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Role of Side-Chain Branching on Thin-Film Structure and

Electronic Properties of Polythiophenes

Scott Himmelberger, Duc T. Duong, John E. Northrup, Jonathan Rivnay, Felix P. V. Koch,
Bryan S. Beckingham, Natalie Stingelin, Rachel A. Segalman, Stefan C. B. Mannsfeld,*

and Alberto Salleo*

Side-chain engineering is increasingly being utilized as a technique to impact
the structural order and enhance the electronic properties of semiconducting
polymers. However, the correlations drawn between structural changes and
the resulting charge transport properties are typically indirect and qualitative
in nature. In the present work, a combination of grazing incidence X-ray dif-
fraction and crystallographic refinement calculations is used to determine the
precise molecular packing structure of two thiophene-based semiconducting
polymers to study the impact of side-chain modifications. The optimized
structures provide high-quality fits to the experimental data and demonstrate
that in addition to a large difference in interchain spacing between the two
materials, there exists a significant disparity in backbone orientation as well.
The calculated structures are utilized in density functional theory calculations
to determine the band structure of the two materials and are shown to exhibit
a dramatic disparity in interchain dispersion which accounts for the large
observed difference in charge carrier mobility. The techniques presented here
are meant to be general and are therefore applicable to many other highly dif-

to the sensitivity of electronic properties to
changes in the materials’ microstructure.
Relatively small changes to the chemical
structure of a polymer, as well as variations
in the processing conditions, can have
rather dramatic effects on the molecular
packing. Such detailed structural measure-
ments have proven to be difficult however,
in large part due to the inherent disorder
in polymer systems, making the growth
of extended single crystals extremely chal-
lenging. Thus, the continued development
of techniques which will allow for the pre-
cise measurement of polymer microstruc-
ture remains one of the most important
areas in this field of study.

In most semiconducting polymers,
the inclusion of alkyl-based side chains
is necessary in order to provide adequate
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fracting semicrystalline polymers.

1. Introduction

Semiconducting polymers are of significant interest due to
their potential low cost, mechanical flexibility, and compatibility
with solution deposition techniques. The structure of these
materials continues to be a topic of intense investigation due

solubility for compatibility with conven-
tional solution deposition techniques.
In recent years, side-chain engineering
has begun to play an increased role not
only in enhancing polymer processability, but in improving
charge transport properties through structural modifications as
well.l4 Tailoring of solubilizing groups to tune crystal struc-
ture has been utilized extensively in small molecules.’~"] These
systems form very crystalline structures where the solubilizing
groups are relatively short and ordered and thus it can be
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expected that modifying their structure will have a large effect
on the resulting molecular packing. However, in polymer sys-
tems with disordered side chains, it is not readily apparent that
the backbone crystalline structure will be impacted by modifica-
tions to the side chains. Improvements in polymer electronic
properties have been correlated to variations in microstructure
for a number of side-chain modification strategies; however,
these observations have only focused on rather coarse meas-
ures of molecular packing and crystalline quality over large vol-
umes of material.B1% Mei et al. demonstrated that by replacing
the branched side chains of an isoindigo-based polymer with
a novel siloxane-terminated solubilizing group, the n-stacking
distance could be reduced, resulting in a factor of six increase
in the charge carrier mobility.'!l Similarly, a record high hole
mobility in excess of 10 cm? V! s7! was achieved by Kang et al.
in a diketopyrrolopyrrole (DPP)-based polymer through smart
side-chain engineering. The m-stacking distance was reduced
by moving the side-chain branching position further from the
chain backbone.!! In addition, Yiu et al. demonstrated that
replacing branched side chains with linear ones in another
DPP-based polymer reduced the steric hindrance between
neighboring chains and increased the crystalline coherence
length.'% Clearly, side-chain engineering is increasingly being
used as a powerful technique to improve the properties of semi-
conducting polymers.

