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Both crystal packing and molecular size have strong influences on the charge mobility for organic
semiconductors. The crystal structures for oligothiophene (nT) can be roughly classified into two types:
the Z = 2 (two molecules in one unit cell) or high temperature (HT) phase and the Z = 4 or low temperature
(LT) phase. Through first-principles calculations within the Marcus electron transfer theory coupled with
random walk simulation for room temperature charge diffusion constants, we found that the hole mobility
of the HT phase is about 3—4 times larger than that of the LT phase because the molecular packing in the
HT phase favors the hole transfer (i.e., the frontier orbital wave function phases of the dimer are
constructive, which tends to maximize the overlap), while for the LT phase, the molecules are packed in
a position that reduces the intermolecular orbital overlap due to phase cancellation. As the molecular
size increases from 2T to 8T, the hole mobility tends to increase because the reorganization energy
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decreases with the chain length.

Introduction

Organic semiconductors based on sz-conjugated oligomers
and polymers constitute the active elements in (opto)elec-
tronic devices, such as light-emitting diodes (OLED),1 field-
effect transistors (FETs),? or solar cells.> The advantages of
organic electronic materials are a low cost, versatility of
chemical synthesis, ease of processing, and flexibility. Charge
transport behavior in organic materials is of great interest.*
The main parameters to characterize the performance of a
semiconducting FET are its carrier mobility and on/off
current ratio. For inorganic semiconductor Si single crystals,
the room temperature mobility can reach as high as a few
107 to approximately a few 10° cm?/V s.” Traditionally, the
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organic materials usually possess a very low mobility (10°
to ~10~*). Recent progresses demonstrated that the mobility
of approximately a few tenths of a cm?/V s can be realized
in organic FET devices,’ and even larger values of ap-
proximately a few tens of cm?/V s have been reported.’
Oligothiophene is one of the earliest organic materials for
organic thin film FETs.®° Thiophene-based materials exhibit
a variety of intra- and intermolecular interactions—van der
Vaals interactions, weak hydrogen bondings, 77— stacking,
and sulfur—sulfur interactions—originating form the high
polarizability of sulfur electrons in the thiophene rings.'”
Therefore, thiophene oligomers can be regarded as a versatile
building block for organized structures. The charge transport
properties critically depend on the relative orientations and
solid-state packing of the species involved.'"'? It has been
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Figure 1. Schematic representation of (a) hole transfer through a transition
state by weak (nonadiabatic) coupling and (b) adiabatic energy surfaces
corresponding to the ionization process. AQ is the NM displacement, and
the two energetic terms 4, and A, define the internal reorganization energy.

shown that the intermolecular interactions and molecular
reorganization energy upon accepting/donating a charge can
strongly influence the charge mobility.'*"?
Oligothiophenes exhibit a herringbone structure in the
crystal form. However, depending on the sublimation tem-
peratures for 4T and 6T, there exist two different types of
structures. For the high source temperature grown crystal,
there are two molecules in one unit cell (Z = 2) for 2T, 4T,
and 6T. For the low temperature phase, there are four
molecules (Z = 4) in one unit cell for 4T, 6T, 7T, and 8T.
In addition, for 3T, there are eight molecules in one unit
cell. Thus, various crystal structures provide an ideal system
to study the molecular packing effects on electron transport.
In addition, the molecular size is well-defined in terms of
the number of thiophene rings. It is intriguing to see as to
how the size of the conjugated molecule affects the charge
motion. Previous experimental FET device measurements
have given the hole mobility in the range of 2 x 107" to
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Table 1. DFT-B3LYP/6-31G* Calculated Reorganization Energies 4
(meV) by Adiabatic Potential Surfaces of the Neutral and Cation
Species and by NM Analysis

reorganization energy

molecules adiabatic potential normal mode
2T 361 364
3T 316 323
4T 286 288
5T 265 274
6T 244 255
7T 224 238
8T 203 212

0.3 cm® V™' s7! for the thin film and crystalline phases.'*
Through our theoretical study, the intrinsic transport behavior
in oligothiophenes was revealed, which can shed light on
the diversified range of experimental values.

