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ABSTRACT: This study presents a structural analysis of regioregular poly(3-hexylthiophene) (P3HT)
based on electron diffraction from epitaxied thin films. Epitaxial orientation of the hexane fraction of P3HT
was performed by slow rate directional solidification in 1,3,5-trichlorobenzene leading to highly oriented and
crystalline P3HT films with different contact planes. Representative electron diffraction patterns correspond-
ing to different zone axes were obtained by the rotation-tilt electron diffraction method. A trial-and-error
method based on molecular modeling and calculation of the electron diffraction patterns for the different
zone axes was used to determine the crystal structure of P3HT. The unit cell is monoclinic with space group
P2,/c and two chains per cell (¢=1.60 nm, 5=0.78 nm, ¢=0.78 nm and y =86.5 deg). The stacking period of
successive polythiophene backbones along the b axis is 0.39 nm but short interplanar distances of 0.34 nm are
observed because the conjugated polythiophene backbones are tilted to the b axis. The n-hexyl side groups
crystallize in an orthogonal subcell with parameters a;=0.7 nm and b;=0.78 nm. The present structural model
highlights the essential role of the linear side chain crystallization on the supra-macromolecular packing of

“hairy-rod” polymers like P3HT.

I. Introduction

Semiconducting polymers belong to one of the most interesting
class of functional materials and are now widely used for the
fabrication of electronic devices in plastic electronics.! Among all
semiconducting polymers, regioregular poly(3-alkylthiophene)s
(P3Ats) have attracted much interest as they combine facile
processability and high charge carrier mobilities useful in the
elaboration of organic field effect transistors (OFETs) and
polymer solar cells (PSCs).> For both applications, structure
and organization of the active layers needs to be monitored and
controlled from the molecular scale to the mesoscale by control-
ling the crystallization of P3ATs. Various studies have evidenced
the strong correlation existing between the morphology and
orientation of the P3Ats in the thin films and the correspond-
ing transport properties.*~? In particular, different groups have
demonstrated that the macromolecular parameters of P3HT
control its crystallization: the higher the average molecular
weight, the lower the crystallinity in the films.'

Allthough P3HT is now widely used, its crystal structure has
been analyzed only partly. Prosa et al. proposed the first model of
P3Ats involving a lamellar structure of strongly z-conjugated
polythiophene chains separated by layers of alkyl side chains.'"'?
Tashiro et al. proposed various possible structural models of
P3HT and P3DT (poly(3-decylthiophene)) by using molecular
modeling and X-ray diffraction on stretch-oriented films with a
fiber symmetry.'* More recently, Arosio et al. proposed a struc-
tural model of form I’ of regioregular poly(3-butylthiophene).'*
Their model was obtained from a combination of Rietveld
refinement of a powder X-ray diffraction pattern and extensive
molecular mechanics calculations. There has been also some
attempts to derive both the structure and the electronic properties
of P3HT by using first principle density-functional theory
methods."> However, none of these studies reported single-crystal
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like diffraction patterns corresponding to well oriented crystalline
domains of P3HT. This is largely due to the fact that, contrary to
most polyolefins, it is very difficult to grow extended lamellar
single crystals of P3HT. Instead, P3HT tends to form long nano-
fibrils in poor solvents such as cyclohexanone or anisole.'¢”'®
This problem can be circumvented by using selected area electron
diffraction on highly oriented P3HT films grown by epitaxy."” As
demonstrated recently in the case of poly(9,9-di-n-octylfluorene)
and poly(9,9-bis(2-ethylhexyl)fluorene), use of selected area
electron diffraction on highly oriented polymer layers opens the
route to a powerfull structural refinement of these hairy-rod poly-
mers.”*?! Regarding the class of P3ATs, Brinkmann and Witt-
mann reported that highly oriented and crystalline thin films of
P3ATs can be prepared by directional epitaxial crystallization in
1,3,5-trichlorobenzene. The TEM analysis of such films revealed
the semicrystalline structure of various P3Ats, i.e., the periodic
alternation of crystalline lamellae and amorphous interlamellar
zones.”*> The benefits of the epitaxial orientation of polymers
lies in the possibility to grow extended domains with both a well-
defined contact plane on the substrate and a high in-plane
orientation of the crystalline domains. In addition, the directional
epitaxial crystallization of P3HT in TCB is particularly interest-
ing since the substrate used for orientation, TCB, can be readily
removed by evaporation under primary vacuum without altering
the crystalline structure of the P3HT films. Accordingly, it is
possible to obtain electron diffraction patterns of highly oriented
and crystalline thin films of P3HT without any contribution from
the substrate. In other words, an epitaxied sample composed of
multiple lamellar domains can provide “single-crystal”-like elec-
tron diffraction patterns in contrast to the rather complex X-ray
diffraction patterns obtained with oriented fibers or polycrystal-
line powders. In the case of low molecular weight P3HT (M, =
7.3 kDa), it was possible to identify a monoclinic unit cell with
parameters a= 1.6 nm, 5=0.78 nm, ¢c=0.78 nm, and y =93.5 deg
from the single-crystal like electron diffraction pattern corre-
sponding to the [0 0 1] zone.'® Herein, we describe a structural
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Table 1. Macromolecular SEC Parameters (M,,, M,, and PDI =
M,,[|M,,) for the P3HT Samples”

