardation effect induced by the presence of alternating
slow and fast jumps along π-stacked PBI columns is responsible for the lower mobilities of the two twisted
derivatives. The computed parameters reveal the subtle interplay between intramolecular and intermolecular
contributions to the charge carrier propagation in these organic semiconductors and may guide the design of
more efficient architectures.

1. Introduction

Organic electronics has been a field of intense research
interest for the last couple of decades. Because of their high
band gap and low electronic affinity, most of the “classical”
organic semiconductors (pentacene, anthracene, phthalocyanines,
and most of the conjugated polymers) are p-type or hole-
transporting. Among n-type organic semiconductors, derivatives
of perylene-3,4:9,10-tetracarboxylic acid bisimides (PBIs) are
of increasing interest, due to their exceptional optical and
electronic properties, and they have been used in a variety of
device architectures in different areas of organic electronics.1-3

PBI derivatives have also been used as building blocks toward
the construction of graphene nanoribbons,4-7 and side substitu-
tion at the bay and imide positions has been used to improve
their n-type character and to tune packing and functional
properties.8-13 In this regard, we note that packing and
intermolecular arrangement of PBI derivatives have been
extensively investigated14-16 both experimentally and theoretically.

A successful strategy to enhance the n-type character of an
organic semiconductor is to functionalize the conjugated core
with fluorine atoms8-10,17 or fluoroalkylated side chains.18 A
thorough analysis of the charge transport properties of haloge-
nated PBIs has been presented by Bao and Wurthner.9 Among
several investigated PBI derivatives, the compound labeled 1a
in ref 9 and in Figure 1 was shown to display a very promising
charge mobility. Recently, a convenient synthesis of core-
perfluoroalkylated PBIs has been proposed18 along with the
determination of a molecular packing arrangement in single
crystals and preliminary charge mobility (n-type) measure-

ments18 for the PBI derivatives labeled 2b and 2c in ref 18 and
Figure 1. The observed mobilities are 0.003 cm2/(V s) for
compound 2b,18 0.052 cm2/(V s) for compound 2c,18 and
0.67-0.72 cm2/(V s) for compound 1a.9

The large variation of measured mobilities points to a
combined effect of intramolecular and intermolecular effects.
The purpose of this work is to investigate the role of intra- and
intermolecular parameters on the charge transport properties of
the two recently synthesized core-perfluoroalkylated PBIs
featuring different substituents and a twisted PBI core (com-
pounds 2b,c in Figure 1) and whose charge mobilities have been
shown to be different.18 At the same time, a comparison is made
with one of the better performing PBI derivatives featuring
highly fluorinated imide substituents but only hydrogens in the
bay region and a planar PBI core (compound 1a in Figure 1).
To this end, an integrated approach involving quantum-chemical
evaluation of inter- and intramolecular parameters combined
with kinetic Monte Carlo (KMC) simulations for the propagation
of the charge carriers in the crystals was employed to estimate
charge mobilities and to provide structure-property relationships.

2. Methods

2.1. Modeling Intra- and Intermolecular Parameters and
Charge Transfer Rate Constants. Equilibrium structures of
neutral and charged species were obtained from quantum-
chemical calculations carried out at B3LYP/6-31G* and B3LYP/
3-21G levels of theory. The nature of the critical points
determined by quantum-chemical structure optimizations was
assessed by evaluating vibrational frequencies at the optimized
geometries. Vibrational frequencies were also employed to
estimate the vibrational contributions to the intramolecular
reorganization energies19,20 (see below).