Computational Approaches

Generally speaking, there are two types of carrier motion in the
solid state: (i) the coherent band model and (ii) the incoherent
hopping model. Electronic band structure calculations previously
have been used to predict charge transport in perfectly ordered
materials at very low temperatures. The band model is usually
suitable for inorganic semiconductors where the interaction between
different sites is through strong valence bonds. At high temperatures,
the dynamic structure disorder may strongly localize the charge,
thus invalidating the band transport model, suggesting that hopping
may be the dominant mechanism, especially for organic materials.
Here, we adopt the hopping mechanism as advocated by Brédas et
al.,'® Hutchison et al.,'*® and Deng and Goddard."

The charge transport process (for holes) between two adjacent
molecules follows the reaction M + M+ — M™ + M, where M is
the molecule undergoing the hole transfer. The hopping rate can
be described by Marcus theory by the following equation:'®

_KZ x \12 A
k= h(/lkBT) eXp( 4kBT) )

There are two major parameters that determine the self-exchange
electron transfer (ET) rate: the intermolecular transfer integral (V)
and the reorganization energy (4) (see Figure 1a). Eq 1 is applicable
for V<< A. The charge transport process is considered to be a cross-
barrier classical mechanics motion, with a barrier height of A/4.
The reaction coordinate Q in Figure 1a is an ensemble of geometric
deformations of the dimer system. The reorganization energy
includes the molecular geometry modifications when an electron
is added or removed from a molecule (inner reorganization) as well
as the modifications in the surrounding medium due to polarization
effects (outer reorganization). Here, we focus on the inner
reorganization energy, which reflects the geometric changes in the
molecules when going from the neutral to the ionized state and
vice versa. It is the sum of two relaxation energy terms:'” (i) the
difference between the energies of the neutral molecule in its
equilibrium geometry and in the relaxed geometry characteristic
of the ion and (ii) the difference between the energies of the radical
ion in its equilibrium geometry and in the neutral geometry, as
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shown in Figure 1b. The A terms are evaluated in two ways: (i)
directly from the adiabatic potential-energy surfaces of neutral/
cation and neutral/anion species'® and (ii) from the normal-mode
analysis, which provides the partition of the total relaxation energy
into the contributions from each vibrational mode: "’

A= 2= koS, (2)
ki
=500/ 3)

Here, the summations run over all the vibrational normal modes.
AQ; represents the displacement along normal mode (NM) i
between the equilibrium geometries of the neutral and charged
molecules, k; and w; are the corresponding force constants and
vibrational frequencies, and S; denotes the Huang—Rhys factor
measuring charge—phonon coupling strength .We calculated the
reorganization energies at the density functional theory (DFT) level
using the B3LYP functional and 6-31G* basis set. The NM analysis
and Huang-Rhys factors as well as A; were obtained through the
DUSHIN program.>°

The electronic coupling terms were evaluated for the nearest
neighbor molecules. Here, we took the single crystal structures
of oligothiophenes to generate all possible intermolecular
hopping pathways. The couplings between all these pairs were
calculated through the diabatic model. The two diabatic states
correspond to the carrier localized on the electron donating and
accepting molecules, respectively. The electronic coupling can
be obtained either by Koopmans’ theorem at the Hartree—Fock
mean-field level (indirect method)'*?' or by direct dimer
Hamiltonian evaluation method.?>** In the former case, it is
cautioned that when the dimer is not cofacial, the site energy
correction and the intermolecular overlap due to the crystal
environment should be taken into account.”*