M, M
sample (kg/mol equiv of PS) (kg/mol equiv of PS) PDI
P3HT as-received 13.11 17.16 1.31
P3HT hexane fraction 7.27 7.86 1.08

“A dn/dc value of 0.259 + 0.026 mL/g was measured for the as-
received sample.

refinement of P3HT using electron diffraction on highly oriented
P3HT samples grown by a slow rate directional crystallization
method. The experimental procedure yield a set of 44 indepen-
dent reflections and 4 distinct projections in reciprocal space. The
refined structural model highlights the essential role of the n-hexyl
side-chains on the crystallization behavior of “hairy-rod”-like
polymers.

I1. Experimental Section

P3HT was purchased from Merck and fractionated by Soxhlet
extraction in n-hexane. The P3HT samples were characterized by
multiple detector size exclusion chromatography (SEC) using
THF (HPLC grade) as the eluent and a PS calibration. The
SEC setup consisted of a Shimadzu LC10AD pump, an ERMA
ERC3512 online degasser, a WATERS 717+ automatic injector
and five 300 x 7.5 mm? PL Gel columns from Polymer Labora-
tories (4 x 10 mm Mixed-B and one 500 A) connected in series
and a refractive index (RI) detector (Shimadzu RID10A). The
macromolecular parameters obtained by SEC (polystyrene
standard) are collected in Table 1. The hexane fraction of the
P3HT sample used herein is characterized M, =7.9 kDa which is
very similar to the sample used in our previous study, but it shows
a very low polydispersity index (PDI) of 1.08.

