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We theoretically analyze the charge-transfer behavior of regioregular poly(3-hexylthiophene) (rr-P3HT) by
quantum mechanical (QM) and molecular dynamics (MD) methods. In particular, we clarify the effects
associated with the respective contribution from the ordered and disordered regions. In the ordered regions,
the typical value of the hole mobility along the intrachain route is about 1 cm? V™! s™!, which is significantly
larger than that along the 7— interchain route, ~1072 cm? V™! s™!. Our results indicate that the main charge-
transfer route within the P3HT ordered lamellae is along the intrachain direction instead of the interchain
direction. Moreover, the calculated hole mobility of 1072 cm?> V™! s7! along the —z interchain route is
consistent with the experimental data measured in the P3HT single fibril. In the disordered regions, we propose
a crossing-point/bridging-chain model to describe the charge-transport routes. In this model, the hole mobility
can reach the limit of around 1072 and 1 cm? V~! s~! when the charge takes the interchain route through the
crossing points and the intrachain route along the bridging chains, respectively. As expected, the resultant
mobility in the disordered state is strongly affected by the ratio of the amount of crossing points and bridging
chains. When considering the presence of both ordered and disordered regions, the average overall charge
mobility is mainly dominated by the charge transport in the disordered regions. The fact that some of the
experimentally measured hole mobility by varying the molecular weight is limited to a maximum value of
1072 cm? V™! 57! is mainly due to the presence of more crossing points instead of the bridging chains in the
disordered regions. With increasing the amount of the bridging chains in the disordered regions, one can
expect an enhancement of the charge mobility, such as to the experimentally obtained high value of 0.1 cm?

Vs

Introduction

Conjugated polymers continue to attract a lot of attention due
to their promising applications, such as polymer light emitting
diodes (PLEDs), organic field-effect transistors (OFETs), and
solar cell devices. This is mainly attributed to the fact that they
exhibit a unique combination of opto-electronic properties of
semiconductors, easy fabrication, and low cost of manufacture.!-?
Among these applications, understanding the charge-transport
mechanism in the conjugated polymers becomes a common and
important issue, as it plays a key role on the resultant
performance.

Recently, particular interest has been dedicated to the highly
regioregular poly(3-hexylthiophene) (rr-P3HT) as it has been
shown to be among the most promising materials for OFETs
and solar cell applications. Generally speaking, due to the
presence of the 7— interaction, these rr-P3HT chains can pack
to form ordered lamellar layers so that the charge mobility can
be significantly promoted within the ordered regions.®> However,
most of the polymer chains cannot 100% self-assemble orderly
because of the high molecular weight. The presence of the
disordered chains enables the resultant charge-transfer behavior
more complicated than the small-molecule systems. Although
there have been some experimental studies which have ad-
dressed the effects of molecular regioregularity, molecular
weight, temperature, and processing conditions on the charge
carrier mobility,*">* the key factors that control the charge-
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transfer behavior within the ordered and disordered regions need
to be clarified. Herein, we aim to study the correlation between
the molecular structure/packing order and charge-transfer mech-
anism in the P3HT systems.

Experimentally, Sirringhaus et al. reported that the self-
assembled P3HT lamellae in the field-effect transistors can adopt
two different orientations with respect to the substrate by tuning
the molecular regioregularity and processing conditions.* When
the P3HT regioregularity is low (81% of head-to-tail linka-
ges), the formed lamellae in the spin-coated films are prefer-
entially parallel to the substrate and provide a one-dimensional
charge-transfer route mainly along the intrachain direction.
However, in samples with high regioregularity (>91%), the
ordered P3HT molecules tend to pack to form the lamellae
perpendicular to the substrate, and thus the field-induced charge
carriers can be transported via both intrachain and interchain
(r—m stacking) directions. They reported that a significant
increment of the charge mobility from 107™* cm> V™! s7! to a
value as high as 0.1 cm?> V™! s7! can be achieved by varying
the orientation of the ordered lamellae from parallel to perpen-
dicular with respect to the substrate. This result may lead to
the conclusion that the charge transport along the 77— stacking
interchain direction is a dominant factor in the high carrier
mobility of rr-P3HT in the field-effect transistors.” However,
varying the P3HT molecular regioregularity not only results in
the different packing orientations of the lamellae (i.e., dimen-
sionality of the charge-transfer route) but also strongly affects
the chain conformation and chain packing. In addition, a few
experimental studies on P3HT nanofibrils revealed that the hole
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mobility along the pure 77— stacking direction (parallel to the
fibril axis) is only on the order of 0.01 cm? V™! s7'.678 Thus,
prior to reaching the conclusion that this enhancement of the
charge mobility as large as 0.1 cm?* V™! s7! is attributed to
adding an extra transport path through the s—s stacking
direction, one should analyze the charge-transfer behavior along
the intrachain and interchain directions, respectively.