Poly(3-hexylthiophene) (P3HT) is no different in this regard.
It is known to have a higher charge carrier mobility than its
branched side-chain analog, poly(3-(2"-ethyl)hexylthiophene)
(P3EHT), but no detailed structural comparison of the two
materials has been performed and the only explanation offered
for the difference in transport properties is a slightly shorter
n-stacking distance in P3HT.!¥ It is important to realize how-
ever that z-stacking distance is used in these cases as a proxy
for efficiency of electron transfer. This quantity however is not
necessarily simply related to only 7-stacking distance, and
as a result we seek to also measure differences in molecular
orientation and conformation between the two materials in
order to build a robust correlation to their electronic properties.
Indeed, while knowledge of these general structural changes is
clearly important for understanding the impact of side-chain
modification, there are undoubtedly subtle modifications in
chain conformation occurring at the molecular level that also
greatly affect the resulting electronic properties. We aim to use
the model systems studied herein to quantitatively explore the
effect of side-chain modifications on structural and electronic
properties and present a general method which can in principle
be used to study the structure of any semicrystalline polymer.

Polythiophenes are some of the most studied organic semicon-
ductors in history. In particular, P3HT has developed into a model
system for the organic electronics community owing to its lon-
gevity in the field, and relatively high performance in solar cells
and thin film transistors. As such, there have been numerous
structural studies of P3HT using various substrates, device geom-
etries, and processing conditions and the general packing struc-
ture of P3HT is well known.!") On most substrates, including sil-
icon oxide, P3HT chains preferentially lie “edge-on” with respect
to the substrate, packing in a lamellar structure with the alkyl side
chains standing perpendicular to the substrate and the thiophene
rings of adjacent chains lying face-to-face with each other.
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Beyond this basic understanding of the structure how-
ever, there have been relatively few detailed studies exploring
the precise packing of P3HT. Efforts to define a unit cell have
focused on using X-ray diffraction (XRD), selected-area elec-
tron diffraction (SAED), nuclear magnetic resonance (NMR),
and density functional theory (DFT).['*22 Most of these studies
have concluded similar structures for P3HT, but orthorhombic,
monoclinic, and triclinic unit cells have all been proposed. This
may be due in part to the lack of uniformity in processing con-
ditions used, owing to the unique needs of each characteriza-
tion technique, as well as the inherent difficulty in defining a
unit cell for a disordered, semicrystalline polymer. Even fewer
efforts have been made to characterize the exact conformation
of P3HT within a unit cell’’?3-26 despite the importance of
the precise molecular packing structure on the optoelectronic
properties of a semiconducting material.’”?8 Indeed, transfer
integrals in P3HT have been shown to be sensitive to small
changes in backbone orientation, intermolecular separation,
as well as relative shifts between adjacent molecules.*’l Fur-
ther, those structures which have been proposed are either the
result of force field calculations or experiments performed on
specially prepared samples which have been processed in a
manner quite different from what is used to make devices.

In this work, a combination of grazing incidence X-ray dif-
fraction (GIXD) and crystallographic refinement calculations
are used to determine the precise molecular packing of both a
13-mer P3HT oligomer ((3HT);3) and P3EHT (=36 monomers
in length) (Figure 1). These refined crystal structures are then
utilized in the calculation of electronic band structures by DFT.
Previously, we have used this combination of techniques to
study the packing in a number of small molecule systems;?%-34
however, this is the first time this method has been used to
determine the structure of a polymer-like system. In the case of
(3HT)13, the basic crystallographic building block is similar to
that of its macromolecular counterparts, despite slight changes
in unit cell dimensions, and does not require the entire oligo-
meric structure to adequately describe the structure.* The
precise packing structure of P3EHT on the other hand has
not been studied in detail. Our results indicate that, contrary
to P3HT, the backbones of adjacent P3EHT chains are signifi-
cantly tilted with respect to one another. This tilt, together with
the larger spacing between adjacent chains, results in smaller
intermolecular coupling in P3EHT and is likely responsible for
the lower charge carrier mobilities measured for this material.

