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a b s t r a c t

Poly(3-hexylthiophene) (P3HT) is a common material used as electron donor element in active layers of
organic solar cells. Previous studies have shown that is possible to improve the electronic properties of
the P3HT through chemical substitutions in the empty beta-position of the thiophene rings; however, up
to now it was not reported the effect of chemical substitutions in the charge transport properties of the
P3HT. In this work we theoretically investigate the reorganization energy related to the transport of holes
and electrons of P3HT and 19 derivatives, employing a combination of density functional theory to
calculate the electronic structure and a semiempirical method to optimize the geometry. Our results
show that the chemical substitutions are able to improve the charge carrier transfer rate, but certain
substituents tend to favour a greater transport of electrons than holes, which is not desirable for poly-
meric electron donor materials.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The search for less expensive and more efficient renewable
energy sources has led the scientific community to pursue the
improvement of organic solar cells, which currently has reached an
efficiency of approximately 11% in converting solar into electrical
energy [1]. This degree of efficiency obtained in laboratory for cells
typically around 1 cm2 could be enough for the commercialization
of this technology [1,2], but organic solar cells still have other
practical deficiencies to be overcomed in order to be marketed,
such as degradation in the environment, solubility of its compo-
nents, bandgap energy of the electron donor element, morphology
control and large-scale production, among others [3e7].

The most common type of active layer of organic solar cells is
made from blends of conjugated materials with C60 derivatives and
exhibit the highest levels of efficiency [8e10]. One of the conju-
gated materials employed in these blends as electron donor is the
regioregular poly(3-hexylthiophene) (P3HT), a polythiophene de-
rivative that, blended with phenyl-C61-butyric acid methyl ester
(PCBM), has yielded organic solar cells with good efficiencies
compared to the other combinations of electron and donor
.

materials [11e14]. We have shown before that employing chemical
modifications in the empty beta-position of monomeric units of
regioregular P3HT one can design new derivatives with significant
variations in bandgap, solubility or in the energy of electronic
frontier orbitals [15,16]; in this way, considering a combination
with PCBM, it was possible to find new P3HT derivatives that could
increase the power conversion efficiency (PCE) of the solar cell [16].
However, in that study it was not verified the impact of the
chemical substitutions in the charge transport of the P3HT de-
rivatives, property that has a considerable influence in the solar cell
efficiency [17,18].

In this work we are interested in the influence of chemical
substitutions on the reorganization energy (l) of regioregular P3HT,
one of the properties related to the charge transport. The reorga-
nization energy is the energy required for the geometric relaxation
in the charge transfer, and it is inversely proportional to the
mobility of charge carriers [19e22]. A greater mobility of holes than
electrons is important for electron donor materials that are
employed in active layers of organic solar cells [23,24]. It is found in
the literature that the regioregular P3HT can achieve a hole
mobility of around 10�4e10�3 cm2/V [25,26], which is considered
moderate [26]. However, the greater this mobility, the better the
device performance will be [17,18,22,25,26].

As it is desired to increase hole mobility of electron donor
polymers, it is interesting to study the reorganization energies
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related to the transport of holes (lhole) and electrons (lelectron) in
order to determine whether some kind of substituent may provide
a greater mobility of electrons instead of holes.

Using Density Functional Theory (DFT), we calculated the en-
ergies lhole and lelectron for P3HT and 19 derivatives. The results
showed that the charge mobility always improves with the inser-
tion of substituents on P3HT, but there are cases in which the
electron mobility is shown to be larger than the hole mobility.