A few studies have shown that increasing the molecular
regioregularity can lead to a more rodlike (trans) chain
conformation with extended sr-conjugation as well as more
dense packing of chains along the —z stacking direction.”~ !¢
For example, McCullough et al. employed molecular mechanics
and ab initio calculations to examine the conformation of P3HT
with different head-to-tail and head-to-head configurations.'
They observed that the existence of head-to-head coupling
significantly causes the torsional angle between two thiophene
rings to deviate out of coplanarity. In contrast, the thiophene
rings with a head-to-tail configuration tend to adopt a coplanar
(trans) conformation, which leads to a larger value of conjuga-
tion length and red shift of the absorption spectrum. Moreover,
it has also been shown that in the P3HT the torsional angle
between thiophene rings is strongly associated with the alkyl
side chain packing.'® With increasing temperature, the alkyl side
chains experience a conformational disordering from trans to a
combination of gauche and trans and thus act as a trigger to
induce the disordering in the main-chain conformation. Through
the torsional rotation about the ring—ring bonds, the conjugation
length can be effectively shortened. Accordingly, one cannot
exclude the possibility that the more coillike chain conformation
by decreasing the P3HT regioregularity and/or increasing the
temperature may reduce significantly the charge-transport
property along the intrachain direction, which thus also attributes
to the decrease in the field-effect mobility.

Besides the molecular regularity and the chain packing
orientation, various literature reported that a change in the
molecular weight (M) of P3HT leads to a change in the
resultant charge carrier mobility.'”2* In particular, a significant
increment of the charge mobility from 107¢ to 1072 cm? V™!
s~! can be reached by increasing the molecular weight.!”~2! It
should be noted that since polymer chains are not 100%
crystalline (well-ordered), the crystalline structure is frequently
accompanied by an amorphous region. The issue that how the
polymer chains fold through the ordered and disordered regions
is believed to be strongly correlated with the charge-transport
behavior but has not been well-understood yet. In 2004, Zen et
al. investigated the effects of molecular weight and annealing
of P3HT on the performance of field-effect transistors.?’ They
observed that the mobility shows the same decreasing trend with
increasing temperature and decreasing molecular weight. The
significant blue-shift of the solid-state absorption spectra with
decreasing molecular weight indicates that the P3HT backbone
chains with a lower molecular weight suffer a larger distortion.
Hence, the chain conformation may play a key role in controlling
the charge transport in the P3HT layers.

To manifest the experimental results of the charge mobility
by varying the molecular weight, some of the molecular packing
models have been proposed.?'~>* For example, Zhang et al.
examined the relationship between the M, the width of the
formed P3HT nanofibrils, and the charge mobility.?! They
reported that the width of P3HT nanofibrils initially increases
linearly with My, then levels off in the range of M,, = 7.0—7.5
kDa, and finally remains somewhat a constant above 10 kDa.
They also observed that the charge mobility adopts a similar
trend with the molecular weight, indicating that there is a strong
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relationship between the width of the formed nanofibrils and
the charge mobility. Accordingly, they proposed that when the
M,, is low, the P3HT molecules may directly pack each other
and the width of the nonofibril is thus equal to the length of the
molecules. With increasing molecular weight (about 10 kDa),
the formed nanofibrils seem to reach and remain at a maximum
width of around 25 nm. Thereafter, some of the polymer chains
start to disperse into the disordered regions; some act as tie
molecules and bridge successive ordered nanofibrils; and some
fold back to the original nanofibrils and form a loop. This model
has also been proposed by Verilhac et al.2? In 2007, Brinkmann
and Rannou suggested that one may expect an increasing
fraction of such bridging chains with increasing M,.>* Hence,
the probability of charge transport through the less conductive
amorphous zones via these bridging chains is likely to increase
with M,,, which results in an increase of charge mobility with
M,,. Besides, although Zen et al. observed a similar increasing
trend of the charge mobility with the M,, they suggested that
the charge-transport properties are mainly controlled by the
fraction of the formed ordered domains.?* To clarify, when the
M, is low, due to the fact that the formed ordered domains are
few and isolated by the amorphous matrix, the charges are hard
to transport through these ordered regions and thus the mobility
is low. With increasing M,,, since more polymer chains pack to
form ordered regions, one may expect a faster transport route
for the charges through the interconnected ordered domains.