1. Epitaxied thin films were prepared by using a slight modi-
fication of the directional epitaxial crystallization method in
1,3,5-trichlorobenzene (TCB) described in ref 10. In brief, the
principle of this method consists in using a crystallizable solvent
playing successively the role of (i) the solvent for P3HT in its
liquid form and (ii) once crystallized the substrate for the epitaxial
crystallization of the polymer. The method used in this work has
been substantially improved by controlling the growth rate of
the TCB crystal. Rather than moving manually the sample
consisting of a P3HT-TCB solution between two glass slides at
ca. 1—2 mm/s on a Koeffler bench, we used a motorized transla-
tion bench allowing for a constant 0.2 mm/s translation speed of
the sample from the hot zone (hot bar maintained at a constant
temperature of 75 °C) to the cold zone kept at room temperature.
In this manner, the crystallization front of the TCB advances at
a constant and reproducible speed. Uniform and large areas of
highly oriented TCB substrates suitable for the epitaxial growth
of highly oriented P3HT are consistently obtained (Figure S1).
The morphology of oriented TCB films grown by both methods is
displayed in Figure S1 of the Supporting Information. The
TCB was slowly evaporated at room temperature in a primary
vacuum (10~ *mbar) for 1 h to recover the extended stripes of the
oriented P3HT of interest (see Figure 1). Highly oriented areas
were subsequently selected by optical microscopy (Leica DMR-X
microscope). The P3HT films were coated with a thin amorphous
carbon film and the P3HT/carbon film was removed from the
glass substrate by using the “polyacrylic acid” method and
subsequently recovered onto TEM copper grids. TEM was per-
formed in both bright field and diffraction modes using a Philips
CM12 microscope equipped with a MVIII CCD camera (Soft
Imaging System). The acquisition conditions for the electron
diffraction (ED) patterns are as follows. First, in bright field
mode, the electron beam is spread on the fluorescent screen until
no light can be detected by the bare eye. Under these illumination
conditions, the typical ED pattern can be recorded on the CCD
camera with an exposure time in the range 1—5 s. The overall
lifetime of the ED pattern does not exceed 10—30s. Beam damage
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Figure 1. Highly oriented area of a P3HT thin film grown by the slow-
rate directional epitaxial crystallization method as observed under the
polarized optical microscope with crossed polarizers: (a) P3HT chain
axis oriented parallel to the polarizer and (b) at 45° to the polarizer.

is mainly manifested by the fading of the (h 0 0) reflections. Image
treatment was performed by using the AnalySIS software (Soft
Imaging System). Molecular modeling was performed on a
Silicon Graphic station using the Cerius2 program. A trial-and-
error procedure was used to refine the crystal structure of P3HT,
following the same methodology as used previously to refine the
crystal structures of poly(9,9-di-n-octyl-fluorene) and poly(3-
hydroxy-p-methylphenylvalerate).>!>* For each step of the trial-
and-error method, the molecular geometry was optimized using
the “clean” procedure of the Cerius2 Program (additional in-
formations on this procedure are avaible in the user’s guide on the
modeling environment).

II1. Results and Discussion

1. Various Contact Planes on the TCB Substrate. In our
previous study on epitaxially oriented low-M,, P3HT, we
could clearly identify both flat-on and edge-on oriented
crystallines lamellae of P3HT correspondin§ to (00 1) and
(010) contact planes on the TCB substrate.'” These two type
of domains were also identified by high resolution transmis-
sion electron microscopy.”> The edge-on oriented lamellae
give rise to the typical ED pattern shown in Figure 2a.
Remarkably, it displays very sharp h 0 0 reflections up to
the seventh order on the equator. Along the meridian, i.e.,
the chain axis direction, note the absence of the 0 0 4 reflec-
tion but the presence of a weak 0 0 6 reflection (see the section
profile plot along the meridian shown in Figure S2 of the
Supporting Information). The first layer line shows the
characteristic002, 102,202, and 5 0 2 reflections. With
respect to our earlier work, the better control of the TCB
growth front achieved by the use of a “slow” growth rate
explains the better definition of the ED pattern.

Additional orientations of the P3HT lamellae, not ob-
served in our previous work,'? were obtained, as illustrated
by original ED patterns shown in parts b and ¢ of Figure 2.

The equatorial reflections in Figure 2.b are indexed as
(h 00) with 2= 1, 2, and 3. The corresponding reflections on
the first layer line at 0.52, 0.46, and 0.39 nm (see Table 2) are
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Figure 2. Various electron diffraction patterns of an epitaxied thin film
of P3HT corresponding to different zone axes: (a) [0 1 0] zone, (b) [0 1 1]
zone. Note the asymmetry of the intensity of the (=4 1 —1) reflections
(h =1, 2, 3). (c) This pattern is the superposition of ED patterns
corresponding to [1 —1 0], [1 =2 0] and [1 —3 0] zones as illustrated in
part d). The reflections arising from three nearby zones are identified by
different symbols.