Vertical electron affinities (VEA) of PBI derivatives were
directly estimated as energy differences between neutral and
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charged species both computed at the geometries optimized for
the neutral (VEAn) or the charged (VEAc) species (see also
Figure S1 of the Supporting Information). The intramolecular
contribution to the reorganization energy λi was computed with
the B3LYP functional, either with the adiabatic potential (AP)
approach19,21 (see Figure S1 and Table S1 in the Supporting
Information) or via calculations of Huang-Rhys (HR) param-
eters Sm.19,21 The charge transfer integrals Vij′ were computed
at the B3LYP/3-21G level of theory following the direct
approach described in refs 22-24. The computed transfer
integrals Vij′ were transformed in an ortogonalized basis (Vij)
as described in previous studies.25 All of the quantum-chemical
calculations were carried out with the Gaussian03 suite of
programs.26

Bulk charge transport was assumed to be governed by the
hopping mechanism.19,20 The validity of the nonadiabatic
hopping model depends on the relative magnitude of the charge
transfer integral Vij and the reorganization energy parameter λ,
with Vij required to be considerably smaller than λ.20,27 As it
will be shown, we are within, although close to this limit, for
the molecules investigated. We are confident, however, that for
the purpose of this work, which is to provide structure-property
relationships and not absolute values of charge mobilities, the
model retains its validity. Furthermore, the hopping contribution
should become dominant for the molecules investigated here,
in the high temperature regime, which is the one considered in
this work. In this scheme, the relevant charge transfer event is
localized on a molecular pair (dimer) formed by two neighboring
molecules. The organic semiconductor material was taken in
its crystalline form, and the possible dimers were identified by
evaluating the distances between the centers of mass of the
molecules surrounding a central reference molecule in the
crystal. A view of the crystals of 1a, 2b, and 2c PBI derivatives
is shown in Figure S2 of the Supporting Information, from which
it can be seen that the PBI molecules assemble into π-stacked
PBI columns in all of the systems investigated.

The transfer rate constants keT associated with each hopping
event were computed according to the Marcus-Levich-Jortner
(MLJ) formulation:28,29

keT ) 2π
p

Vij
2 1

√4πλclasskBT
∑
V)0

∞ [exp(-Seff)
Seff
V

V!
×

exp(- (∆Go + λclass + Vpωeff)2

4λclasskBT )] (1)

In the expression above, beside the charge transfer integrals Vij,

λclass is the classical contribution (generally the outer sphere
contribution) to the reorganization energy and ∆Go is zero for
the self-exchange processes considered in this work (Mo + Mc

T Mc + Mo, where Mo is the organic species in the neutral
state and Mc is the organic species in its charged state). Equation
1 includes the quantum description of the nonclassical degrees
of freedom represented by a single effective mode of frequency,
ωeff, and associated HR factor, Seff.

2.2. Propagation of Charge Carriers and Evaluation of
Charge Mobilities. Charge mobilities were computed assuming
a Brownian motion of the charge carrier30 in the absence of
applied electric fields, that is, in the limit of zero field and zero
concentration. The calculation of the macroscopic parameter was
performed by considering the three-dimensional crystal struc-
tures of 1a, 2b, and 2c and by computing the diffusion
coefficient D with a set of KMC simulations.31-33 The KMC
technique has been used recently to compute charge mobilities
in supermolecular assemblies.14,34-37 In each KMC simulation,
a single charge carrier was let move on the crystal via hopping
events occurring between near neighbor molecules, forming a
dimer. The probability Pn associated with the hopping event
that moves the charge carrier to the n neighbor of a given
molecule was determined by the MLJ charge transfer rate
constant kn as Pn ) (kn/∑j kj), where j runs over possible paths
for a charge localized on a given molecular unit in the crystal.
The time associated with the electron transfer to the n-th
neighbor is 1/kn, and the distance is the distance between the
centers of mass of the two molecules forming the dimer. The
trajectory is propagated by selecting randomly one molecule in
the crystal as the starting point. A list of possible neighbors is
available, and the trajectory is advanced by choosing a random
number r uniformly distributed between 0 and 1 and by selecting
the j-th neighbor such that31-33,38 ∑n

j-1Pn < r e ∑n
j Pn. The

position of the charge carrier was saved and accumulated for
groupsof2000trajectories.Anapproximatelylineardependence31-33

of the mean square displacement (MSD) 〈[r(t) - r(0)]2〉 as a
function of time t was obtained by averaging over the subsets
of 2000 KMC trajectories (see a representative example in
Figure S3 in the Supporting Information). The diffusion
coefficient D was readily obtained from the fitted linear
dependence of the MSD employing the Einstein equation: D )
limtf∞(MSD/6t). Charge mobility was obtained from D with
the Einstein-Smoluchowski equation:

Figure 1. Structural formula of the three PBI derivatives considered in this work.