As manifested above, to thoroughly understand the charge-
transfer mechanism, one should clarify the effects associated
with (1) the molecular conformation in the ordered and
disordered states and (2) the respective contribution/limitation
of the ordered and disordered regions. Recently, we have
successfully illustrated the effects of the chain conformation
and chain packing on the charge-transfer behavior of rr-P3HT
along the intrachain and s7—s interchain directions, respectively,
in the ordered state via a combination of quantum mechanical
(QM) and molecular dynamics (MD) simulation methods.> We
find that decreasing the molecular regioregularity and/or increas-
ing the temperature can cause a certain deviation degree of the
thiophene rings out of coplanarity and hence a decrease in the
charge carrier mobility along the main-chain direction. However,
as long as the P3HT molecules remain in the ordered lamellar
state due to the presence of the t—s interaction, the resultant
mobility along the w—s interchain route is still significantly
less than that along the intrachain route. Accordingly, we
conclude that the main dominating charge-transport route within
the P3HT ordered domains is along the intrachain direction
instead of the interchain direction. In this paper we expand our
modeled rr-P3HT structures by considering the presence of the
disordered regions, as schematically shown in Figure 1. In
particular, we consider three possible chain types in the
disordered regions: extending, looping, and bridging, which have
been widely suggested experimentally. We aim to analyze the
contribution/limitation of the ordered and disordered zones to
the resultant charge carrier mobility in the rr-P3HT systems.
To our knowledge, though there have been some theoretical
studies on examining the charge-transport behavior in the small-
molecule systems,?*~2% our study will be the first to theoretically
address the effects on the resultant charge mobility associated
with the ordered and disordered polymer chains, respectively.
In addition, it is worth mentioning that our calculated value of
hole mobility along the t—z interchain route, 1072 ¢cm? V™!
s~!, is consistent with the experimental value measured in the
P3HT single fibril.>"® We find that the resultant mobility of
P3HT is strongly limited to a maximum value of 1072 cm? V™!



Ordered and Disordered States of rr-P3HT

J. Phys. Chem. B, Vol. 113, No. 44, 2009 14557

Interchain Transfer

Bridging "

Sty Chain

Chain

Intrachain
¢ Transfer

Interchain Transfer

Figure 1. Schematic plot of the ordered and disordered chain structures of P3HT. There are three possible chain types in the disordered regions:

extending, looping, and bridging chains.
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Figure 2. Flow chart of the simulated processes associated with the charge mobility and molecular packing structure.

s~!if there exist more crossing points of extending chains/
loops instead of the bridging chains in the disordered regions.
This finding is in excellent agreement with the experimental
results of the charge mobility by varying the molecular
weight,!7719:21

Theoretical Methods and Systems

In this paper both QM and MD simulations are carried out
to examine the charge-transport properties and the molecular
conformation behavior. In Figure 2 we use a flow chart to
summarize all the simulated processes incorporated here.

First, we adopt a hopping model to describe the charge-
transport properties along the intrachain and interchain directions
in the P3HT system. At room temperature, the motion of the
carriers can be described as a sequence of uncorrelated hopping
processes. In particular, we artificially vary the torsional angle

between two conjugated segments (7) along the main chain to
resemble the local deformation created by the molecular
stereoregularity and/or temperature and calculate the transfer
integral and charge mobility of both hole and electron as a
function of 7. For simplicity, we choose each segment as the
smallest repeated unit in the main chain, i.e., two thiophene
rings in a trans conformation. Note that the value of 7 = 0°
and 180° denotes a cis and trans conformation of the two
neighbored thiophene rings, respectively. By varying the
torsional angle 7, how the charge carrier mobility along the main
chain is affected by the local rotational degree about the ring-
to-ring bonds can be manifested. In analyzing the charge-
transport properties along the w—us stacking interchains, we
consider two segments separated by a distance D. Each segment
also consists of two thiophene rings in a trans conformation.
By varying the intermolecular distance D, we investigate the
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influence of molecular packing on the charge mobility along
the interchains.

The relationship of the carrier mobility x and the charge-
transfer rate (hopping probability per unit time) kcr can be
obtained via the Einstein relation given as follows,*~28

2
ea

l[[ = kaT (1)

where kg, T, and e correspond to the Boltzmann constant,
temperature, and the electronic charge. The transport distance
a can be obtained via an optimized model of the QM
calculations.