The electronic coupling for hole transfer in the direct scheme
can be written as

_ 0,sitel 0,site2
V= HOMOlFI ‘pHOlMO (4)

where ¢romo” ! and ¢romo™ " represent the HOMOs of isolated
molecules 1 and 2, respectively, and F is the Fock operator for the
dimer with a density matrix from noninteracting dimer of F =
SCeC™', where S is the intermolecular overlap matrix, and C and
¢ are the molecular orbital coefficients and energies from one-step
diagonalization without iteration. This calculation was performed
using the PW91PWO91/6-31G* basis set. It has been shown that
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Figure 2. Contribution of the vibrational modes to the cationic relaxation
energy for molecules 4T (a) and 8T (b).

this choice of functional gives the best results at the DFT level.?
In the case of the pentacene dimer from cofacial to perpendicular
edge-corner packing, namely, the relative tilt angle from 0 to 90°,
we compared eq 4 with the site energy and overlap corrected
splitting scheme of Valeev et al.>* We have shown that both give
almost identical results for the whole range of tilt angles.?® The
one-step diagonalization for eq 4 is simple, efficient, and reliable.

Here, we model the charge transport as a Brownian motion
process, as described by a particle diffusion process. The mobility
can be expressed by the Einstein equation®’

e

u= KTD (%)

where Dis the isotropic charge diffusion constant. It is simulated
by the random walk technique. We took the molecular crystal
as a reference structure and any given molecule as the initial
charge center. The charge is only allowed to hop between nearest
neighbor molecules. The hopping rate k for a specific pathway
is calculated through eq 1. The hopping probability was evaulated
as pg = k*/Y ok*. The denominator is a sum over all the possible
hopping pathways. The hopping time along this direction is 1/k*,
and the hopping distance is taken to be the intermolecular center
distance. At each step in the simulation, a random number r is
generated, uniformly distributed between 0 and 1. If iy Pa <
r < 34— pa (accumulated probability), then the charge is allowed
to go along the jth direction. Each simulation lasts from a few
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Figure 3. Crystal structures of o-nTs.

tens to a few hundreds of a microsecond. Then, the diffusion
constant is obtained as D = lim, ., [(r)*[26¢, where [(r)? is the
mean squared displacement. Two thousand trajectories were
simulated to obtain a converged diffusion constant, namely, a
linear relationship between the square of the diffusion distance
and the diffusion time. The details of simulation are given in
the Supporting Information.

The basic assumption is that the charge transport is a slow process
where the solvent (surrounding molecules) and the solute molecule
(with charge) have enough time to equilibrate. This is pertinent
for the soft organic system. All the quantum chemistry calculations
were performed with the Gaussian 03 package.?®

Results and Discussion

In the crystalline form of a-oligothiophenes, all of them
are quasi-planar, the inter-ring torsion angle being below the
measurement accuracy (<1°). One exception is o-3T, for
which a slight deviation from planarity (6-9°) was reported
in the crystal form.?® Table 1 displays the reorganization
energies calculated for positive polarons of oligothiophene
from the adiabatic potentials and from the NM analysis. The
A values obtained from both approaches are very close. This
indicates that the charge reorganizing process can be well-
described by the harmonic oscillator model as assumed in
Marcus theory. It is also seen that the reorganization energy
decreases as the chain is elongated.

We took the 4T and 8T molecules as examples to visualize
the vibronic interactions for charge relaxation. NM analysis
was performed at the B3ALYP/6-31G* level. The results are
displayed in Figure 2. The partition of the relaxation energies
of these molecules into the contributions of each normal
mode is displayed. It is seen that the contributions from the
high frequency parts (1200-1600 cm ™) decrease remarkably
when going from 4T to 8T. These are the C—C single and
double bond stretching modes, responsible for Raman
processes, that are influenced by the conjugation length, as
demonstrated previously.*® Both the total molecular reorga-
nization energies from 2T to 8T and the vibrational mode
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contributions are in good agreement with the recent calcula-
tions performed by da Silva Filho et al.*!