5328 J. Phys. Chem. B, Vol. 114, No. 16, 2010 Di Donato et al.

http://pubs.acs.org/action/showImage?doi=10.1021/jp101040r&iName=master.img-000.png&w=338&h=180


µ ) eD
kBT

(2)

Fifteen subgroups of 2000 trajectories each were produced, and
the final charge mobilities were obtained by averaging over those
computed for each subgroup. Each KMC trajectory consisted
of 106-108 moves, and the temperature T was set to 300 K.

3. Results and Discussion

3.1. Intramolecular Charge Transport Parameters. From
the equilibrium structures of neutral and charged species, we
estimated both electron affinities and intramolecular reorganiza-
tion energies (see Figure S1 in the Supporting Information) of
the three species 1a, 2b, and 2c. The inclusion of fluoroalkyl
substituents in the bay region, for compounds 2b and 2c, leads
to a marked twist of the perylene core, as well-known for other
bay-substituted PBIs.39 Fluoroalkyl substitution at both the imide
and the bay positions lowers the energy of the lowest unoccupied
molecular orbital (LUMO) level and increases the electronic
affinity of the PBI derivative, thereby strengthening the n-type
character of the semiconductor. This effect can be appreciated
by considering the energies of the LUMO levels reported in
Table S2 in the Supporting Information and the correspondigly
computed vertical and adiabatic EAs in Table S3 in the
Supporting Information. The inclusion of fluoroalkyl chains
(from 1a to 2b) in the bay region lowers the LUMO level by
ca. 0.37 (B3LYP/3-21G) or 0.35 eV (B3LYP/6-31G*) and
similarly increases the adiabatic electron affinity (AEA, see
Table S3 in the Supporting Information) by 0.46 (B3LYP/3-
21G) or 0.44 eV (B3LYP/6-31G*). The substitution at the imide
position with alkyl chains (compound 2c), as compared with
fluoroalkyl chains (2b), increases back the LUMO level by 0.27
eV and decreases the AEA by 0.28 eV at both levels of theory.
Interestingly, the transport gap [∆E(HOMO - LUMO)] is
weakly affected by the substitution and is identical for com-
pounds 2b and 2c, while it is slightly smaller for compound 1a
as a result of the increased conjugation associated with the planar
perylene chromophore in the latter.

The AP-computed intramolecular reorganization energies
(collected in Tables S3 and S4 in the Supporting Information):
0.31, 0.36, and 0.35 eV for compounds 1a, 2b, and 2c,
respectively (values smaller by 0.01 eV with the 6-31G* basis
set) are relatively large, and a fraction of their magnitude can
be attributed to the presence of the bay and imide flexible
substituents. To investigate this effect in more detail, we carried
out quantum-chemical calculations on model systems for the
1a, 2b, and 2c compounds, featuring the minimal substituents
mimicking the steric and electron-withdrawing effect of fluo-
roalkyl and alkyl substitutents but at the same time reducing
the number of flexible degrees of freedom. To this end, we
selected the two model systems depicted in Figure 2, featuring
a methyl group at the imide position in conjunction with (a)
hydrogens in the bay region (1a-model) leaving a planar
conjugated framework as for 1a or (b) a CF3 substituent (2b-
2c-model) in the bay region, which should provide a realistic
representation of compounds 2c or 2b with regard to their
structural characteristics. Indeed, comparison between computed
geometry changes upon electron transfer shows minimal dif-
ferences between model and real systems (see Figures S4 and
S5 in the Supporting Information), thereby showing that the
chosen models are realistic. Similarly, the frontier orbitals of
the model and real systems are very similar (see Figures S6
and S7 in the Supporting Information). Interestingly, the
intramolecular reorganization energies computed for the model
systems are 0.26 (0.26) and 0.28 (0.30) eV for 1a-model and