2. Results and Discussions

2.1. Molecular Packing in (3HT);3

The crystallographic refinement technique described here
relies on the accurate determination of both the location and
intensity of scattered X-rays in reciprocal space (g-space). The
experimental GIXD setup is depicted in Figure 1c. The incident
X-ray beam strikes the sample at a grazing incidence angle o
and is scattered onto the 2D image plate detector set a distance
L away. Owing to the disordered nature of polymeric systems,
high molecular weight P3HT yields diffuse and overlapping
diffraction spots which complicate intensity quantification
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Detector (image plate)

Figure 1. a) Chemical structure of P3HT. b) Chemical structure of P3EHT. c) Geometry of the GIXD setup. The incident beam kq forms an angle o
with the sample surface; the intensity of the scattered beam k is recorded by an image plate detector at a distance L. The in-plane component of the
momentum transfer vector, g, is gy, the vertical component is g,. Reproduced with permission.B'l Copyright 2011, Wiley.

(Figure S1, Supporting Information). Recently, Koch et al.
described the synthesis and general structural properties of a
series of oligo(3-hexylthiophene)s ranging in length from 4 to
36.39%7] They find, as we do here using the same set of mate-
rials, that P3HT changes from a polymorph with interdigitated
side chains, Form II, to the more classical Form I beyond an
oligomer length consisting of 12 repeat units. As such, we have
chosen the shortest and perhaps most ordered oligo(3-hexylth-
iophene), (3HT);3, which exhibits single phase, stable, and
classic noninterdigitated packing of higher molecular weight
P3HTS, for the refinement we describe here. The diffraction
pattern recorded on the image plate for a thin film of (3HT);3
is shown in Figure 2a. As can be seen in Figure S1, Supporting
Information, the packing of (3HT);3 is simply a more ordered
representation of the structure of high molecular weight P3HT.

It must be specially noted that the diffraction images
recorded directly by the image plate detector are distorted pro-
jections of g-space due to the flat nature of the detector and
the curvature of the Ewald sphere. Before accurate peak posi-
tions could be determined, an image correction to account for
this distortion must be applied. From the measurement of the
accurate peak positions in the distortion-corrected image, the
unit cell parameters could be determined, yielding a triclinic
unit cell with a = 7.72 A, b =546 A, ¢ =15.62 A, o = 96.92°,
B =94.88° and y = 45.00°. The triclinic unit cell contains two
thiophene repeats along one (3HT);; chain and is in contrast to
most published unit cells for P3HT which contain two chains
and are described as orthorhombic. However, our unit cell is
actually quite similar to those reported by others; we are able
to reduce our unit cell to just one molecule after finding that
adjacent chains are shifted by exactly one thiophene unit with
respect to one another. The dimensions of the unit cell reported
herein correspond to a density of 1.19 g cm™3, slightly higher
than the 1.12-1.14 g cm™ which has been reported previ-
ously,16:202638] hyt this is likely due to the low disorder and
highly crystalline nature of very low molecular weight P3HT
used here.”

While the dimensions of the (3HT);; unit cell can be
extracted solely from the diffraction peak positions, the precise
atomic packing is contained in the structure factor of the mol-
ecule which manifests itself in the intensities of the diffraction

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

peaks. Therefore, the molecular packing can be retrieved from
the peak intensities by a refinement process. This is achieved
by using a crystallographic refinement algorithm that fits theo-
retically calculated diffraction intensities to those measured by
the area detector. The experimental peak intensity values were
measured by integrating the diffraction peak intensities in
boxes that tightly enclose the peak area after a line-wise linear
background subtraction within these boxes. Theoretical expres-
sions for the peak intensities were obtained from the struc-
ture factor square |Fpy|? after several correction terms were
applied to account for the specific GIXD scattering geometry
and the properties of the synchrotron X-ray beam on SSRL BL
11-3 (details in refs. [16,31]. During the refinement process the
molecular geometry and alignment of the molecule in the unit
cell are varied, and for each configuration the crystallographic
residual®®—a type of least square error between theoretical
and experimental intensity values—is calculated. This calcula-
tion is coupled to a Monte Carlo minimization algorithm that
minimizes the crystallographic residual thereby determining
the molecular unit cell configuration whose theoretical set of
peak intensities is most similar to the set of measured peak
intensities.