2. Materials and methods

We studied P3HT and 19 of its derivatives (see Fig. 1), in which
we replace the hydrogen in the empty beta-position of each
monomeric unit by Cl (P3HT-Cl), Br (P3HT-Br), F (P3HT-F), SCH3
(P3HT-SCH3), OH (P3HT-OH), NH2 (P3HT-NH2), CH3 (P3HT-CH3),
C2H5 (P3HT-C2H5), C3H7 (P3HT-C3H7), C4H9 (P3HT-C4H9), cyano
(P3HT-CN), a six-carbon piece of trans-polyacetylene (P3HT-TPA),
phenyl (P3HT-Ph), phenylene vinylene (P3HT-PV), CF3 (P3HT-CF3),
N(CH3)2 (P3HT-N(CH3)2), OCH3 (P3HT-OCH3), COOH (P3HT-COOH)
and CH]CH2 (P3HT-CH]CH2). We chose to use oligomers with 10
repeat units (decamer) for each case studied with the purpose of
observing trends occurring in the reorganization energy due to
chemical substitutions. Employing decamers for this study is
reasonable, since a previous work suggests use of oligomers with a
minimum of six monomeric units to better describe the polaron
effects [27]. Some of these substitutions were chosen because they
were already synthesized [28e33]. It will be interesting to observe
the results for the fluorinated derivative, since it is known that the
fluorine atom generally improves hole mobility of polymers or
small molecules [28,30,34e36].

The charge transport in conducting polymers happens primarily
via the hopping mechanism [19e22,37]. Studies suggest that the
mobility (m) of the charge carriers (electrons or holes) via hopping
is directly proportional to the transfer rate (KCT) of charge carriers
(hopping probability per unit time) described by the Einstein
relationship (Eq. (1)) [38e40]:

m ¼ eA2

kBT
KCT (1)
Fig. 1. Structural formula of P3HT and its derivatives studied in this work.
in which kB, T, e, and A are, respectively, the Boltzmann constant,
temperature, elementary charge, and the hopping transport dis-
tance. According to the MarcuseHush semiclassical model for the
inter-chain charge transfer in organic materials [19e22,38e40], the
key parameters that govern the behaviour of the charge transfer
rate are the reorganization energy due to geometric relaxation in
the charge transfer (l) and the orbital overlap of neighbouring
interacting chains (electronic coupling) [22,38]. Thus, the charge
transfer rate may be expressed as follows (Eq. (2)) [19,41]:

KCT ¼
�

p
lkBT

�1
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2phHabi2
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e

�
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4kBT

�
(2)

in which h and 〈Hab〉 are the Planck constant and the electronic
coupling matrix element between neighbouring interacting chains,
respectively. Hutchison et al. [19] studied the charge transfer rate
for a group of 21 conjugated polymers and they have shown that,
for charge transfer rates according to MarcuseHush theory (Equa-
tion (2)), while the contribution of 〈Hab〉 (2p〈Hab〉

2/h) starts to
saturate for oligomers with more than 5 monomeric units, the
exponential contribution (e(�l/4kBT)) keep increasing and for more
than 7 monomeric units it dominates the behaviour of the charge
transfer rate; in this exponential part, we find the reorganization
energy l (the exponential part will increase because l decreases
with increasing oligomer length, as will be discussed bellow). It is
also expected that the transfer coupling saturates in some point,
once it depends on the conjugation length of the polymers [38]. So,
for long oligomers and in the polymer limit, the exponential nature
of the reorganization energy contribution dominates and in this
way, it is the most important parameter to be studied to estimate
the charge carrier transport [19,22,38]. The reorganization energy
is the sum of two contributions [42,43]: the internal (lint) and
external (lext) reorganization energies. In the charge transfer pro-
cess, lint arises from the geometric changes in the molecule and lext
is related to the environmental variations that occur by polarization
of the surrounding medium [42,43]. As it is estimated that
lext ≪ lint (lext ~ 0.01 eV), the external contribution is often
neglected [19,32]. Thus, in this work we will consider that l ¼ lint.

As the hole transfer rate is inversely proportional to the reor-
ganization energy in the process, the larger this energy, the worse
the hole mobility of the material [19,20]. Thus, the search for new
materials with low reorganization energy is a good starting point
for studies of charge transport properties of donor polymers for
active layers of organic solar cells.