2b-2c-model, respectively, at the B3LYP/3-21G (B3LYP76-
31G*) levels of theory. These values, as those computed for
the real systems, are in line with previously reported values for
PBI derivatives.40 The difference (0.05-0.08 eV) between the
computed λi for model and real systems suggests that the
presence of flexible substituents (in the real 1a, 2b, and 2c
systems) increases the intramolecular parameters, a factor that
should be taken into account in the design of new species,
because of its role in trapping charge carriers, thereby reducing
the charge mobility. The computed vibrational contributions to
the intramolecular reorganization energies collected in Figures
S8-S11 in the Supporting Information are indeed similar for
model (1a-model or 2b-2c-model) and correspondingly real (1a
or 2b and 2c) systems except for the fact that in real systems a
number of additional contributions are located in the low
frequency region; hence, it can be attributed to the increased
number of flexible (low frequency) degrees of freedom. Adapt-
ing the intramolecular effective parameters computed for model
compounds to the respective real systems and including the
exceeding contributions from low frequency modes into the λclass

parameter (see the Supporting Information and Table S5), we
estimated the rate constants of 1a, 2b, and 2c according to eq
1.

3.2. Intermolecular Charge Transport Parameters. The
assumption of the hopping mechanism for the charge transport
in crystals of PBI derivatives is justified because of the relatively
large value of the λi parameter. To investigate the possible
hopping paths, we extracted, for each crystal, all of the possible
neighbors of a given molecule. The crystals of the PBI
derivatives investigated in this work belong to the same triclinic
P1j group. However, while there is only one site in the crystal
of 1a, there are two different sites (corresponding to the two
enantiomers of the twisted PBI) for 2b and 2c. As for other
PBI derivatives,9,14,15 the tendency to form columns of π-stacked
PBI units is clearly seen in Figure S2 of the Supporting
Information and Figures 3-5. Accordingly, the charge transport
can be discussed in terms of intracolumn jumps and intercolumn
jumps as pictorially shown in Figures 3-5. In Table 1, we
collected the calculated charge transfer integrals for the various
hopping paths in the three crystals. It is worth noting that while
there is only one type of intracolumn jump (labeled A) for 1a
(see Figure 3), there are two kinds of intracolumn jumps (labeled
A and B) in the crystals of 2b and 2c, as graphically depicted
with blue and red arrows in Figures 4 and 5. The two jumps
for 2b and 2c are due to the presence of two different molecular
sites, which imply that given one molecular site, the jumps to
a different one, in backward and forward directions, are
characterized by different charge transfer integrals Vij. Such
difference is larger for 2b than for 2c.