According to the semiclassical Marcus theory, > ker
between the neighbored segments can be expressed as follows,

_ 27, 1 —(AG® + 1)
ker = 22T\ Skt eXp[ 47k T @

where A, 1, and A correspond to Planck’s constant, the transfer
integral, and the inner reorganization energy. AG° is the
difference of the Gibbs free energy of the system before and
after the charge hopping process and is equal to zero since the
segments are identical. As seen in eq 2, we need to determine
the magnitude of 7 and 4 to find k¢t and the charge mobility.

The transfer integral of a given system is related to the
energetic splitting of the electronic level, which is attributable
to the segment interaction. In each of the isolated segments,
the HOMO (highest occupied molecular orbital) is a 7z-bonding
orbital delocalized over the segment with energy ¢ of this state.
When the two segments approach each other and the HOMO
of each segment starts to interact, new HOMO and HOMO-1
are formed. Thus, the energetic splitting due to the segment
interaction is equal to the energy difference of the HOMO and
HOMO-1 in the interactive segment pairs. The transfer integral
of the hole is thus given by the following,

Thole = %\/(EH - EH-l)2 — (& — 52)2 (3)

where Ey and Ey; denote the energy levels of HOMO and
HOMO-1, respectively. Because the energy for each isolated
segment is equal, that is, &; = &;, eq 3 becomes

Ey — Ey,
thole = T (4)

Similarly, the transfer integral of the electron (#;) can be
obtained via the energy difference between the LUMO (lowest
unoccupied molecular orbital) and LUMO+1 of the interactive
segment pairs, as given in eq 5,

E ) — E

Iy = — s 5)
/ comes from the change of the vibrational structure due to
the electron gain/loss process of the segment. Figure 3 displays
the schematic profile of the potential energy in terms of the
coordinate of the vibrational structure Q for a neutral and an
ionized segment, respectively. In this plot, E,, and E,
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Figure 3. Schematic plot of the reorganization energy versus the
vibration—reaction coordinate. The upper and lower curves denote the
ionic and neutral state of the segment, respectively.

correspond to the lowest potential energy for a neutral and an
ionized segment to be at the position of Q; and Q,, respectively;
E*,e, and E*;,, denote the energy of the neutral and ionized
segment that has lost and gained an electron, respectively. These
four energy values can be obtained via the structural optimiza-
tion and total energy calculation processes of quantum mechan-
ical methods. Thereafter, the value of A is calculated by the
following equation,?®?7

A= /11 + 1‘2 = (E*ion - Eneu) + (E*neu —E ) (6)

on

where 1, and 1, account for the energy difference due to the
structural change of gaining and losing an electron and thus
equal E*,, — Epey and E* ., — Eion, respectively.

All of the above electronic energy levels are carried out by
using the MP2/6-311G(d,p) quantum mechanical calculations.
The MP2 (Mgller—Plesset second-order perturbation theory) is
based on the Hartree—Fock method but includes the electron
correlation terms. Hence, it is suitable to describe the long-
range interactions of organic molecular pairs such as w—mx
interaction.®® To give more accurate results of the charge
coupling strength along the interchain direction (coupling
through space), we chose a relatively large basis set 6-311G(d,p).
The 6-311G indicates that six Gaussian functions are used to
describe the core orbitals, and the valence orbitals are repre-
sented by five Gaussian functions (three Gaussians in the
contracted part, one in the outer part, and one in the diffuse
part). The use of (d,p) polarization function attempts to des-
cribe the anisotropic charge distribution of each molecule. Since
the MP2/6-311G(d,p) quantum mechanical calculation is often
accompanied by huge computational time and memory resource,
here we ignore the existence of the alkyl side chains, which
has been shown negligible on the resultant energy level
calculations. In the Supporting Information, we provide some
specific values of each parameter correlated with the calculation
process of charge mobility.

To examine the molecular conformation behavior of the P3BHT
in the ordered and disordered states, we employ the MD method
with the PCFF (polymer consistent force field).?! In simulating
the ordered packing structures, we first build up a large
simulation box, which contains four P3HT molecules with 16
thiophene rings per chain. Each P3HT molecule is artificially
set as an infinite chain to avoid the influence of the end-group
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Figure 4. Charge mobility along the intrachain direction as a function
of the torsional angle 7 between the conjugated segments.