When a greater mobility of holes is required, it is important to
study the hole transfer rate (khole). In this case, the reorganization
energy is evaluated based on the potential energy surfaces for the
transition of the neutral compound to a positively charged com-
pound, as shown in Fig. 2 [19e21].

The parameters involved in Fig. 2 are:

� M and Mþ represent the neutral species and that containing the
hole;

� Dq is the change in geometry;
� E(0)(M) and E(0)(Mþ) represent the energy of neutral and cationic
states in the lower energy geometry;

� E(1)(Mþ) and E(1)(M) represent the energy of cationic state in the
geometry of the neutral molecule and the energy of neutral
molecule in the geometry of the cationic molecule, respectively;

� DE is the energy of adiabatic ionization;
� lh

(1) and lh
(2) are the energies of the geometric relaxation of

neutral and cationic states, respectively.

Thus, the reorganization energy for hole transfer (lhole) is



Fig. 2. Potential energy surfaces for the neutral and positively charged structures (See
text for definitions of displayed quantities).
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defined as [19e21]:

lhole ¼ l
ð1Þ
h þ l

ð2Þ
h (3)

in which lh
(1) ¼ E(1)(M) � E(0)(M) and lh

(2) ¼ E(1)(Mþ) � E(0)(Mþ). In
an analogous way, we can evaluate the reorganization energy for
electron transfer (lelectron) by Eq. (4):

lelectron ¼ lð1Þe þ lð2Þe (4)

in which le
(1) ¼ E(1)(M) � E(0)(M) and le

(2) ¼ E(1)(M�) � E(0)(M�).
Considering the size of the systems, as well as the amount of

conformers analysed, the exclusive use of ab-initio methods would
result in a high computational cost. Thus, we chose to use a geo-
metric structure optimized by a semiempirical method and to
obtain the electronic structure data from DFT [44]. Such an
approach has been applied with satisfactory results in studies with
conjugated polymers [15,16,45e47].

As the idea is to study only decamers of each structure,
considered a long oligomeric chain, it is important to study the
behaviour of the small oligomers before to determine the structure
of the most stable long oligomer. In order to obtain the most stable
decamers, we used a methodology we have recently proposed [48].
We adopted structures with Head-to-Tail-Head-to-Tail regior-
egularity, since this configuration promotes a decreased steric in-
teractions among the side chains of the polymer, favouring a long
conjugation length and better crystallinity which gives the best
configuration for polymeric materials for use in organic solar cells
[1,49,50]. We used molecular dynamics simulationwith the AMBER
force field [51], implemented in Gabedit [52], in order to obtain a
large number of uncorrelated structures for monomers, dimers and
tetramers; this initial step helped us to search the most probable
initial geometry to build the decamer of P3HT, considering the
conformation of the alkyl ramifications, dihedral angles between
thiophenic rings and the interaction between neighbouring rami-
fications. After obtaining the decamer of P3HT, we made the
chemical substitutions proposed in this paper and re-optimized the
new structures. All structures, neutral and charged, were
completely optimized by the semiempirical method PM6 [53]
implemented in the MOPAC2012 computational package [54]. We
chose the PM6 Hamiltonian due to its satisfactory performance in
studies of conjugated polymers and derivatives of P3HT
[12,15,16,46,47,55,56].

After the optimization of all geometries, we calculated the
electronic structure data of decamers using DFT, employing the
hybrid functional B3LYP [57] with GAMESS software [58]. This
functional was chosen for its good results regarding polymeric
materials [59]. For charged structures, a restricted open-shell
KohneSham (ROKS) approach was employed to prevent spin con-
taminations [57]. The basis function set chosen was the 6-31G(d)
[60]. DFT/B3LYP/6-31G(d) methodology has been widely used in
studies of conjugated polymers [59,61] and has been found
adequate to predict the electronic properties [15,16,27,46,47,59,62].

In all calculations performed we employed a dielectric constant
equal to 3.0, which is an average value for conjugated organic
polymers [63], in order to simulate the presence of neighbouring
chains in the solid state via the conductor-like screening model
(COSMO) [64].