Table 2. Orientation Parameters of the Backbone and the 3-Hexyl
Side Chain with Respect to the Unit Cell Axes (See Figure 6)

method 0 (deg) 6, (deg) 05 (deg) 0, (deg)
XRD and modeling” 33 52
DFT calculations” 6.9 39.2 34
this work 26+5 —29+5 041 90+3

) “These values are deduced from the structural model 3 given in ref 13.
"Ref 15.

consistently indexed by using the unit cell parameters of the
monoclinic cell as —1 1 —1, =21 —1, and —3 1 —1 respec-
tively.'® Accordingly, the ED pattern in Figure 2b is char-
acteristic of the [0 1 1] zone and arises from crystalline P3HT
lamellae with a (0 1 1) contact plane on the TCB substrate.
Figure 2c shows another characteristic ED pattern. The
main reflections on the first layer line are indexed as (2 1 1)
with =1, 2, and 3. Allthough these reflections correspond to
different zones, they are observed simultaneously for two
main reasons. First, the reflections in Figure 2.c are strongly
arced, suggesting a rather broad distribution of domain
misorientation. Since, the angle between [1 —2 0] and [1 —3 0]
zones is only 11°, crystalline domains with slightly different
orientations to the incident electron beam can give rise to the
ED ofeither [1 —2 0] or [1 —3 0] zones.>® Second, the reduced
thickness of the crystalline domains in the direction parallel
to the incident electron beam can cause the reflections to be
elongated in this direction. Accordingly, the reflection cor-
responding to different close lying zones can intersect the
Ewald sphere and contribute to the overall ED pattern in
Figure 2c. As shown hereafter, this ED pattern arises from tilted
P3HT lamellae such that the n-hexyl side chains are oriented
almost perpendicular to the TCB substrate (see section I11.3).
We assume that the additional orientations of the P3HT
lamellae on the TCB substrate identified above are possibly
due to the combination of both (i) the low M, and poly-
dispersity of the P3HT sample and (ii) the better control of

Figure 3. Rotation-tilt experiment performed on an oriented P3HT
film (7.9 kDa) grown by slow-rate directional crystallization in TCB.
The sample shows initially a (0 1 0) contact plane ([0 1 0] zone). A tilt
around the « axis by ~40° yields the ED pattern typical of the [0 1 —1]
zone with some contribution from the [0 1 1] zone. A tilt of the sample
around the ¢ axis by 35° yields an ED pattern corresponding to the
superposition of the [—1 k 0] zones with k=1, 2, and 3.

the growth kinetics of the TCB crystals by using a slow and
controlled growth rate. The low M, and polydispersity of the
P3HT fraction should ease the crystallization of extended
P3HT chains in the form of lamellar domains without chain
folding. Additional experiments to investigate the impact of
TCB growth rate on the orientation of P3HT are currently in
progress.

2. Rotation-Tilt Experiments. Extended areas (several
hundreds of um?) of P3HT films with uniform in-plane
orientation and a well-defined contact plane are very usefull
to investigate in more details the structure of P3HT by
rotation-tilt ED experiments. Tilting the sample around
identified crystallographic directions in the TEM yields
different sections of the reciprocal space which can be used
to further refine the crystal structure of the polymer. It is in
particular useful to identify the reflection rules, i.e., the space
group of the crystal structure.