liberation.*? To clarify, the end atom of the P3HT molecule is
set to connect with the imaged chain head atom in the next
periodic box. Initially the four P3HT molecules were set to form
a lamellar structure with an interchain separation distance of
4.0 and 17 A along the 77—z stacking and side-chain packing
directions, respectively. We then adopt the steepest descent
minimization method to relax and equilibrate the initial struc-
tures. The minimized system was then relaxed and followed
by a series of annealing processes. The annealing temperature
was first raised from 300 to 500 K at a rate of 20 K/ps and then
quenched to 300 K at the same rate. This annealing cycle was
repeated five times to ensure that the system had been
equilibrated. Finally, it was followed by a long MD relaxation
period of 1.5 ns (1.5 x 10° time steps) at the setup temperature
of each system and checked if the variation of the system
temperature is smaller than 1%. After these processes were
performed so that the system energy has reached the equilibrium
value, then more 500 ps simulation is taken and the trajectory
is collected to analyze the averaged interdistance of the
neighbored chains and to get the distribution profile of
the torsional angle of the neighbored thiophene rings. All the
simulations were carried out in the isothermal—isobaric en-
semble (NPT) with the time step equal to 1 fs, and the system
pressure was set at 107 GPa (1 atm).

When simulating the molecular conformation in the disor-
dered state, we only set one P3HT molecule with 128 thiophene
rings within the simulation box. In addition, periodic boundary
conditions were removed and the simulations were carried out
in the canonical ensemble (NVT) with the time step equal to 1
fs, and the system temperature was set to 300 K. Similar
annealing and data collection processes were also performed.

Results and Discussion

Figure 4 plots the mobility of the electron and hole along
the intrachain route as a function of 7. As can be seen clearly,
both charge carriers of electron and hole have a maximum value
of mobility at T = 180°, that is, when the neighboring thiophene
rings are in a trans conformation. As 7 deviates from 180°, the
mobility values of hole and electron decrease progressively to
a minimum of 1073 and 1072 cm? V™! s7!, respectively, when
the neighboring thiophenes are located perpendicular to each
other (v = 90°). Moreover, the electron mobility is larger than
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Figure 5. Charge mobility along the interchain direction as a function
of the intermolecular separation distance D.

the hole mobility whatever the torsional angle. Recall that in
the previous paper we reported that the hole-transfer integral is
larger than the electron-transfer integral, which may indicate a
smaller mobility of electron.> However, due to the fact that
the segment of the thiophene dimer with an extra electron is
more stable than that when an electron is lost, and thereafter
has a smaller reorganization energy, the significant increment
of mobility caused by a smaller 4 overcomes the decrease by a
smaller ¢. If we adopt our previously simulated results via the
MD method that the deviation of 7 between thiophene rings
out of coplanarity of 180° is about £37° when the regioregu-
larity decreased to 50% and the temperature increased to 500
K.,” the resultant mobility of electron and hole along the
intrachains in Figure 4 decreases from 8.1 to 4.1 cm? V™! 7!
and from 1.9 to 1.1 cm? V™! s71, respectively.

To illustrate the influence of intermolecular separation, we
consider two cofacial thiophene dimers, which belong to the
adjacent molecules, respectively, and have the conjugated-
plane tilting angle equal to 20°. The tilting angle is defined as
the angle between the conjugated thiophene-ring plane and the
a axis. This tilting structure at 20° has been confirmed by both
theory and experiment.>33 We then fix the tilting angle of these
two thiophene dimers at 20° and examine the evolution of the
calculated charge mobility as a function of the distance D in
Figure 5. Similarly, the electron mobility is larger than the hole
mobility no matter what the interchain distance is. Both
mobilities of electron and hole show a logarithmic increase with
a decrease in the interchain distance. This is mainly because of
the fact that the coupling strength of p-orbitals along the
intermolecular direction increases with decreasing separation
distance. Accordingly, one may expect that a relatively large
mobility along the interchain direction can be obtained as long
as the molecules remain closer. However, a significantly large
repulsive force is often accompanied with too tightly packed
structures. It has been well shown that an average intermolecular
distance of the ordered P3HT layers is around 3.6—4.0 A 342
In this typical range of the intermolecular distance, the mobility
of electron and hole is limited to around 0.1 and 0.01 cm? V™!
s~!, respectively. In fact, the calculated value of hole mobility
along the ;r— interchain direction, 1072 cm? V™! s7!, has been
confirmed experimentally by using the P3HT single fibril as
the transport layer.®® In this case, the source-drain direction is
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parallel to the fiber axis, which is the same as the charge-
transport direction along the 7—s interchains.