3. Results and discussion

We present in Fig. 3 the results for the reorganization energy
related to the transfer of holes and electrons for decamers that were
studied using Eqs. (3) and (4); these results are reproduced in
Table S1 of the Electronic Supplementary Material. Experimental
studies estimate lhole to be approximately 0.1 eV for a chain length
of 20 monomers of P3HT [43], compared to our theoretical value of
0.93 eV. We must point out that our study was conducted using
decamers. As shown before by us and some experimental studies
[12,48,65,66], a saturation in the optical and electronic properties
of polythiophene derivatives do not change anymore for 21e24
monomeric units or more, even that slightly modifications are also
observed up to 96 monomeric units [67]; it is also known that the
reorganization energy tends to decrease with the increasing size of
polymer chains [19,43,68,69]. So, being aware of these facts, the
value obtained in this work for lhole of P3HT is reasonable. We did
not find experimental estimates for lelectron.

As discussed above, the charge transfer rate is inversely pro-
portional to reorganization energy. So, we are looking for (i) P3HT
derivatives with lower values of lhole when compared with pure
P3HT, and (ii) for electron donor polymers that have a lhole energy
lower than lelectron, favouring the mobility of holes. We can see
from Fig. 3 that the theoretical results for lhole and lelectron indicate
that chemical modifications can be an interesting tool for
increasing mobility of holes and electrons, because all derivatives
showed lower values than P3HT. However, care must be takenwith
the choice of substituent, since it is noted that some of the results
obtained for lelectron showed a lower value than lhole, favouring a
greater transfer rate for electrons than for holes. This can be
observed in the substitutions with OH, NH2, TPA, PV, N(CH3)2 and
OCH3. The results obtained for P3HT showed lhole < lelectron, sug-
gesting that hole mobility is higher than electron mobility; this
result is consistent with what has been found experimentally
[25,26]. As also noted in other materials [34e36], P3HT-F showed
lhole to be lower than that of P3HT, confirming that the fluorination
process improves the conductivity of holes. Finally, it seems that
the largest substituents lead to lower values for lhole and lelectron;
the lowest result obtained for lhole was for P3HT-TPA, with a value
of 0.264 eV, whereas the lowest value of lelectron was 0.236 eV for
P3HT-PV (approximately 71% and 77% lower than that of the P3HT,
respectively). Thus, we decided to analyse the dependency of
lelectron and lhole on the size of the substituent as represented by its
volume. It is interesting to analyse this property because some large
substituents can cause steric hindrance in the polymer chain when



Fig. 3. Results for lhole and lelectron for P3HT and its derivatives.
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they receive (or lose) charge, resulting in a more rigid polymer
chain [70]; thus, the substituent’s ability to introduce rigidity in the
polymer chain will result in a smaller conformational difference
between the neutral and charged states, resulting in a lower reor-
ganization energy.

Although there is very strong evidence that the P3HT and its
derivatives have chains with the anti conformation [15,48,71e73],
we also performed some calculations of the reorganization energy
considering both conformations, anti and syn. Table S2 of Electronic
Supplementary Material presents the reorganization energies for
holes and electrons for P3HT and P3HT-F pentamers. As expected,
since the conformation is very important in order to determine the
reorganization energy, the energies for different conformations are
not the same. However, the trend is that the syn conformation
shows always the higher energy, keeping lhole < lelectron. In other
words, even considering the syn conformation, the reorganization
energy of P3HT derivatives is lower than pure P3HT, which means
that the conclusions based in the anti or syn configurations are the
same.