The refinement was initially performed on two simplistic,
rigid-body models of (3HT);;. The first was the model pro-
posed by Kayunkid et al. (“tilted chain” model), determined
from electron diffraction,!?! which contains alkyl side chains
that are tilted relative to the thiophene backbone; the second
model was constructed with the alkyl side chains coming
straight off the conjugated backbone (“straight chain” model),
parallel to the plane created by the thiophene rings. Both
models yielded comparable but unsatisfactory fits to the exper-
imental data. This is unsurprising given the different pro-
cessing technique used to make the sample used in the “tilted
chain” model, which likely generated a different structure than
what we obtain by bar coating, and the unphysical nature of
side chains which come off exactly parallel to the backbone
plane in the “straight chain” model. Additionally, it is known
from polarized IR transmission spectroscopy experiments
that the alkyl side chains in P3HT contain some disorder.*’]
While our model calculations require a crystalline unit cell
(periodic boundary conditions), some flexibility was added

Adv. Funct. Mater. 2015, 25, 2616-2624
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Figure 2. a) GIXD image of (3HT);3 on SiO,. b) Measured and calculated diffraction intensities (best-fit) for (3HT);; on SiO,. ¢) GIXD image of
P3EHT on SiO,. d) Measured and calculated diffraction intensities (best-fit) for P3EHT on SiO,. The diffraction intensity is indicated by the area

of half-circles.

to our structure by inserting freely swinging “hinges” on the
first and second carbon atoms of each alkyl side chain. These
hinges allowed us to sample a multitude of different confor-
mations including our original “straight chain’ and “tilted
chain” models without introducing an overwhelming number
of degrees of freedom to the calculation. The result of the fit
with hinges added is shown in Figure 2b. The size of each
half-circle is representative of the measured and theoretical
diffracted intensity at that point in g-space, respectively; we
find that our model yields an excellent fit to the experiment as
evidenced by the close match in the measured and calculated
intensities over 13 peaks.

The best-fit structure after structural refinement is shown in
Figure 3a,b. The simulated structure demonstrates that (3HT);3
contains a tilted backbone which allows for greater electronic
overlap between the delocalized n-orbitals on neighboring
chains. While the repeat distance along the m-stacking direction

Adv. Funct. Mater. 2015, 25, 2616-2624
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corresponds to a spacing of =0.39 nm between adjacent thio-
phene rings, the backbone tilt creates a shorter perpendicular
approach of the backbone planes of 0.36 nm. Additionally, we
find a significant tilt in the alkyl side chains relative to the
chain backbone. This allows the polymer lamellae to approach
close to each other without interdigitation of the side chains.
This structure is in agreement with measurements which
indicate that the side chains of P3HT are spaced too closely to
interdigitate "]

A schematic of the calculated structure labeled with key
angles is given in Figure 3c,d,e while the corresponding
angles are listed in Table 1. For comparison, two other
detailed structural studies of P3HT conducted using dif-
ferent techniques are also included in the table.?>2 Despite
not providing an adequate fit to our experimental data, our
structure bears considerable similarity to the structure pro-
posed by Kayunkid et al.[*’l who used SAED to study low
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as well as a relatively large tilt in the alkyl
side chains, although our fitted structure
suggests an even larger tilt than that found
by Kayunkid.*”! We also find that the alkyl
side chains come off the (3HT);; oligomer
nearly perpendicular to the thiophene back-
bone, in significant agreement to the struc-
ture proposed by Kayunkid.?! Despite the
many similarities between the two models,
one key difference is found in the relative
shift in the thiophene backbones on adja-
cent chains, §. The Kayunkid model finds
this shift to be a fraction of a thiophene
unit while we find this shift to be exactly
one thiophene ring. This one-ring shift
between the adjacent chains reduces the
steric hindrance associated with the alkyl
side chains and demonstrates that the
packing of (3HT);; results in considerable
electronic overlap between thiophene rings
on neighboring molecules. One possible
explanation for this discrepancy may be the
difference in processing conditions of the
two samples as Kayunkid’s model is based
on a slowly crystallized sample on a TCB