Note that, to save the computation time, here we used the
thiophene dimer as the smallest repeated unit to calculate the
charge mobility. As can be seen clearly in eqs 1 and 2,
the controlling factors in calculating the charge mobility are
the transfer integral and the inner reorganization energy, which
depend on the number of thiophene rings per segment. When
considering an increase in the number of thiophene rings for
each segment, because of the fact that the resonance ability
which can keep the charge localized in each segment is
improved, it is reasonable to expect a decrease in the transfer
integral and thus a decrease in the charge mobility. While, the
decrease in the inner reorganization energy for longer conjugated
segments can cause an increase in the charge mobility. These
two opposing effects tend to mutually cancel when we use a
segment composed of three to five thiophene rings. Accordingly,
the resultant charge mobility values for longer conjugated
segments do not vary much with those calculated for the
thiophene dimers.

In principle, our calculated mobility values represent an
intrinsic property of the coupling strength between the adjacent
segments, i.e., the carrier transport via the p-orbital coupling/
overlapping, and the reorganization energy originated from the
structure relaxation due to the charge-transfer processes. Though
the calculated mobility of electron and hole in the P3HT system
is predicted to be in the same order, most of the current
experimental instruments cannot measure the electron mobility
in the P3HT OFET devices.">*3 This may be because of the
following two practical limitations correlated with the experi-
ments.** The first one is the difficulty of simultaneously
providing efficient charge injection for both electrons and holes.
The second one is associated with the fact that the electrons
are very easily trapped within the hydroxyl groups on the surface
of SiO, layers (the substrate layer). Accordingly, the experi-
mentally measured electron mobility is frequently much smaller
than the hole mobility. Recently, a modified work of Friend et
al. by using a Ca drain electrode instead of the frequently used
Au and/or coating a hydroxyl-free layer on the SiO, surface
has shown that both the hole and electron mobility measured
in the P3HT OFET are of the same order.®

As manifested above, when the P3HT molecules experience
the m—m attractive interaction and remain in the ordered
lamellae, the charge mobility along the intrachain direction is
significantly larger than that along the interchain direction by
2—3 orders. Therefore, to improve the charge mobility in the
field-effect transistors, simply tuning up the lamellar orientation
to have an additional t—s transfer route may not be the key
issue. One should consider the effects associated with the
existence of the disordered domains and grain boundary, as most
of the polymers cannot self-assemble to form 100% ordered
lamellae. We thus examine the charge-transfer behavior in the
disordered P3HT regions. In particular, we consider three
possible chain types in the disordered regions: extending,
looping, and bridging, which have been widely adopted
experimentally, as shown in Figure 1.

First, the “extending” chains are defined as those which
extend out of the ordered regions and end in the disordered
regions. Second, the “looping” chains are those folding back to
the original ordered lamellae. When the charges transfer along
these two types of disordered chains, they are very likely to be
trapped in the ends/loops, unless there are some other chains
close enough to form the “crossing point”. Thus, the charges
can continue to transfer in these crossing points via the interchain
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transport process. As have been manifested in Figure 5, the
charge mobility increases with increasing interchain distance.
Due to the stability of the 7—z interaction, the nearest distance
of the interchain w—s segments of the crossing points is about
3.6 A, and the expected hole mobility through these crossing
points is limited to 1072 cm? V™! 57!,

The formation of crossing points is strongly correlated with
the resultant charge mobility by varying the molecular weight
of P3HT molecules. Recall that the experimental results have
shown that the width of the nanorods formed by P3HT when
M,, is low (<10 kDa) is typically the same or slightly smaller
than the length of one fully stretched P3HT molecule.?*?? With
increasing M,,, the width keeps increasing and finally remains
somewhat a constant when M,, is high (>10 kDa). One may
infer that, in the very low M, region, each rod is formed by
one single molecule with almost stretched conformation in the
ordered lamellae and a very short tail extended to the disordered
region, as schematically plotted in Figure 6. Hence, there is
little chance for these short extending chains to overlap, and
the charges are very difficult to transfer in the disordered regions.
With an increase in My, these self-assembled P3HT molecules
tend to extend more into the amorphous zones or even fold back
to the original lamellae; one may expect more crossing points
formed by the overlapping of these extending/looping chains.
Accordingly, the probability of charge transport through the less
conductive disordered zones via these crossing points is likely
to increase with M,,, which results in an increase of charge
mobility with M,,. If the disordered zones are full of crossing
points when M,, is large, these interchain segments within the
crossing points are very likely to be stabilized by the m—x
interactions and thus have a distance of about 3.6—4.0 A. In
this case, the hole mobility can reach the maximum value of
102 cm? Vs