Fig. 4 shows the relationship between lhole and lelectron and the
volume of the substituents. We can see that, although we have a
distribution of points somewhat scattered, the expected result is
observed: the greater the volume of substituent, the lower the lhole
and lelectron. However, there is no correlation between the volume
and lhole/lelectron, which is the more important variable and for
donor polymers should be lower than unity. Therefore, despite
Fig. 4. Relationship between (a) lhole and (b)
some large substituents having low lhole values, considering the
behaviour of both lhole and lelectron, this is an inconclusive result. As
we shall see later, the substituent’s volume still plays an important
role in obtaining small values of lhole/lelectronwhen considering also
the charge exchange between the substituent and the polymer
main chain. For instance, the results for alkyl groups show that the
increase in size provides an improvement in lhole, always keeping
lhole smaller than lelectron. Moreover, it is also known that
increasing the size of the alkyl groups implies a smaller charge
transfer to the main chain [46].

Park et al. [74] performed a study in which chemical sub-
stitutions were made in anthracene, using the substituents OH,
OCH3, CH3, F, Cl, Br and CN. The authors found that the substituents
caused changes in reorganization energy and their conclusion was
similar to our own: in general, substitutions tend to improve the
mobility of holes, except for OH and OCH3, which showed a lower
lelectron than lhole, thus favouring electron mobility, in agreement
with our findings. Comparing their results with the known Ham-
met constants for the substituents [75] apparently the fewer elec-
trons the substituent adds to the main chain, the lower the
reorganization energy related to the hole transfer rate; no corre-
lationwas observed for the electron transfer rate. Thus, we decided
to study how lhole and lelectron vary based on the donor and
acceptor properties of the employed substituents.

The Hammett constants are pure numbers and indicate how a
substituentwill interfere in the electron density of thematerial that
lelectron and the volume of substituents.



Fig. 5. The ratio between reorganization energy for holes and electrons transfer versus
the Hammet constant s (for donor polymers lhole/lelectron should be lower than unity).
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hosts the chemical substitution; a negative constant indicates that
the substituent will release charge, and a positive value means that
the substituent will withdraw charge from the main chain [75]. The
charge exchange by inductive effect occurs through s bonds, while
in the resonance effect it takes place through p bonds [76]. Our
study to verify a correlation with the reorganization energy will
contain only the substituents for which there are Hammet con-
stants available or for which we could provide a safe estimate.
These are shown in Table 1, where we present the constants for
inductive (sI) and resonance (sR) effects [75]. We note that the
substituents have a good range of Hammet constants, which is
important when performing a comprehensive analysis of influence
on lhole and lelectron of P3HT derivatives. The Hammet constant for
resonance effect for the SCH3 group is not present in Table 1
because it does not induce such an effect [76]. The overall effect
of charge exchange can be expressed by s, which is defined by the
sum sI þ sR. Wemade estimates for s for the alkyl groups C3H7 and
C4H9, since we have the values for CH3 and C2H5 (�0.17 and �0.15,
respectively). It is known that the effect of alkyl side chains length
on the electronic properties of thiophene-based conjugated poly-
mers is felt up to three carbon atoms. So, we estimate the s con-
stant for C3H7 and C4H9 as being �0.13.

The plots of lhole and lelectron against sI and sR showed several
trends that are best summarized in the plot of lhole/lelectron versus s
(Fig. 5). As all the substituted chains showed a lhole better (lower)
than P3HT, what interests us are polymers with lhole/lelectron < 1,
which implies a better hole mobility than electron mobility; the
desired result is the lowest possible ratio. In Fig. 5, the sector for
lhole/lelectron> 1 shows the substituents for which electronmobility
is favored e which is not interesting for donor materials in solar
cells active layers. It can be said that this is an expected result
because these substituents N(CH3)2, NH2, OH, and OCH3 have a
strong tendency to donate electrons to the main chain (s < 0).
Likewise, the sector with lhole/lelectron< 1 is dominated by sub-
stituents that tend to withdraw electrons from the main chain
(s > 0), although we can see some substituents with a slight ten-
dency to donate electrons (CH3, C2H5, C3H7, C4H9, and CH]CH2).
Nevertheless, the lowest values for lhole/lelectron seem to be local-
ized close to s ¼ 0. Our interpretation is that the best results are
obtained for substituents that do not interfere in the main chain
electron system, i.e., have a minimum charge exchange with the
main chain. And perhaps other factors may be responsible for the
improvement in lhole/lelectron, since againwe see bulky groups with
Table 1
Hammet constants for most of the substituents in this study.