Figure 2. Structural formula of the two model PBI derivatives
considered in this work.
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Inspection of Table 1 shows that the intracolumn jump for
compound 1a is associated with a remarkably small charge
transfer integral. However, the optimal packing induced by
intermolecular forces in organic crystals corresponds, in some
cases, to minimization of the molecular orbital superposition;
hence, it is not surprising that the charge transfer integral is
minimal at the crystal structure. To quantify the relevance of
this effect, we computed (see Figure 6) the charge transfer
integral for a dimer of PBI starting from its face to face
configuration and by translating one molecule with respect to
the other along the long and short molecular axes. The
configuration of the dimer in the crystal of 1a corresponds to a
translation of the long axis by ca. 3.4 Å and of the short axis
by ca. 1.2 Å and is represented by the black square in Figure 6.
The corresponding behavior of the Vij integral as a function of
the translation along the short axis is represented by the blue
curve in Figure 6. It is seen that the translation is accompanied
by a large variation in the charge transfer integral as expected
because of the variation in the overlap between the LUMO
orbitals of the two molecules (shown in the insets of Figure 6).
As a consequence, vibrational motions (and therefore thermally
induced disorder) may lead to significant values of the intrac-
olumn charge transfer integral. A complete study of the
dynamically induced modulation of charge transfer integrals is
beyond the scope of this work and will be the subject of future
investigations. However, preliminary molecular dynamics simu-
lations (outlined in the Supporting Information) along the lines
described in ref 41 indicate that the modulation of charge
transfer integrals at ca. 300 K can be fitted with a Gaussian
distribution (see Figure S12 in the Supporting Information)
whose σ is of the order of few hundreds cm-1. Thus, we can
account for the effect of thermally induced disorder by consider-
ing the thermalized limit42 for this specific jump, that is, by
injecting the 〈Vij

2〉 value into the MLJ expression for the rate

constant, as generally done in the description of biological
systems, an approach whose derivation and validity has been
recently discussed.42-45 The thermalized limit is acceptable in
this case since the frequency of intermolecular modes is larger
than the hopping frequency for the A jump. Because 〈Vij〉 is
almost negligible, 〈Vij

2〉 ) σ2 and jump A are expected to be
more dramatically affected by thermal disorder. Thus, we run
two set of KMC simulations, using both the static crystal value
of Vij and the estimated �〈Vij

2〉 value (assuming an upper limit
of 600 cm-1 for σ) for the 1a system (see Table 1).

Inspection of Table 1 and Figures 3-5 shows that, beside
the intracolumn charge transfer integrals, also intercolumn jumps
are active because of non-negligible electronic couplings. While
the intercolumn distance is relatively large for crystals of 2b
and 2c, because of the presence of alkylated substituents in the
bay region, it is much closer in the crystal of 1a. For instance,
the most efficient intercolumn jump in 1a must overcome 9.19
Å as compared with 11.82 Å for the crystal of 2c and 13.30 Å
for 2b. The shortest distance in the case of 1a is associated
with a considerable charge transfer coupling of 338 cm-1 for
path C. In contrast, modest charge transfer integrals are
computed for both 2b and 2c (see Table 1).

3.3. Charge Transfer Rate Constants and KMC Simula-
tions. With the parameters discussed above, we computed the
charge transfer rate constants (collected in Table 1) and injected
them into the KMC scheme14,31-37 to estimate charge transport
mobilities at 300 K. The absolute magnitude of charge mobilities
can be influenced by the choice of the intra- and intermolecular
parameters entering the definition of the charge transport rate
constant. Some of these parameters, such as the outer sphere
contribution to the reorganization energy, are difficult to
estimate46 and can affect the resulting values. In addition, the
model assumes a perfect crystal structure without defects or
microcrystalline boundaries while measurements are generally
carried out in films whose exact morphology is not known. Thus,
the purpose is not to reproduce the experimental values but to
provide correct trends for relative values and to rationalize why
different mobilities are obtained for different molecular and
crystal architectures. In this sense, it is interesting to note (see
Table 2) that the order of computed mobilities agrees with that
experimentally found. More precisely, the smallest mobility is
computed for compound 2b; as observed, a larger mobility is
computed for compound 2c, and the largest value is computed
for 1a, in agreement with the observation. Notice that the correct
order is also obtained without using the thermalized limit for
the A jump of system 1a (compare the computed charge
mobilities in the fourth column of Table2) or even assuming
an identical value of the λclass parameter (see eq 1) for all of
the systems investigated.

