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Abstract

The large majority of semiconducting polymers based on poly(alkylthiophene)s with
either linear or branched alkyl side chains are reported to m-stack in their crystalline
phases. In regioregular poly(3-(2,5-dioctylphenyl)thiophene) (PDOPT), however, n—n
interactions are absent due to the presence of the bulky 2,5-dioctylphenyl side groups.
In this work, high levels of crystallinity and orientation are created in thin films of
PDOPT aligned on substrates of naphthalene by slow directional epitaxial crystallization
of the side chains. Depending on molecular weight, both edge-on and flat-on lamellar
crystals are obtained. As for poly(3-hexylthiophene) (P3HT), electron microscopy
imaging reveals a transition from extended to folded chain crystallization in PDOPT for
Mn = 12.7 kDa. The high orientation and crystallinity result in high anisotropy in UV-vis
absorption and photoluminescence with well defined vibronic structures. The single-
crystal-like electron diffraction patterns are further used to refine a structural model of
PDOPT (a=29.09 A, b=10.45 A, c=7.72 A, a=B=y=90° and space group P21/c). Uniquely,
crystalline PDOPT features perfectly planarized chains despite the absence of n-stacking
between polythiophene backbones. The octyl side chains are interdigitated and
crystallize in a dense subcell which is compared to that of other semiconducting
polythiophenes e.g. form I poly(3-hexylthiophene) and poly(2,5-bis(3-dodecyl-2-
yl)thieno[3,2-b]thiophene) to draw a trend between overall crystallinity and density of
the side chain packing.
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I. Introduction.

Conjugated polymers (CP) are of central importance in material science due to their
unique optical and electronic properties that can be tuned by macromolecular
engineering.12 Moreover, CPs are easy to process from solution to yield large thin film
surfaces at low cost. However, small changes in the side chain substituents modify not
only their processing from solution but also their supramolecular packing which
controls the final electronic properties in thin films.3-8 The role and impact of side chain
regioregularity and ordering is essential as it determines the degree of planarization of
the conjugated backbone, and the extent of n-stacking upon crystallization.® The
disordering of side chains, e.g. upon a crystal to liquid crystal phase transition, can
induce a twisting of the backbone, i.e. a rupture of conjugation that may result in a
characteristic thermochromism.1® As a general rule, disorder in the m-stacking of
semiconducting polymers such as P3HT and PBTTT determines the energetic disorder
that controls charge mobility in layers of n-stacked chains.!!

At present, the influence of the side chain structure on charge transport is only
poorly understood. One of the reasons might be that precise structural models of
polythiophenes with different side chains are still relatively scarce. The inherent
disorder of these semi-crystalline materials rests in the coexistence of crystalline and
amorphous domains, and makes their structural refinement particularly challenging.
Structure modeling based on grazing incidence X-ray diffraction (GIXD) or TEM data
showed that alkyl side chains can be either interdigitated12-14 as in PBTTT and form II of
P3HT, or not interdigitated as in form I P3HT.!> Recently, structural models of a P3HT
oligomer and an analogue with branched 2-ethylhexyl side chains were investigated.16

Valuable structural data can be obtained from GIXD on non-oriented films and used to



elaborate some structural models of CPs. However, limited structural data can impede a
reliable space group determination which is essential in the structural modeling of CPs
as it defines the symmetry relation between monomeric units in a unit cell. Space group
identification can only be done properly by using single-crystal-like diffraction patterns
obtained from highly oriented or, more rarely, from CP single crystals.12

For all these reasons, it is essential to develop means to grow polymer films with
well defined orientation and high crystallinity that yield single-crystal-like diffraction
patterns suitable for structural refinement. Different strategies have been used to reach
such characteristics in CP films. To cite but a few: epitaxy and directional epitaxial
crystallization (DEC)1718, friction transferl®, controlled solvent vapor annealing
(SVA)20.21 and high temperature rubbing.22-24 Controlled crystallization through self-
seeding helped to refine the structure of form II of P3HT from well defined single crystal
domains.!? However, the preparation of such single crystals is usually tedious and
therefore alternative approaches to prepare highly crystalline CP films are required.
Epitaxial crystallization of CPs is an effective method to reach very high order and
crystallinity as demonstrated recently.17.1821.25-28 Directional epitaxial crystallization of
P3HT and PFO was obtained with 1,3,5-trichlorobenzene (TCB) as a substrate.17.27 When
using slow directional crystallization of TCB, it was possible to obtain very high
orientation of both polymers over large surfaces.26 Such highly oriented systems are
ideally suited for structural refinement using electron diffraction.1> In epitaxied PFO
films, almost single-crystal like diffraction patterns were used to establish a structural
model of the a-polymorph.27
Herein we report that epitaxy on naphthalene can lead to high degrees of orientation
and crystallinity of a  phenyl-substituted poly(thiophene), poly(3-(2,5-

dioctylphenyl)thiophene) (PDOPT). PDOPT crystallizes well despite the presence of



bulky 2,5-dioctylphenyl side chains (see Figure 1.a).* Sommer and coworkers reported
on the first synthesis of highly regioregular PDOPT and the growth of micron-sized
spherulites using isothermal crystallization, for which a high degree of regioregularity
was crucial.29:30