Substituent sI sR s ¼ sI þ sR

H (P3HT without substituents) 0 0 0
Cl 0.47 �0.25 0.22
Br 0.47 �0.25 0.22
F 0.54 �0.48 0.06
OH 0.24 �0.62 �0.38
CN 0.47 0.08 0.55
NH2 0.17 �0.80 �0.63
SCH3 0.30 e 0.30
CF3 0.40 0.11 0.51
CH3 �0.01 �0.16 �0.17
C2H5 �0.01 �0.14 �0.15
C3H7 e e �0.13a

C4H9 e e �0.13a

N(CH3)2 0.13 �0.88 �0.75
OCH3 0.30 �0.58 �0.28
CO2H 0.30 0.11 0.41
CH]CH2 0.11 �0.15 �0.04
Ph 0.12 �0.11 0.01

a Estimated values (see text).
the best results.
Our results seem to indicate that lhole/lelectron is directly pro-

portional to the absolute value of s and inversely proportional to
the substituent’s volume. Fig. 6 shows that, in fact, if there is no
clear rule, at least there is a rough correlation between lhole/lelectron
and |s|/volume, from which we can get some clues that lead us to
propose a filtering scheme to choose the type of substituent that
can be used to improve hole mobility in conjugated polymers.
Firstly, we have to look at themost important aspect that is how the
substituents modify the electronic density of the polymer, choosing
those that do not interfere significantly in the amount of electrons
of the polymer main chain. It is possible to note that those who are
strong electron donors can not be employed because they always
tend to favour the transport of electrons; the other cases indicate
that the transport of holes will be improved over that of electrons
(see Fig. 5). Secondly, to further optimize the desired results, we can
Fig. 6. The ratio between reorganization energy for holes and electron transfer versus
the ratio between the absolute value of Hammet constant s and substituent’s volume
(for donor polymers lhole/lelectron should be lower than unity).
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employ substituents with large volumes that tend to decrease the
reorganization energy of the polymer, rigidifying the main chain.

Based on the clues above, lets see what should be the best
choices for set of compounds studied in this paper, prior to the
calculations. The substituents with |s|< 0.2 are Ph, F, CH]CH2,
C3H7, C4H9, C2H5, and CH3; from this subset, C4H9 has the higher
volume, followed by Ph and C3H7. Indeed, after the our calculations,
this subset present very interesting values for lhole and lhole/lelectron
which are: 0.311 eV and 0.780, 0.279 eV and 0.642, and 0.307 eV
and 0.780, respectively. Only for comparison, the lowest values are
0.264 eV (TPA) for lhole and 0.643 (Ph) for lhole/lelectron. We believe
that these results confirm the scheme proposed.

On the other hand, if one already has the results of the calcu-
lations, in order to decide which substituent have an expectation of
being a better transporter of holes, instead of Fig. 6, the first and
most important parameter to be observed is the value of lhole,
which should be the lowest possible; the second parameter, is the
ratio lhole/lelectron which should be lower than 1. From the sub-
stituents for that we have the Hammett constants and lhole/lelec-
tron< 1, the five best are CH]CH2, Ph, C3H7, C4H9, and C2H5
(lhole ¼ 0.291, 0.297, 0.307, 0.311, and 0.325, respectively).

According to our previous study about P3HT derivatives in solid
state, when inserting substituents smaller than the hexyl side chain
of the P3HT in the empty beta-position of thiophenic rings, we did
not observe huge distortions in the polymer backbone compared to
pure P3HT [16]. As in this work the substituents employed are
smaller than the original side chains of P3HT, it is expected that the
P3HT derivatives studied here do not present problems regarding
less crystallinity and poorer packing in the solid state.