We can analyze the computed mobilities in terms of charge
transfer integrals, rate constants, and the arrangement of charge
transfer paths available to each PBI derivative investigated. With
regard to the electronic couplings, compound 2b shows the
largest value for an intracolumn jump. Nevertheless, its mobility
is computed to be the lowest. The largest intramolecular
reorganization energy of 2b (see Tables S3 and S4 in the
Supporting Information) value may contribute to lower the
efficiency of charge transport. However, the computed rate
constant associated with jump A in Table 1 is larger than the
largest KeT of 2c. The lower mobility of 2b as compared to 2c
(and to 1a) is mostly due to a retardation effect induced by the
different charge transfer probabilities associated with intracol-
umn paths A and B along the same intracolumn direction. The
alternation of A and B jumps along the column, schematically

Figure 3. Crystal of 1a. (Top) The possible intra- (magenta molecules)
and intercolumn (green and blue molecules) paths taking as reference
the red central molecule. The capital letters indicate the jumps that are
active because of non-negligible charge transfer integrals. (Bottom)
Schematic indication of (left) the intercolumn paths C and D and (right)
the intracolumn path A. The sequence of red arrows underscores that
the jumps along the column are identical. The white spheres centered
on each molecule represent the centers of mass, and hydrogen and
fluorine atoms are omitted.
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shown by red and blue arrows in Figure 4, implies that the
charge carrier can propagate along the column by alternating
fast and slow jumps. As a result, the charge transport along
one PBI column is retarded by the frequent oscillation of the
charge trapped in a dimer and it “looses time” before it can
find its way one molecule forward along the column. This effect
is evident by inspecting a short portion of the KMC trajectory
(see Figure 7) showing the propagation of the charge for system
2b,c and 1a as a function of time. The comparison shows that,
for system 2b, the charge carrier is more frequently trapped

(black rectangles in the figure) inside the same dimer, without
advancing. The effect is visible also for 2c, although it is less
extensive and frequent because of the lower asymmetry of A-B
jump probability (see Table 1). Thus, asymmetry in the
backward and forward charge transfer probabilities along a given
direction leads to a retardation effect, which is larger for larger
asymmetries, namely, for compound 2b than for compound 2c.
Accordingly, for system 1a, there is no trace of retardation effect
in Figure 7. In passing, we note that such retardation effect is
at the origin of a further remarkable discrepancy between the
charge mobilities computed using the KMC procedure or

Figure 4. Crystal of 2b. (Top) The possible intra- (magenta molecules)
and intercolumn (green and blue molecules) paths taking as reference
the red central molecule. The capital letters indicate the jumps that are
active because of non-negligible charge transfer integrals. (Bottom)
Schematic indication of (left) the intercolumn paths C and D and (right)
the intracolumn paths A (red arrows) and B (blue arrows). The sequence
of red and blue arrows underscores that two different jumps (fast and
slow) alternate along the column. The absence of the counterpart of
jumps C and D in opposite directions, starting from the same red
molecule, underscores the asymmetry that also characterizes interco-
lumnar jumps. The white spheres centered on each molecule represent
the centers of mass, and hydrogen and fluorine atoms are omitted. The
two different orientations of the rectangles reflect the presence of two
different molecular sites in the crystal.

Figure 5. Crystal of 2c. (Top) The possible intra- (magenta molecules)
and intercolumn (green and blue molecules) paths taking as reference
the red central molecule. The capital letters indicate the jumps that are
active because of non-negligible charge transfer integrals. (Bottom)
Schematic indication of (left) the intercolumn paths C, D, and E and
(right) the intracolumn paths A (red arrows) and B (blue arrows). The
sequence of red and blue arrows underscores that two different jumps
alternate along the column. The counterpart of jump D, in opposite
direction starting from the same red molecule, is path E. The counterpart
of jump C, in opposite direction starting from the same red molecule,
is still path C since the molecular sites involved in the jump are of the
same type. The white spheres centered on each molecule represent the
centers of mass, and hydrogen and fluorine atoms are omitted. The
two different orientations of the rectangles reflect the presence of two
different molecular sites in the crystal.