substrate while our samples are wire-bar
coated on silicon with a native oxide layer.

Figure 3. Best-fit molecular packing motif for (3HT);3. The molecules exhibit a triclinic unit
cell, tilted backbones and side chains, and a one thiophene shift in adjacent chains. a) Fitted
structure viewed along ag-axis. b) Fitted structure viewed parallel to ab-plane. c) Schematic
structure viewed along a-axis. d) Schematic structure viewed perpendicular to plane containing
thiophene backbones. €) Schematic structure viewed parallel to plane containing thiophene

backbone.

molecular weight P3HT (=7.9 kDa) which had been epi-
taxially crystallized from 1,3,5-trichlorobenzene (TCB). The
structure described herein is quite similar to their proposed
structure with a comparable tilt in the thiophene backbone

Table 1. Optimized structural orientation parameters for P3HT using
various experimental techniques.”2%l Diagrams of the angles and their
relationship to the P3HT structure can be found in Figure 3c,d.

Method 6, [deg] 0, [deg] 6, [deg]
This work (XRD) 19 51 8
Kayunkid (SAED) 26 29 0
Maillard (DFT) 7 -39 34

wileyonlinelibrary.com
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In contrast, we compare our structure to
one of the most detailed structural studies
conducted by DFT, that of Maillard and
Rochefort.l?®) Their model also contains
a slight tilt to the thiophene backbone as
well as a shift of exactly one thiophene
unit in adjacent polymer chains, in agree-
ment with the work presented here. The
structure by Maillard and Rochefort?®l how-
ever predicts significant differences in the
tilting of the alkyl side chains with respect
to the chain backbone as demonstrated in
Table 1. DFT calculations predict a struc-
ture that is energy minimized in vacuo and
therefore neither account for the solvent
that is used during the wire-bar coating
nor do they take into account the polymer—
substrate interactions which are known to
affect P3HT structure significantly.*!] We note that while a
13-mer oligomer of P3HT was used in the present structural
refinement for its high degree of crystallinity, we are confi-
dent these results are pertinent to higher weight materials.
Koch et al. demonstrated that the n-stacking distance differs
by less than 2% between (3HT);3 and P3HT with a molar
mass of over 200 kDa.*l The same peaks are visible for both
fractions in GIXD images, with disorder-induced broad-
ening appearing as the most significant difference between
the two. Thus, we believe that while high and low molecular
weight polymers likely exhibit very minor differences in their
unit cells, the vast majority of the structural and electronic
insights uncovered at low molecular weights will also be
applicable to higher molecular weight materials.

Adv. Funct. Mater. 2015, 25, 2616-2624
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2.2. Molecular Packing in P3EHT