In addition to the extending and looping chain types, the
chains can adopt the bridging conformation in the disordered
regions when they are long enough to pass from one ordered
region to the next. These bridging chains can provide an
intrachain-transfer route for the charge to transport across the
disordered zone from one ordered region to the next. Thus, the
corresponding charge mobility along the bridging chains is
related to the molecular conformation of rr-P3HT in the
disordered state. Figure 7 displays the converged molecular
structure of one P3HT chain with 128 thiophene rings at a
regioregularity value of 100% and temperature at 300 K via
the MD simulation method. In the simulations periodic boundary
conditions are removed, which is analogous to simulating one
single P3HT chain in an infinitely large box under vacuum. It
is clear that without the presence of the s—x interchain
interaction, the P3HT molecule in the disordered state exhibits
a more coillike conformation. The distribution profile of the
torsional angle between the adjacent thiophene rings, as shown
in Figure 8, reveals the fact that the disordered P3HT chain has
a broader degree of the 7 distribution than the ordered P3HT. It
is interesting to find that by vary the regioregularity from 100
to 50%, the same 7 distribution region from 180 £ 40° is
obtained. This suggests that the charge-transfer behavior along
the disordered main-chain direction is not affected much by the
molecular regularity. If we adopt the deviation of the torsional
angle between the thiophene rings out of coplanarity of 180°
as large as £40°, the resultant hole mobility along the intrachain
decreases slightly (~1 cm? V™! s71), which is still significantly
larger than that through the interchain-transport process by 2
orders. Due to the significant difference of the charge mobility
through the crossing points and bridging chains, the ratio of
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Figure 7. Equilibrated structure of one P3HT molecule with 128 thiophene rings per chain and a regioregularity value of 100%, simulated at 300
K via the MD method.
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and 300 K simulated in the ordered and disordered states.

the amount of crossing points and bridging chains plays the
key role in determining the average charge mobility in the
disordered regions. If the disordered region is filled with
the crossing points, the hole mobility is expected to be on the
order of ~1072 ¢cm? V™! s7! via the interchain-transport process.
With an increasing amount of the bridging chains in the
disordered region, the charge mobility increases and is expected
to reach a maximum value of ~1 cm? V™! s7! if the disordered
chains are all bridged.

So far, we have discussed the charge-transport behavior in
the ordered and disordered regions, respectively. The remaining
issue is to examine the overall charge mobility by considering
the simultaneous presence of the ordered and disordered regions.
For simplicity, here we ignore the effects associated with the
grain boundary and assume that both the ordered and disordered
domains are connected in a parallel series instead of a randomly
distributed series. Hence, the average overall mobility u,, can
be estimated in terms of the mobility in the ordered and
disordered domains, poq and ugs, by the following equation:

Uyy Hord Hais

where o and 3 denote the characteristic domain size of ordered
and disordered regions, respectively. By inserting some typical
values of domain size and mobility of disordered and ordered
regions, how the average mobility in the P3HT system is
affected could be illustrated more clearly. In the ordered lamellar
domains, we choose tog = 1 cm? V7! s7! which has been
shown the typical value of the hole mobility along the main
intrachain route. In the disordered regions, the charge transport
can adopt either the intrachain or interchain routes, depending
on which chain type is in question. The value of g lies in a
wide range from a very low value up to a maximum value
around 1 cm? V™! s7!. We first choose g = 0.01 cm? V™! 57!
by assuming that the disordered region is full of extending or
folding types of chains so that the charge adopts the interchain-
transfer process through the crossing points of —z stabilized
chains. As listed in Table 1, the average mobility u,, increases
with increasing the ratio of domain size of ordered and

Lan and Huang

TABLE 1: Typical Values of the Average Overall Mobility
(em? V™! s71) by Varying the Domain Size and the Mobility
of Ordered and Disordered Regions
of = 9:1 of = 1:1 op=1:5
,uord ,udis ,uuv ,u(»rd ‘udis ,uuv ,u()rd ,udis ,uav
1 0.01  0.09 1 0.01  0.02 1 0.01  0.01