TABLE 1: Charge Transfer Integrals Vij (cm-1) and Rate Constant keT (ps-1) for the Most Relevant Dimers of 1a, 2b, and 2c
Extracted from the Crystal Structures

dimer intracolumn distance (Å) Vij
LUMO (cm-1)a keT

b (ps-1) dimer intercolumn distance (Å) Vij
LUMO (cm-1)a keT

b (ps-1)

1a
A 4.9104 -23 0.012 C 9.1891 338 2.3

600c 7.2 D 12.0472 -33 0.021

2b
A 6.2112 -772 5.2 C 13.2960 7 0.0005
B 6.3033 282 0.70 D 15.1341 18 0.003

2c
A 5.8727 -465 2.7 C 10.6947 -10 0.001
B 6.2298 603 4.4 D 11.8171 39 0.018

E 12.0177 9 0.001

a Charge transfer integrals were evaluated at the B3LYP/3-21G level. The interaction was determined between the LUMO orbitals of the two
molecules belonging to the dimer. b Charge transfer rate constant computed at 300 K. c Estimated as an upper limit for �〈Vij

2〉; see the
discussion in the text.
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employing the approximate formulation of the diffusion coef-
ficient based on isotropic diffusion, often used in previous
works.47,48

The asymmetry discussed for the intracolumn charge transfer
probabilities of 2b and 2c and responsible for the retardation
effect extends also to intercolum paths if two different molecular
sites (the two enantiomeric forms) form the dimer: In this case,
the keT associated with the jump in one direction or in the
opposite direction, starting from the same molecule, are not
identical (see Table 1). In the case of 2b, the intercolumn jumps
associated with non-negligible charge transfer probabilities are
indicated in Figure 4: The asymmetry effect is dramatic, and
the jumps labeled C and D do not have a counterpart (negligible
charge transfer probabilities) in the opposite direction, starting
from the same red molecule in the figure. In addition, the
efficiency of intercolumn jumps in 2b (and also 2c) is modest
(see Table 1) as compared to 1a. As a result, jumps from the
red molecule (in Figure 4) to nearby PBI columns occur only
in one direction, and charge carriers for 2b are expected to
propagate mainly along columns of PBI stacked molecules, with
seldom jumps from one column to another. This expectation is
confirmed by the KMC simulations, as shown by the selected
trajectories in Figures S13 and S14 in the Supporting Informa-
tion.

The pattern of possible intercolumn jumps is slightly more
symmetric for 2c. In this case, as shown in Figure 5, the forward
and backward jumps D and E are both associated with non-
negligible charge transfer integrals and rate constants. We note,
in passing, that the two jumps labeled C in Figure 5 are identical
since the dimer involves two identical molecular sites (that is
the same enantiomeric form) in the crystal. Nevertheless, even
for 2c, KMC simulations show a dominant charge propagation
along the π-stacked PBI columns with less frequent jumps to
nearby columns (see Figures S15 and S16 in the Supporting
Information).

The large charge transfer integral associated with intercolumn
path C of 1a (Figure 3 and Table 1) implies that these
intercolumn jumps are relatively efficient and, together with the

intracolumn propagation along path A, lead to a quasi bidi-
mensional conduction of the charge as seen in Figure S17 in
the Supporting Information, showing the path followed by the
charge carrier in a series of KMC trajectories. In contrast,
neglecting thermally induced disorder, a quasi monodimensional
conduction would result along the intercolumn path C (see
Figure S18 in the Supporting Information).