In the present contribution, thin films of highly oriented and crystalline PDOPT with
single-crystal-like diffraction patterns are prepared by slow directional epitaxial
crystallization on naphthalene for different samples with molecular weights My sec= 6-38
kDa. Liquid naphthalene is a solvent for PDOPT but becomes a substrate for epitaxy of
PDOPT in its crystalline form. The influence of M, on the film morphology has been
investigated by TEM and electron diffraction. From single crystal-like diffraction
patterns a structural model is determined which shows that the polythiophene
backbone is highly planar despite the absence of m-T ineractions. Polarized UV-vis and
fluorescence measurements are also used to investigate the impact of orientation and

crystallinity on the thin film optical properties.

Il. Experimental section

a) Materials
Naphthalene with 99% purity was purchased from Sigma Aldrich. The synthesis of the PDOPT
samples proceeds via Kumada catalyst transfer polycondensation and is described in detail
elsewhere.”® The study of the molecular weight of PDOPT on its structural characteristics
was made on a set of six polymer batches with M,, in the range 6.2-37.6 kDa. The relevant
macromolecular parameters were obtained by size exclusion chromatography (SEC) and are

summarized in Table 1 (Figure S1).



Table 1. Macromolecular data of the PDOPT samples.

M4 [kDa] My [kDa] PDIe DP,,
6.2 6.7 1.08 16.2
7.8 8.7 1.12 20.4
9.2 12.1 1.31 24.1
12.7 19.8 1.56 33.2
21.0 36.1 1.72 55.0
37.6 74.4 1.97 98.4

aPolydispersity (PDI)index and degree of polymerization (DP.) obtained via SEC in
THF with polystyrene standard.

b) Thin film preparation
Epitaxied thin films are prepared by using a modified directional epitaxial crystallization
method. In brief, it consists of using a crystallizable solvent (naphthalene) playing
successively the role of (i) the solvent for PDOPT in its liquid form and (ii) once crystallized,
the substrate for the epitaxial crystallization of the polymer. The process implies several
steps described elsewhere.** In brief, a solution of PDOPT (1 mg)/naphthalene (200mg) is
spread between two clean glass slides by capillary forces. One glass substrate is coated with
an oriented film of PTFE to guide the in-plane crystallization of napthalene. The sample is
moved in a home-made system allowing for a local zone melting of naphthalene at a setting
temperature of 113°C and a translation speed of 20 um/s (see Figure 1.b). After directional
crystallization of naphthalene, the PDOPT films are orange, indicating that they are non-
crystalline, presumably because the PDOPT film is still swollen with naphthalene. The films
are placed in a freezer at -6°C for one minute to lower the high vapor pressure of
naphthalene and induce crystallization of PDOPT, indicated by a color change to violet-

purple. The films remain crystalline at room temperature. Naphthalene is removed by



sublimation under a primary vacuum , leaving a highly oriented film of PDOPT on the glass

substrate.

c) TEM analysis

Oriented areas are selected by optical microscopy (Leica DMR-X microscope) for TEM
analysis. A thin carbon film is evaporated onto the PDOPT films using an Auto 306
evaporator (Edwards). The sample is removed from the glass substrate by floating the films
on a 5 wt% aqueous HF solution and recovered on copper grids. TEM is performed in bright
field, high resolution and diffraction modes using a CM12 Philips microscope equipped with
a MVIII (Soft Imaging System) CCD camera. Specific conditions for low dose diffraction are

given elsewhere ***

Calibration of reticular distances is performed by using an oriented
poly(tetrafluoroethylene) thin film.

Molecular modelling is performed on a Silicon Graphic station using the Cerius2
program (Accelrys). A trial-and-error procedure was used to refine the crystal structure of
PDOPT, following the methodology used previously for P3HT**, PF8* and PCPDTBT*® and
conjugated co-oligomers®’. For each step of the trial-and-error method, the molecular
geometry is optimized using the “clean” procedure of the Cerius2 3.0 Program (additional
information on this procedure is available in the User’s guide on Modeling Environment). For
the single crystal diffraction calculations, a crystal thickness of 30 nm was used. Energy

minimization was performed using the minimizer module of the Cerius2 program and the

United Force Field UFF1.1.

d) Polarized UV-vis and fluorescence spectroscopy



Polarized UV-vis absorption spectroscopy was performed using a Varian Carry 5000 UV-
VIS-NIR spectrometer with polarized incident light. The photoluminescence of PDOPT
films was measured with a Jobin - Yvon FluoroMax 4 spectrofluorimeter with a slit
width of 3 nm for both the excitation and the detection. Excitation was performed at a

wavelength of 540 nm.