Figure 3. depicts the result of a first rotation-tilt experi-
ment on a P3HT sample with (0 1 0) contact plane. The tilt of
the sample around the a axis by 6, ~ —40° yields an ED
pattern which is typical of the [0 | —1] zone. It is worth noting
that the same ED patterns are obtained by titlting the sample
at +6, or —0, around the « axis. This is quite different if the
sample is tilted around the ¢ axis. When 6, ~35°, a pattern
almost identical to that of Figure 2.c is obtained, which
corresponds to the overlap of the contributions from the
[1 =2 0], and the [1 —3 0] zones. As seen in Figure 4, for
0. = —40°, the ED pattern is clearly distinct from that
observed for 6. = +40°. As shown hereafter, the two tilts
correspond to two specific orientations of the electron beam
with respect to the P3HT chains, namely parallel and per-
pendicular to the n-hexyl side chains (see insets in Figure 4).

Figure 5 illustrates the second rotation-tilt experiments
on a P3HT sample area showing a typical (0 1 1) contact
plane. This contact plane is interesting because, as shown in
the insets of Figure 5, a tilt by ~ 4+45° around the «a axis gives
rise to the [0 0 —1] zone whereas a tilt by ~ —45° yields a
pattern corresponding to the [0 —1 0] zone. Indeed, as
expected from our previous work,'? the ED pattern of the
[00 —1]zone shows the h 0 0 equatorial reflections (h=1, 2, 3)
and the typicalh 20 (=0, 1, 2, 3) reflections on the first layer
line.

3. Determination of the Space Group and Structural Re-
finement. As demonstrated recently in the case of PFO and
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Figure 4. Rotation-tilt experiments on an oriented thin film of P3HT
(7.9 kDa) grown by slow-rate directional crystallization in TCB and
showing a (0 1 0) orientation. For a 6.~40° tilt around the ¢ axis, the
electron beam (k) is approximately parallel to the n-hexyl side chains
(see the insets). For 6.~ —40°, k. is almost perpendicular to the side
chains. Note the quasi absence of reflections on the | = + 1 layer lines.

-45° (a-axis)

Figure 5. Rotation-tilt experiment performed on an oriented P3HT
film grown by slow-rate directional crystallization. The ED pattern from
the nontilted sample corresponds to the [0 —1 —1] zone. The ED pattern
of the [0 0 —1] zone is obtained by a tilt of 6, =45° around the a axis
whereas a tilt of 8, = —45° yields a pattern corresponding to the [0 —1 0]
zone. The insets show the relative orientation of the unit cell and the
incident electron beam with scattering vector k.

PF2/6, the possibility to record numerous diffraction pat-
terns corresponding to different zone axes allows to identify
the reflection rules and determine the space group of the
crystal structure. The observed reflection rules are:

00/, with / = 2n (n is an integer) (1)
0k0, with k = 2n (2)

and
(h k0) with k = 2n (3)

They are compatible with a P2;/c space group with umque
axis ¢.?® This space group has also been considered in the
recent study by Arosio et al. on form I’ of poly(3-butyl-
thiophene).'* With this space group and the determined cell
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Figure 6. Schematic drawing of the P3HT structural model defining the
angles 01, 6>, 03, and 0,4 used for the structural refinement. 64 = 0° when
the plane containing the all-trans zigzag of the n-hexyl chain is oriented
parallel to the (a, b) plane.

parameters, we need to define the atomic coordinates of one
monomeric unit only, all three others being symmetry-
related to it. To construct a molecular model of the poly-
thiophene backbone, we used the atomic coordinates reported
for o-sexithiophene (0-6T).>”*® n-hexyl side-chain with an
all-trans conformation was “attached” to the thiophene
monomer in the position 3. The all-trans planar zigzag
conformation has been established by Tashiro et al. using
FTIR spectroscopy.?’ The position of the 3-hexylthiophene
monomer in the cell was refined so as to obtain a correct
polythiophene backbone conformation with a thiophene—
thiophene bond length of 0.145 nm and proper bond angles
as observed for instance in a-6T.%"