In the literature, some attempts are found to correlate the
reorganization energy of the polymer with certain properties such
as bond length alternation and inter-ring dihedral angles, among
others [19,74]. The main conclusion is that approximately half of
the changes in reorganization energy can be attributed to
geometrical parameters [19]. This result is in agreement with our
findings, since we observe evidence of correlation only when
electronic and geometric properties are combined.

Fig. 6 brings us the best picture we could find to understand the
problem of modeling new donor compounds that could improve
the transport properties, for which lhole should be smaller than
lelectron. It is possible to recognize a relationship of cause and effect,
in which the charge exchange character and the volume of the
substituents seem to play important roles. However, the set of the
best substituents remain practically the same as in Table S1 (see the
Electronic Supplementary Material) in which the results for lhole
are shown in ascending order. The set of substituents with the
seven smaller lhole are CH]CH2, Ph, C3H7, C4H9, C2H5, Cl, F, while in
Fig. 6 one can say that the seven best substituents are Ph, CH]CH2,
C4H9, C3H7, C2H5, F, CH3. In other words, the calculation of lhole
seems to be enough to indicate good candidates, but what are the
directions to look for new candidates? One should consider groups
with low charge exchange and large volumes, but not so large in
comparison of the alkyl side groups in order to avoid packing
problems.

When considering the influence of chemical substitutions on
both transport and electronic properties, we can draw some con-
clusions based in this and our previous works about the electronic
structure of P3HT derivatives [15,16]. From the electronic point of
view, the best substituents are the groups which tend to withdraw
electrons from the polymeric main chain: CN, Cl, F, Br, COOH, and
CF3. Overall, this is the set of recommended substituents: (i) if they
are not the ones with the best transport properties, at least they
provide enhanced hole transport over P3HT, favouring a higher
mobility of holes than of electrons, and simultaneously (ii) stabilize
the highest occupied molecular orbital (HOMO) that in general
improves the open circuit voltage [16]. P3HT-Ph, one of the de-
rivatives with themost enhanced hole transport, has practically the
same energies for the frontier electronic levels as P3HT [15]; i.e.,
there are no improvements coming from the electronic properties.
Our main conclusion from our works with P3HT derivatives is that
if the electronic properties are enhanced, then the transport
properties will be improved.

For blends with PCBM, considering our previous and present
results, the fluorinated derivative is the one with the best set of
improvements over the P3HT, since the frontier electronic levels are
closer to the ideal values and the transport of holes tends to be
better [16]; these results are consistent with what is observed
experimentally [30,34e36]. This indicates that our methodology is
valid for testing new P3HT derivatives and probably other conju-
gated polymers also. Additionally, our results predict that there are
substituents that can be more interesting than fluorine, if one
considers another acceptor compounds, for which the frontiers
electronic orbitals present a better match than for PCBM.

4. Conclusions

The theoretical approach adopted to estimate the reorganiza-
tion energy, a property that directly influences the transport
properties of conjugated polymers, is supported by the results for
P3HT, for which we obtained lhole<lelectron in agreement with ex-
periments [25,26], and the prediction that the fluorinated deriva-
tive tends to improve hole mobility, as observed experimentally for
other compounds [30,34e36]. Our results also show the same
trends as a similar theoretical study with anthracene, when the
same chemical substitutions are considered [74].

Overall, chemical substitutions improve charge mobility of
P3HT, but some types of substituents can favour the transport of
electrons instead of holes. Applying a joint analysis employing
Hammet constants and the volume of the substituents, the results
obtained suggest that to achieve greater hole mobility we can
choose large substituents, since that they are not larger than the
hexyl side chains of the P3HT, that do not promote charge exchange
with the polymer backbone. For example, C2H5 presents better
results than CH3, since it is larger and promotes a smaller charge
exchange.

Although our calculations were done only for P3HT derivatives,
based on the agreement between our results and those for
anthracene derivatives and several fluorinated conjugated mate-
rials, we believe that the same trends may be observed also for
other systems.
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