The crystal structure of a-nTs is the herringbone arrange-
ment, which is quite common in chain molecule crystals.
All nonsubstituted a-nTs crystallize in the monoclinic system
with a P2, space group. The number of molecules per unit
cell is Z = 2 for a-2T°* and Z = 8 for a-3T,* while it is Z
= 4 for o-7T>* and o-8T.>* The first a-6T single crystals
were obtained by Siegrist et al. from the melt at high
temperature (a-6T/HT)*and by Horowitz et al. using a
sublimation technique (6T/LT).>® Surprisingly, these two
kinds of crystals have two different structures. Up to now,
two different structures were identified for both o-4T and
o-6T. In these two cases, the HT phase is Z = 2, while the
others adopt a Z = 4 structure. The two crystal forms differ
not only by the number of molecules in the unit cell but
also by the way they pack. We depicted all the o-nT crystal
forms in Figure 3. A view along the b-axis shows that 2T,
4T/HT,*’and 6T/HT have the same packing structure. The
crystal form of 4T/LT,*® 6T/LT, 7T, and 8T shows the same
packing form. The difference between these two kinds
of packing structures lies in the tilt angle of the long axis of
the molecule with respect to the normal of the plane of
highest density, which is higher for Z = 2 than for Z = 4.%’

The various types of charge hopping pathways are shown
in Figure 4, as examples for 4T/HT (Z = 2) (Figure 4a) and
4T/LT (Z = 4) (Figure 4b). Figure 4 (a)-1,(b)-1 displays the
nearest neighbor dimer pairs in the same molecular layer,
which is the herringbone arrangement. Shown in Figure 4(a)-
2,(b)-2 are head-to-tail stackings. Note that 2T, 4T/HT, and
6T/HT have the same packing structure. We then calculated
all the 12 types of transfer integrals through the direct
evaluation method of eq 4 for these three cases, which are
displayed in Table 2. For the other packing structures (with
Z = 4) of 4T/LT, 6T/LT, 7T, and 8T, the corresponding
results are reported in Table 3. 3T is an exception, where Z
= 8. Its packing structure is different from all other
oligothiophene crystals. The nearest neighbor dimer and the
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Figure 4. Charge hopping pathways schemes for 4T/HT (a), 4T (b), and
3T (c). Panels (a)-1 and (b)-1 display the hopping routes in the same
molecular layer, and panels (a)-2 and (b)-2 are between different molecular
layers. The crystal structure of 3T is different from all other crystals for
the hoppings between different layers.

Table 2. DFT/PW91PW91/6-31G* Electronic Coupling Terms V
(meV) for All Pathways for Z = 2 Structures of 2T, 4T/HT, and

6T/HT*
2T 4T/HT 6T/HT
pathway \%4 d \%4 d \%4 d
1 34 5.34 40 5.31 36 5.38
5 6 5.90 4 5.75 3 5.68
7 1 10.00 0.7 17.82 0.4 25.68
9 12 8.31 2 15.81 0.7 23.38

“ Corresponding intermolecular center-to-center distance d is in ang-
stroms. By symmetry, pathways 2—4 are the same as 1, 6 as 5, 8 as 7,
and 10—12 as 9.

hopping routes are shown in Figure 4c, and the transfer
integrals are given in Table 3.

If we compare Tables 2 and 3, it is immediately concluded
that the largest electronic coupling term for the HT phase is
about 34—40 meV, which is about twice as much as that for
the LT phase, and among the LT or HT structures them-
selves, the coupling term values are close each other. For
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Table 3. DFT/PW91PW91/6-31G* Calculated Electronic Coupling
Terms V (meV) for All Hopping Pathways of Other Than Z = 2
Crystal Phases for 3T, 4T, 6T, 7T, and 8T