In a second step of the structure determination, the poly-
mer backbone and the side-chain orientations in the unit cell
were determined. To this aim, we used rotational angles
labeled 04, 6>, 05, and 0,4 as defined in Figure 6. For a given
geometry of the monomer, we calculated the ED patterns for
the three zone axes[0 1 0],[00 1]and [0 1 1], i.e., for the most
representative experimental ED patterns. The structural
model was progressively improved by trial-and-error so as
to yield the best agreement between the three calculated and
experimental ED patterns. It must be emphasized that,
contrary to the direct methods based on quantitative inten-
sity data, the present approach is based on a qualitative
comparison of the peak intensities.’® Nevertheless, this
qualitative aspect is counterbalanced by the fact that the
best possible agreement between calculated and experimen-
tal patterns must be reached for a set of three different zone
axes. The main guidelines and steps used in the present
process are as follows.

A remarkable feature of the [0 0 1] zone ED pattern is the
asymmetric intensity of the reflections on the first and second
layer lines (see Figure 7 in ref 10). This asymmetry is essen-
tially determined by the 6; and 6, angular orientations
of the backbone and the side chains in the (@, b) plane.
Moreover, this asymmetry is not compatible with the side-
chains pointing alternatlvely up and down in successive
layers along the @ axis, as proposed by Prosa et al.'' As a
matter of fact, two combinations of (6, 6,) allow to repro-
duce the asymmetry of the [0 0 1] pattern namely (16°, 44°)
and (—25°, 29°). However, in the former case, the intensity
sequence of the h 0 0 reflections does not fit the experimental
data (the calculated intensity /5 is clearly underrated as seen
in Figure S3). In the latter case, a very good agreement
between calculated and experimental ED patterns for this
[0 0 1] zone is obtained i.e. ; =-26 £ 5° and 0, =29 £ 5°.
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Figure 7. Calculated (left) and experimental (right) electron diffraction patterns corresponding to the determined crystal structure of P3HT for three
different zone axes. The presence of additional reflections on the first layer line of the [0 0 1] zone is related to a twinning within the crystalline P3HT

lamellae (the (b,c) plane is the twinning plane).

When determining the orientation of the all-trans n-hexyl
side chain in the (a, ¢) plane, the intensities of the reflections
in the [0 1 0] zone ED pattern are most useful. The absent
004 and the weak 0 0 6 reflections as well as the extinction of
the (70 1) reflections with 1=1, 2, 3 (see Figures 2 and S2) are
most characteristic. These features depend on three main
parameters: (i) the relative shift d. along the ¢ axis between
the two chains (see Figure 6), (ii) the orientation of the planar
zigzag conformation of the hexyl group relative to the (a, ¢)
plane (64 angle) and (iii) the 65 angle, i.e., the projected
direction of the side chain in the (a, ¢) plane.

The quasi-absence of all (4 0 1) reflections (except for a
weak 4 0 1) is only possible if 83 =0° i.e. the hexyl side chains

are oriented perpendicular to the polythiophene backbone.
In Figure S4 of the Supporting Information, we depict the
calculated ED pattern when 63 is set to a value of 3°.
Additional 10 1 and 2 0 1 reflections appear in the ED pattern
of the [0 1 0] zone. The fact that 63 =0° is clearly different from
the strutural model of P3HT of Maillard and Rochefort (65 =
34°) and of the model of form I’ of regioregular poly(3-
butylthiophene) (P3BT) by Arosio et al.'>™ These structural
models were based on DFT calculations and a combination of
Rietveld refinement of a X-ray powder pattern combined with
molecular mechanics calculations, respectively.

Once, the side chain orientation is defined, one needs to
define the orientation of the plane containing the n-hexyl side
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Figure 8. Projections of the P3HT crystal structure along the a, b, and ¢
axes of the unit cell.

chain with the all-trans conformation, i.e., the 64 angle. A
critical test is the weakness or even the absence of the 0 0 4
reflection (see Figure S2). If the plane of the n-hexyl chain is
set perfectly parallel to the (a, b) plane (64 =0°), the calculated
0 0 4 reflection is relatively strong whatever the relative shift
d. between the two chains in the cell. Actually, there is only
one peculiar combination of the relative shift 6. and 0, for
which the 0 0 4 is absent and a weak 0 0 6 is present.