To determine the molecular packing in P3EHT, our first task in
the refinement process is to determine the unit cell of P3EHT. In
order to produce a well-defined diffraction pattern with minimal
overlap between peaks, we performed an annealing treatment
to the spin-cast P3EHT thin film (M, = 6.9 kDa, M,, = 6.5 kDa)
wherein the film is first melted at 120 °C and allowed to slowly
recrystallize at =50-55 °C over 24 h. As shown in Figure 2c,
the fabricated film is nearly 100% edge-on and exhibits a large
number of diffraction peaks in comparison to patterns previ-
ously reported by Boudouris et al.*?l Within this latter publi-
cation, the authors also proposed the following triclinic unit
cell for P3EHT: a = 7.3 A, b = 103 A, ¢ = 154 A, o = 72°,
B = 98°, and y constrained to 90°. Our efforts at structural
refinements using this unit cell, however, proved to be unsuc-
cessful and we believe for several reasons that the proposed
parameters are not correct. First, no distinct crystallographic
vector exists within the a—b plane whose length is a multiple of
the thiophene dimer. This requirement is intrinsic to polymeric
systems and arises from the fact that, with respect to the unit
cell, the polymer chain is infinitely long and must represent a
crystallographic direction. Any misalignment between the long
chain axis and the corresponding principal unit cell axis (here
axis a) would be unphysical and violate the assumption made a
priori that a unit cell exists. Therefore, in determining the align-
ment of P3EHT in the unit cell, we place the chain backbone
along the a-axis and fix the axis length at the widely reported
value of 7.72 A for a thiophene dimer. Second, although more
symmetry exists in P3HT crystals and y can be set to 45° or
90°, the same is not true in the case of P3EHT. We instead per-
formed parameter optimization based on observed diffraction
peak positions, which yields the following triclinic unit cell: a =
7.72 A, b =10.83 A, c =15.16 A, o = 69.84°, B = 103.03°, and
v = 109.86°. With respect to the optimized (3HT)q3, the unit
cell for P3EHT is more than twice the volume of the former
(1110 vs 462 A% and exhibits a slightly lower mass density of
1.16 g mL™. These initial observations suggest that there are
two inequivalent chains, represented by two thiophene dimers
within the unit cell, and that the polymer chains are not as
closely packed as those of (3HT)3.

Due to the fact that there are two dimers within the basic
unit cell and that each dimer contains a large number of side
chain carbons, it is not rigorously possible to determine the
side chain conformations simply because of the corresponding
large number of degrees of freedom that is contrasted by an
only moderate number of available diffraction peaks. In addi-
tion, the extra ethyl group introduces many more degrees of
freedom to the side chains such that introducing molecular
hinges as previously described can also not capture the alkyl
chains’ molecular conformations. To simplify the problem, we
first opted to remove the side chains and use instead a single
carbon attached directly to the thiophene backbone; i.e., there
are only two side chain carbons per dimer. This substitution is
appropriate for two reasons. First, the side chains in P3EHT
are thought to be highly disordered and quite mobile at room
temperature, suggesting they contribute little to the observed
diffraction peaks. Second, as scattered X-ray intensity increases
in an approximately quadratic fashion with atomic mass, the

Adv. Funct. Mater. 2015, 25, 2616-2624
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chain backbone and the heavy sulfur atoms it contains will con-
stitute the large majority of the observed diffraction signal. In
addition, because we force the chain backbone to lie along the
a-axis, we are able to reduce the number of parameters per unit
cell to only three: the rotation angle for each dimer around the
a-axis (2) and the sliding distance of one dimer along the same
axis (1). The optimized structure and the corresponding diffrac-
tion peak intensities are plotted in Figure 2¢,d.

Although the fit does not perfectly match experiment results
due to the lack of side-chain carbons and details regarding their
exact molecular conformations, we are able to reproduce many
of the relative intensity differences between diffraction peaks.
Among the (01L) set of peaks at g, = 0.6 A1, for instance, our
simulated data correctly predict that the (012) intensity is lower
than those of (013), (014), and (015). In addition, the (121)
and (122) peaks are shown to be the highest diffracting peaks
among the (12L) Bragg rod at g,, = 1.2 A”! while the cluster of
peaks between 1.5 and 2.0 A™! in g, are among the weakest dif-
fracting peaks. Both of these results agree well with the experi-
mental data.