3T 4T 6T 7T 8T

pathway V d \4 d Vv d Vv d Vv d
7 4.67 12 493 18 498 18 481 17 4.92

1
2 13 5.06 17 5.01 16 492 14 497 17 4.96
3 13 472 17 5.01 16 492 17 4.82 17 4.96
4 13 5.06 12 493 18 498 18 497 17 4.92
5 04 564 18 6.08 10 6.03 13 595 9 6.00
6 04 5.64 18 6.08 10 6.03 13 595 9 6.00
7 2 1216 5 1649 2 2418 04 2882 1 31.88
8 4 1325 3 1763 2 2534 04 2967 0 3073
9 4 1320 4 1555 3 23116 1 2768 0.5 32.95
10 19 1229 00 1696 0.0 2451 0.3 2884 0 32.13
11 0 1487 5 1649 2 2418 1 29.17 1 31.88
12 4 1320 0.2 1541 0.1 23.04 2 2705 1 33.05
13 4 1325 2 1746 1 2522 0 2837 1 30.82
14 03 1453 0 1696 0 2451 2 28.07 0 3213
¢ Iintermolecular distance d is given in angstroms.
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Figure 5. Simulated mobility (a) and its statistics error (b) vs the number
of samplings for 6T/LT.

instance, the first four dimer pairs for 2T, 4T/HT, and 6T/
HT have similar coupling values and intermolecular dis-
tances. They have the same relative orientations and solid-
state packing structure. From Table 3, we find that the
coupling values of 4T/LT, 6T/LT, and 8T are more regular
than that of 3T and 7T. This is due to the molecular
symmetry: the nT molecules for even n values have a Cy,
point group, and their symmetry is higher than the 3T and
7T molecules (C», point group).

Room temperature mobility is obtained through a random
walk simulation based on the Marcus rates. Typically, we
made 2000 trajactories for the statistics treatment, and we
compared these with the results from simulations of 40 000
trajectories. They agree very well (see Supporting Informa-
tion). We give in Figure 5 the simulated mobility and the
statistics error versus the simulation samplings for the case
of the 6T/LT organic crystal.

We gather in Table 4 all the simulated mobilities and make
a comparison with the available experimental results. It

Yang et al.

Table 4. Theoretical Hole Diffusion Mobilities # (cm> V™' s71) at
Room Temperature (T = 300 K) for Oligothiophene Crystals”

molecular crystal u (theory) u (expt)
2T 0.0089 =+ 0.00040 n.a.
3T 0.0040 =+ 0.00020 n.a.
4T/HT 0.021 +0.0011 0.0025%, 0.011-0.014¢
4T/LT 0.0062 =+ 0.00027 107*-0.006
6T/HT 0.026 +0.0013 0.025¢, 0.03
6T/LT 0.0075 4 0.00028 0.002-0.009¢
7T 0.0081 =+ 0.00042 0.03¢
8T 0.010 4 0.00038 0.01-0.03¢

“ Available experimental data (LT or HT information not available)
are listed for comparison. ® Hajlaoui, R. et al.'*® ¢ Facchetti, A. et al.*
4 Katz, H. E. et al.'"* ¢ Servet, B. et al.** /Dodabalapur, A. et al.*'
¢ Nagamatsu, S. et al.?®
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Figure 6. Drift mobility vs the number of thiophene rings (n).

should be noted that usually, the experimental measured
mobilities can be very different from each other, as shown
in Table 4. We find that the calculated values are reasonably
close to all the measured values except for 7T. We note that
7T has not been widely studied. Thus, in Table 4, there is
only one experimental value, instead of a range of values.
Given such uncertainty in experiment, the theoretical estimate
can provide some references.