The calculated ED patterns for the crystal structure of
P3HT determined by these means are compared with the
experimental patterns in Figure 7. For all zone axes, the
agreement between the intensities of the most intense reflec-
tions in the calculated and experimental patterns is good. In
particular, the intensities of the /2 0 0 reflections follow the
sequence [0 > oo > L300 > ILs00 (see Figure 7a). Moreover,
the calculated ED pattern for the [0 0 1] zone reproduces well
the asymmetry of the principal reflections of the first and
second layer lines and the relative intensities of the # 0 0
reflections with respect to the & 2 0 reflections is also
respected. Similarly, the calculated fiber pattern, shown in
Figure S5 of the Supporting Information, compares well
with the ED pattern obtained for oriented P3HT with M, =
18 kDa.'*?? Some discrepancies are however observed be-
tween calculated and experimental patterns. The experimen-
tal [0 1 0] ED pattern in Figure 7 shows that the 0 0 2
reflection is not as sharp as the h 0 0 reflections and that the
observed intensity of this reflection is not as high as in the
calculated pattern. In our previous HR-TEM study, we have
shown that the size of the crystalline domains in the direction
parallel to the chains is approximately 7 nm whereas in the
direction of the « axis, the crystalline domains extend over
50—100 nm.>* The calculated ED pattern do not take into
account this in-plane anisotropy of the crystal size but only
the thickness of the diffracting domains. Accordingly,
one possible explanation for the low intensity of the observed
0 0 2 reflection could be the limited size of the crystalline
domains along the ¢ axis direction. One additional origin for
the week 0 0 2 could be the presence of structural disorder
along the chain axis direction as induced for instance by
regioregularity defects.

4. Major Features of the P3HT Crystal Structure. The
projections of the P3HT crystal structure as seen along
the a, b, and ¢ axes of the unit cell are shown in Figure 8.
The present model bears some similarity with the model 3
of Tashiro et al.'® (except for the unit cell parameters) and
with the structure proposed by Maillard and Rochefort'” (see
Table 2). There are however significant differences.'> The
structure by Maillard and Rochefort predicts a s-stacking
distance of 0.342 nm that is shorter than the repeat period
of the P3HT chains along the b axis which amounts to
0.39 nm."*'? In the present structural model, the stacking
distance of polythiophene backbones is also equal to 0.39 nm
(h/2) which is much larger than the interPlanar distance of
0.34 nm obtained from DFT calculations.'> A simple way to
reconcile both these values is to tilt the conjugated backbones
(61 angle) with respect to the stacking axis (b axis) similarly to
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Figure 9. Rectangular subcell accounting for the packing of the n-hexyl
side chains in the crystal structure of P3HT. (a) projection along the
n-hexyl side chain direction (corresponding to the direction [1 2 0] in the
unit cell of P3HT) and (b) projection along the b, axis of the orthogonal
subcell.

what is observed in the columnar stacks of phthalocyanine
molecules.”® As seen in Figure 8, a 26° tilt of the polythio-
phene conjugated backbone to the b axis leads to a rather
short interplanar distance of approximately 0.34 nm and
leads to a good agreement of the calculated and experimental
ED patterns for the [0 0 1] zone."” In this manner the present
structural model reconciles the stacking period of 5/2 =0.39
nm along the b axis and the existence of a short interplanar
st-stacking of the polythiophene backbones as predicted by
the DFT calculations of Maillard and Rochefort.">

A further important difference with the model of Maillard
and Rochefort deals with the relative shift d. between two
chains in the unit cell along the ¢ axis (see Figure 6). In their
model, . is set equal to a multiple of /2. The structural
evidence gathered in this study, especially the intensity
distribution of the 0 0 1 reflections indicates clearly a
different relative shift between the two P3HT chains in the
unit cell along the ¢ axis. The same holds true for the crystal
structure of form I’ of P3BT proposed by Arosio et al.'™*