1 0.1 0.53 1 0.1 0.18 1 0.1 0.12
1 1 1 1 1 1 1 1 1

disordered regions, a/f3. In fact, this is not surprising based on
the fact that the charge transfers faster in the ordered domains.
However, it is interesting to find that when o/f3 increases from
1/5 to 1/1, u,y increases slightly from 0.01 to 0.02 cm? V~!s7!,
which is on the same order as ugs. Even when the ratio of
ordered domain size is significantly increased to 90% (a/f8 =
9/1), the overall mobility u,, only increases to 0.09 cm? V™!
s™!, which is still much less than the mobility in the ordered
domains of 1 cm? V™! s7!. Similar behavior has been observed
when g increases to 0.1 cm? V™! s7!; the resultant value of
Uay varies from 0.12 to 0.53 cm? V™! s7! by varying a/f8 from
1/5 to 9/1. These results illustrate the fact that when the mobility
in the disordered domains is significantly less than that in the
ordered domains, the average overall charge mobility calculated
via eq 7 is dominated by the charge transport in the disordered
regions. To clarify, the disordered region, which allows the
charges to move slower in a charge-transfer process, is
analogous to the rate-limiting step in a chemical reaction.
Finally, we summarize our calculated results of charge
mobility associated with the ordered and disordered P3HT
polymer chains in Figure 9, which may guide to correlate the
current experimental results in the P3HT systems. In the pure
ordered lamellae, as seen in the upper part of Figure 9, there
are two typical charge-transfer routes with respect to the OFET
source-drain direction. If the ;7—s interchain routes are parallel
to the source-drain direction, the charge can transport via the
interchain mechanism and the resultant hole mobility is in the
range of 1072 cm?® V™! s7!. This has been confirmed experi-
mentally by using the P3HT single fibril as the transport layer.®®
Otherwise, if we have a large P3HT transport layer in which
the main chains are parallel to the source-drain direction, the
resultant hole mobility may reach the upper limit of the P3HT
system, ~1 cm? V™! s™!. When the P3HT transport layer consists
of ordered and disordered regions, as denoted in the lower part
of Figure 9, the average overall charge mobility is mainly
dominated by the charge transport in the disordered regions
based on the fact that the mobility in the disordered domains is
significantly less than that in the ordered domains. If there are
very few crossing points in the disordered regions, the charge
transport is very likely to be trapped in the chain ends, and
thus a relatively small charge mobility is obtained. By increasing
the number of crossing points, the hole mobility can be improved
and reach the upper limit of ~1072 cm? V™' s7! via the
interchain-transfer process provided that the disordered regions
are full of the crossing points of w—s stabilized chains. In
addition to the interchain-transfer route through the crossing
points, an intrachain route via the bridging chains is also possible
in the disordered domains. With an increase in the amount of
the bridging chains in the disordered regions, the hole mobility
significantly increases and is expected to reach a maximum value
of ~1 cm? V™! s7! when the entire disordered regions are filled
with the bridging chains. On the basis of these calculated results,
the fact that some of the experimental results of the charge
mobility by varying the molecular weight are limited to a
maximum value of 1072 cm? V™! s7! has pointed to the
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Figure 9. Typical region of the calculated charge mobility associated with the molecular conformation and the chain structure of P3HT in the
ordered and disordered domains.

conclusion that there exist more crossing points of extending
chains or loops instead of the bridging chains in the disordered
regions. With an increase in the amount of the bridging chains
in the disordered regions, one can expect an enhancement of

the charge mobility, such as to the experimentally obtained high

value of 0.1 cm?V~!sec™.

Conclusions

We employed quantum mechanical and molecular dynamics
methods to examine the charge-transport properties and the
molecular conformation behavior of P3HT molecules in the
ordered and disordered states. When the molecules experience
the w—m attractive interaction and remain in the ordered
lamellae, the charge can adopt two transport processes along
the intrachain and interchain directions. Typically, the value of
the hole mobility along the intrachains is about 1 cm? V™! s7!,
which is significantly larger than that along the interchain
direction of ~1072 cm? V™! s7! by 2—3 orders. This result
illustrates that the main dominating charge-transport route within
the P3HT ordered domains is along the intrachain direction
instead of the interchain direction. By using the P3HT single
fibril as the transport layer, our calculated mobility value ~1072
cm? V7! s7! has been confirmed experimentally. In the
disordered domains, the charge transport can occur via the
interchain route through the crossing points formed by
close enough chain ends/loops or the intrachain route along the
bridging chains. Due to the significant difference of the charge
mobility through the crossing points and bridging chains, the
ratio of the amount of crossing points and bridging chains plays
the key role in determining the average charge mobility in the
disordered regions. When considering the presence of both
ordered and disordered regions, the average overall charge
mobility is mainly dominated by the charge transport in the

disordered regions, which act as a rate limiter and allow the
charge to transport much slower than in the ordered domains.
Accordingly, the fact that the experimentally measured charge
mobility by varying the molecular weight is limited to a
maximum value of 1072 cm? V™! s7! is due to the presence of
more crossing points of extending chains or loops instead of
the bridging chains in the disordered regions.
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