The simulated crystal structure is shown in Figure 4 and
exhibits several interesting properties. First, we note that adja-
cent polymer chain backbones are not symmetrically equiva-
lent. The 6; angles for the two dimers are 21° and 49.1° for
each set of adjacent chains, respectively. Note that the 6, value
for the first chain is similar to the simulated 19° angle for
(3HT);3. The difference in angle between two adjacent chains
for P3EHT is =28° and the chains are shifted by =5.53 A. In
addition, the proposed structure shows that P3EHT exhibits
tighter alkyl stacking (=14.1 A) and much larger m-stacking dis-
tance (=5.09 A) as compared to the (3HT); case. The large dif-
ference in n—m spacing observed between P3EHT and P3HT is
especially surprising, considering previous studies concluded
they were likely very similar to each other.[*?l These findings are
in agreement with the higher rotation angle (0;), lower mass
density of the simulated structure, and lower hole mobility in
P3EHT.*I The larger m-stacking distance also explains the fact
that the absorption onset for aggregated P3EHT is =100 meV
blue-shifted from that of P3HT.[*?l Finally, we also point out
here that the sliding distance between adjacent chains is not
a multiple of the thiophene monomer length as in the case of
(3HT);3, which may be a result of the asymmetric alkyl side

"ff ® /}WI//

Side Chains

21717

Side Chains

P [ 2171

Figure 4. Best-fit molecular packing motif for P3EHT. The molecules
exhibit a triclinic unit cell with a tilt difference of 28° between adjacent
chain backbones. a) Fitted structure viewed along a-axis. b) Schematic
structure viewed along a-axis.
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Table 2. Summarized structural properties of (3HT);; and P3EHT. The
asterisk indicates the mobility value is for a higher molecular weight ver-
sion of P3HT than studied in the present work.

Unit cell parameters (3HT);3 P3EHT
a 7.72 A 7.72 A
b 5.46 A 10.83 A
¢ 15.60 A 15.16 A
[¢] 96.91° 69.84°
B 94.88° 103.03°
y 45.00° 109.86°
Unit cell volume 462 A3 1110 A3
Density 1.19 g mL™ 1.16 g mL™!
Alkyl-stacking distance 16.2 A 141 A
m-stacking distance 3.86 A 5.09A

Hole mobility on SiO, =103 cm? v 571" =10 cm? V757!

chains. Table 2 summarizes the various structural differences
between (3HT);3; and P3EHT.

2.3. Electronic Structure Calculations

Calculations were preformed to determine how the structural
differences brought about by the different side chains affect the
electronic structure of P3HT and P3EHT. The calculations were
performed for infinite periodic structures having the experi-
mentally determined lattice vectors and molecular orientations.
The alkyl chains were substituted by methyl groups in both
cases. This replacement is not expected to have an effect on the
dispersion of the states. The dispersion relations for two hole
bands (h1 and h2) and two electron bands (el and €2) are shown
in Figure 5 and were obtained within DFT employing methods
described in ref. [44].

The dispersion of the topmost valence band (labeled h1) along
the direction parallel to the conjugated backbone (the x-direction
in Figure 5) is similar in the two materials. The dispersion is
2.0 eV for P3HT and 1.6 eV for P3EHT, indicating that charge
transport along the chain backbone is likely comparable in the
two materials. This similarity arises because the atomic struc-
ture within the conjugated backbones is not affected strongly by
the side chains. However, there is a significant difference in the
dispersion of h1 along the n-stacking direction, the y-direction in
Figure 5. The energy width of h1 along the n-direction is 0.3 eV
for the P3HT structure, but only =0.02 eV for P3EHT. The sub-
stantial differences seen in the electronic structure of P3EHT
in comparison to P3HT, namely, the significantly lower disper-
sion in P3EHT in the m-direction, arise from its much larger 77
spacing and from the large and inequivalent tilting of the two
polymers in each cell (Figure S3, Supporting Information). This
weak interchain coupling in P3EHT is in agreement with the
low hole mobility observed in P3EHT in comparison to P3HT.
Indeed, given that the energy bandwidth in P3EHT along the
m-direction is less than kg T, and comparable to phonon energies,
it seems clear that the mobility and the temperature dependence
of the mobility would differ significantly in the two materials.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Band structures calculated by DFT from refined crystallographic
structures for a) (3HT);3 and b) P3EHT. The dispersion in the m-stacking
direction (y-direction) is significantly larger for P3HT, a likely explanation
for its higher charge carrier mobility.