We can conclude that system 1a shows the largest mobility
because of its smaller intramolecular reorganization energies
combined with large intercolumn and intracolumn charge
transfer integrals and the absence of asymmetries inducing
retardation effects. In contrast, systems 2b and 2c show similarly
large charge transfer integrals whose effect is depressed by the
presence of larger intramolecular reorganization energies (lead-
ing to reduced rate constants) combined with the retardation
effect induced by the asymmetry of alternating fast and slow
paths along the intracolumn direction. Although the order of
computed charge mobilities is correct, the mobility of 2c is
computed to be ca. 2 times larger than that of 2b while
experimentally18 a ratio of 17 is found. This suggests that other

Figure 6. Dependence of the charge transfer integral Vij associated to
the A jump, as a function of the sliding along the short axis for selected
values of the sliding along the long molecular axis, keeping the
intermolecular distance fixed to the value observed in the crystal. The
red curve corresponds to translation along the short axis, starting from
a face to face dimer. The blue curve corresponds to translation along
the short axis starting from the dimer configuration in the crystal, which
is represented by the black square in the figure.

Figure 7. First 1000 steps of a KMC trajectory of a charge carrier
propagating along a crystal of (top) 2b (red) and 2c (green). The
trajectory of 2b shows frequent oscillations (some of which are enclosed
in black rectangles) induced by the presence of markedly alternating
fast and slow paths ABABAB along the column. These oscillations do
not advance the charge carrier and induce a “retardation effect”. The
charge is trapped several times and keeps oscillating back and forth in
a dimer before it finds its way along the column. The retardation effect
is less marked in 2c because of the similar probability associated with
paths A and B. (Bottom) For comparison, the first 1000 steps of a carrier
propagating in 1a (blue), for which a single path A is repeated along
the column, show no evidence of a retardation effect.
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factors are likely to influence the experimental values, such as,
for instance, the presence of defects or traps.

4. Concluding Remarks

We have investigated the charge transport properties of three
PBI derivatives with enhanced n-type character. Quantum-
chemical calculations show that fluorination enhances the n-type
character by lowering the LUMO levels and increasing the
computed electronic affinities.

The solid state structure of the three systems investigated is
characterized by the presence of π-stacked PBI columns in
which the PBI sites are identical for compound 1a, while the
two enantiomeric forms of the twisted PBIs 2b and 2c alternate
as two different molecular sites along the column. This
characteristic implies an asymmetry in the charge transfer
probability along a given direction, particularly relevant along
the intracolumn propagation direction.

Calculations of charge transfer rate constants, according to
the nonadiabatic hopping approach, and propagation of the
charge carriers within a KMC scheme lead to predicted charge
mobilities whose relative order is in agreement with the
experimental results. The mobility of 2c is correctly predicted
to be larger than that of 2b, and the charge mobility of 1a is
computed to be the largest. The larger observed ratio between
the mobilities of 2c and 2b is attributed to the presence of defects
and traps.

For compound 1a, the crystal packing of PBI units minimizes
the intracolumn charge transfer integrals. Even in the absence
of thermally induced disorder effects, the KMC simulations
predict the largest mobility for 1a. Preliminary calculations
including the thermalized limit of the charge transfer integral
increase considerably the intracolumn component of the charge
mobility. Because of the smaller intercolumn distance in 1a, a
considerable contribution to the total charge mobility arises from
intercolumn charge transport and leads to a quasi bidimensional
character of the charge transport.

The simulations indicate, instead, preferential intracolumn
conduction for 2b and 2c. A careful analysis of intramolecular
and intermolecular factors reveals that a major effect determining
the lower mobility of 2b and 2c as compared to 1a and, between
the former two, a lower mobility for 2b, is a pronounced
retardation effect in turn governed by the asymmetry in the
charge transfer probability along a given direction. Indeed, the
charge propagation for the two systems occurs mostly along
the π-stacked PBI columns and the probability associated with
the two alternating paths A and B is more markedly different
for 2b than for 2c.

Overall, the study reveals that asymmetry in charge transfer
probabilities along a given direction may reduce drastically the
charge mobility and that the mono- or bidimensional character
of the charge propagation can be governed by appropriate use
of substituents. In more general terms, the study discloses the
subtle interplay between intramolecular and intermolecular
contributions to the efficient charge carrier propagation in an

organic semiconductor to guide the design of more efficient
organic semiconductors.
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