The packing of the n-hexyl side chains in the structure of
P3HT is particularly interesting. Figure 9 displays the pro-
jections of the n-hexyl side chain along the chain axis and
alonga direction perpendicular to it. Overall, the n-hexyl side
chains are separated by a distance of ~0.56 nm, which is
larger than the expected distance between polyethylene
chains (~0.435 nm).*' These n-hexyl side are actually ar-
ranged in a centered rectangular subcell with parameters a, =
0.7 nm and bs = 0.78 nm, yielding a cross-sectional area per
chain of ~0.27 nm”. This subcell happens to be substantially
larger than the O subcell proposed by Kitaigorodsky (a5 =
0.743 nm and b= 0.501 nm).>" However, in the present case,
the plane of the n-hexyl zigzag is oriented parallel to bg axis
whereas in the O, cell, it is tilted to this direction, allowing
for a denser packing. Moreover, it should be kept in mind
that the short n-hexyl side chains are fixed at one of their ends
on the polythiophene backbone. In spite of this conforma-
tional restriction, they are able to adopt an orientation in
the cell that results in a relatively ordered Eacking, not a
disordered one as proposed by Kline et al.>* This peculiar
side-chain packing was not possible in the models of Arioso
et al. on form I’ of P3BT since the butyl side chains are not
oriented perpendicular to the polythiophene backbone.'*!?
In the structural model of form I’ of P3BT, the butyl
side chains are too short to allow for a regular packing
whereas the longer n-dodecyl side chains are reported to be
interdigitated."

It would be very interesting to analyze whether the pecu-
liar z-stacking of the polythiophene backbones in P3HT is
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dictated by the crystallization of the n-hexyl side chains or,
if it is the z-stacking of the polythiophene backbone that
enforces the stacking of the n-hexyl side chains. It seems
that the shift J. between the conjugated backbones of
the successive P3HT chains is determined to some extent
by the packing of the n-hexyl side chains in the direction
of the « axis. This situation reminds that encountered pre-
viously in the case of PFO for which the linear n-octyl
side chains crystallize in a rather specific manner, forcing
the polyfluorene backbone to adopt a more or less planar
conformation.”

There is another remarkable characteristic of the P3HT
structure refined herein, namely the fact that, contrary to the
previous studies, the n-hexyl side-chains are oriented in a
plane perpendicular to the conjugated polythiophene back-
bone (0;=0°). This structure bears an intrinsic advantage with
respect to chain folding. As reported by Arosio et al., if 637#0°,
itisnecessary to distinguish so-called “up” and “down” chains
in the crystal (see Figure 8 in ref 14). This implies that folding
P3HT chains cannot re-enter a lamellar crystal at any position
and, hence, restricts the fold structure, contrary to the situa-
tion observed for our structural model of P3HT.

4. Conclusion

A structural model of P3HT has been determined by electron
diffraction and rotation-tilt experiments on highly oriented
P3HT films grown by a slow rate directional epitaxial crystal-
lization method. For relatively low M, P3HT, this growth
method generates extended oriented areas with different contact
planes including edge-on and inclined crystalline lamellae. The
structural model underlines the importance of the n-hexyl side
chains in the crystallization of P3HT as well as the existence of
short s-stacking distances (0.34 nm) between successive poly-
thiophene backbones. The crystal packing in P3HT is not only
determined by the strong zr-stacking interactions along the b axis
but also by the n-hexyl side chains crystallizing in a rectangular
subcell. From the methodology standpoint, this work illustrates
the possibility to investigate the structure of a complex conju-
gated polymer like P3HT by using the qualitative analysis of
various ED patterns corresponding to well-defined zones, com-
bined with molecular modeling. This starting model might
further be improved by using so-called “direct methods” based
on the quantitative analysis of intensity data.
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