3. Conclusion

We have presented a common methodology which can be used
to calculate the precise molecular packing of a semicrystalline
polymer from a simple 2D grazing incidence X-ray diffraction
image. While a number of the newly introduced high-mobility
donor—acceptor copolymers are very disordered and do not dif-
fract strongly, many exhibit significant amounts of crystallization
and should be amenable to the structural refinement technique
described herein.!'1# Owing to the large number of heavy
atoms in the chain backbones of these materials and frequent
incorporation of disordered, branched side chains, simplifica-
tions in the refinement procedure similar to those employed
here for P3EHT are appropriate, and will facilitate structural
determinations in these materials. This technique will enable
the exact backbone packing structure of a multitude of new high-
mobility polymers to be calculated for the first time and, when
coupled with electronic structure calculations, will lead to signifi-
cant enhancements in our understanding of these materials.
The structures presented here represent the first exact struc-
ture determination of semiconducting polymers which have
been processed in the same manner with which one would
produce an electronic device. This result represents a signifi-
cant achievement, as processing is known to impact structure,
sometimes dramatically, and yields interesting insights into
the molecular structure in a technologically relevant sample.
Measurements such as those presented here, which go beyond
the simple unit cell determination to study exact molecular
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packing, will prove invaluable for electronic property calcula-
tions and allow for the improvement of models which attempt
to link structural properties to macroscopic electronic measure-
ments. Further, the method described herein is quite general
and can be expanded to determine the structure of any semic-
rystalline polymer that yields enough diffraction spots to per-
form the crystallographic refinement.

4. Experimental Section

Polymer Synthesis: Unless otherwise noted, reagents and solvents
were used as received from Sigma-Aldrich. Degassed tetrahydrofuran
(THF) was purified by passage through an activated alumina column
(Advanced Specialty Gas Equipment, 7 x 12 mesh) and was collected
in flame-dried, air-free flasks. P3EHT was synthesized using the
GRIM procedure as established in the literature®*"l and conducted
as previously described.PJ P3HT was synthesized as previously
published.l3l

Film Fabrication: Samples were prepared on native oxide silicon and
were sonicated in acetone and isopropyl alcohol before drying with
nitrogen and undergoing UV ozone treatment (20 min). Films were cast
from =10 mg mL™" solutions from toluene, by wire-bar coating at 50 °C.

Diffraction Measurements: GIXD measurements were carried out at
the Stanford Synchrotron Radiation Laboratory (SSRL) on beam line 11-3
with a photon energy of 12.73 keV. The incidence angle a of the incident
beam was set to 0.1°, above the critical thickness of the semiconducting
film but below that of the silicon substrate. The diffraction intensity
was detected on a 2D image plate (MAR-345). The distance, L, between
sample and detector was calibrated using a LaBg polycrystalline
standard. The flat image plate detector records an image of the g-space
with distorted geometry and the necessary image correction procedure,
enabling direct measurement in the images, is described in more detail
in a previous study.['®l

Crystallographic Refinement: Numerical integration of the diffraction
peak areas and the crystallographic refinement were both performed
with the software WxDiff. The Monte Carlo optimization of the
crystallographic residual was performed with an in-house developed
software which samples the alignment and conformation space for
the polymer main chain and side chain angles within the unit cell,
attempting to obtain a best fit of the integrated peak intensities
to the structure factor moduli (corrected for scattering geometry,
beam factors). The details of this procedure and the corresponding
calculation models are described in the literature.?®l Compared to the
software described elsewhere,?’ the capability to model additional
degrees of freedom in form of bond rotations (“hinges”) was added
for this work in order to emulate the conformational flexibility of the
side chains.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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