We depict in Figure 6 the calculated room temperature
hole mobility as a function of molecular size. The Z = 2
crystal structure leads to a larger drift mobility than that of
Z = 4. For 6T, its two forms can be obtained by deposition
in vapor growth: the HT form was observed above ~290°
and the LT form below 280°.*> The different phase could
influence the mobility of the 6T films significantly:** a
mobility as high as 0.025 cm? V™' s7! was achieved at a
substrate temperature of 280 °C (near the melting point).
When the substrate temperature (77 K, room temperature,
200 °C) decreases, the hole mobility in the range of
0.002-0.009 cm? V™' 5! is measured. The band structure
calculations also show that the Z = 2 crystal leads to a larger
bandwidth than the Z = 4 form. The largest dispersions in
the HOMO bandwidth are 0.17 eV (0-4T/LT) and 0.45 eV
(a-4T/HT), respectively.®® This latter dispersion is similar
to that found in 0-6T/HT (0.42 eV).>> The dispersion values
are consistent with the transfer integrals presented in Tables
2 and 3.

We illustrate explicitly the packing structure for the dimer
along the principal pathway, as well as the HOMO coef-
ficients for the HT and LT phases of 4T and 6T in Figure 7.
Note that the transfer integral is increased if both are bonding

(42) Kloc, C.; Simpkins, P. G.; Siegrist, T.; Laudise, R. A. J. Cryst. Growth
1997, 182, 416.



Charge Mobility of Oligothiophenes

it

4T/HT

Chem. Mater., Vol. 20, No. 9, 2008 3211

ISROA

4T/LT

SONES RS ASASAY

6T/HT

NPgts 0g850%

6T/LT

Figure 7. Intermolecular displacement taken from crystal packing along the long axis of thiophene for the dominant pathway. HOMOs of 4T and 6T also

are shown.

or antibonding interactions between the sr-atomic orbitals and
decreased when there occurs a cancellation between bonding
and antibonding overlaps. It is noted that for the LT phase,
there exists a displacement of about half a thiophene ring
width, while for the HT phase, the displacement is about
one thiophene ring. Combined with the HOMO orbital charge
distributions, one immediately rationalizes the fact that even
though the intermolecular distances are almost the same, their
transfer integral can differ about 2-3 times (compare Tables
2 and 3).

For all the Z = 2 crystals of oligothiophene, the electronic
coupling terms are the largest, in the range of 34.48—39.95
meV. The obtained mobilities differ by a factor of 3: the
reorganization energy is dependent on the conjugation length
of the molecules. It decreases as the chain length increases
(see Table 1).

Within the present simple model, the temperature-induced
variation on V was neglected. As simulated through classical
molecular dynamics recently by Troisi,** the thermal fluctua-
tion disorder in organic solids is very large, which tends to
reduce the mobility upon increasing the temperature. We note
that thermal fluctuation in one dimension is particularly large.
However, for a 3-D closely packed solid, such effects should
be much less important. This deserves further study.

Finally, even though the crystal structure is employed here
in defining all the charge diffusion pathways, the results also
can be relevant for the thin films. In fact, in this approach,
the charge is assumed to be localized in one molecule, instead
of spreading out in the bulk. A good thin film is usually
quite ordered up to a few hundred nanometers in size. The
effects of grain boundaries and charge traps were neglected.

(43) Troisi, A. Adv. Mater. 2007, 19, 2000.

For a pure crystal, if the intermolecular interaction is strong,
the charge could not be assumed to be localized in the
molecule; thus, the present model could not be applied.
However, for the oligothiophenes we studied, we note that
V << 1. Namely, the intermolecular coupling is much less
important than the charge relaxation. Thus, Marcus theory
is fully applicable, and the results presented in this work
can shed light on materials design for organic semiconductors.

Conclusion

In this work, by assuming localized charge hopping
described by the Marcus electron transfer model and a
diffusion process simulated by the random walk technique,
we theoretically investigated the influences of crystal packing
and molecular size on the hole mobility of oligothiophenes
2T to 8T. Both the reorganization energy and the transfer
integral were calculated at the first-principles DFT level. It
was found that the longer conjugation chain favors the
transport due to the smaller activation energy. Also, the high
temperature crystal packing phase, or the Z = 2 crystal in
general, favors the intermolecular electron coupling through
favorable frontier orbital overlap.
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