II1. Results and discussion

1. Evidence for orientation (POM, UV-vis spectroscopy)

Directional epitaxial crystallization is an effective method to achieve high orientation
and alignment of conjugated semiconducting polymers. 1,3,5-trichlorobenzene in its
liquid form (T>63°C) is a perfect solvent for P3HT and PFO whereas when it crystallizes,
it becomes the substrate for the epitaxial growth of the polymer. The effectivity of a
crystallizable solvent such as TCB is related to the possibility for an epitaxial
crystallization i.e. a registry between the substrate and the polymer crystal unit cell
parameters in at least one direction (1D epitaxy).1” For P3HT, 1D epitaxy was evidenced
on TCB substrates. Attempts to use TCB failed in the case of PDOPT, but naphthalene
(NA) proved to be very efficient to induce orientation of the polymer. As opposed to
TCB, NA is a non chlorinated solvent with low melting temperature (80.5°C) and
sublimes easily under primary vacuum at room temperature. Large surfaces of oriented
films are produced in a home made zone melting system as shown in Figure 1.b. The
growth front of NA moves at 20 pum/s which yields NA crystals elongated in the
direction of the ana axis with a dominant (0 0 1) contact plane (monoclinic crystal
structure : a= 8.094, b=5.954, c=8.654, p=124.4°) . 38

Figure 1 shows the polarized optical microscopy images of two highly oriented

PDOPT films of different Mys grown by slow directional epitaxial crystallization. Both



PDOPT samples exhibit remarkable orientation as illustrated by the color change from
deep purple/red to almost colorless when the light polarization (Pol) changes from
parallel to perpendicular with respect to the chain direction. The alignment of PDOPT
chains along the fast growth direction of naphthalene is epitaxial as demonstrated by
TEM (vide infra).

Further evidence for the high alignment is supported by polarized UV-Vis and
photoluminescence (PL). Figure 2 illustrates the high anisotropy observed in absorption
and PL for PDOPT films with 6 kDa and 21 kDa oriented by slow-DEC on NA, resulting in
dichroic ratios in the range 8-10 for absorption and PL. These values are higher than
those observed by micro-photoluminescence on spherulites, presumably due to a higher
level of in-plane orientation of crystalline domains in the epitaxied films whereas a splay
of the lamellar orientations is common in spherulites.30

Most interesting is the well defined vibronic structure in the PL of all PDOPT
films. The PL spectra are well modeled with a single Franck-Condon progression (see
Figure S2). The obtained Huang-Rhys factor S in the range 0.69 - 0.77 indicate a small
electron-phonon coupling.3? Fitting with a single F-C progression suggests that a single
emitting species is involved in PDOPT films. In contrast, thin films of P3HT cooled from
the melt have two H-type aggregate emitting species.* This difference might be related
to the absence of n—n stacking in PDOPT for which inter-chain excitonic coupling might
be very small as opposed to P3HT. However, the UV-vis absorption spectrum for Pol //
cepoprt (see Figure 2) is very similar to that of P3HT and cannot be accounted for by a
single vibronic progression : it contains the signature of excitonic coupling in the crystal.
From previous analyses of the vibronic structure in crystalline P3HT, the predominance
of the 0-0 vibronic component over the 0-1, is indicative of highly planarized chain

segments in the crystaline domains. This is accordingly also the case for PDOPT as
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demonstrated further by TEM. The absorption spectra for Pol L cppopr are less
structured and in general blue-shifted relative to Pol//cppopt. This results from the
semi-crystalline lamellar morphology of the PDOPT films. For Pol L cppopt, the UV-vis
absorption spectrum is dominated by the non structured absorption of amorphous, non-
oriented PDOPT domains as also observed previously in oriented PBTTT and P3HT
films.2224 This result points to the semi-crystalline structure of PDOPT, that is again

further evidenced by TEM.

a) b) Clean glass
PDOPT/Naphthalene
Local Melting of PDOPT/ EIEE coatad glase
A
S ’n

Figure 1. (a) Chemical formula of PDOPT. (b) Setup used for the growth of oriented
PDOPT films by directional epitaxial crystallization. It consists of a heated pyramidal
base kept at a setting temperature of 113°C. Upon moving the PDOPT /naphthalene
blend between two glass substrates, local melting causes the crystallization front of
naphthalene to grow steadily at 20 um/s. (c) - (f) POM images of highly oriented PDOPT

films with My= 6.2 and 21 kDa. The direction of the PDOPT chains is indicated by a blue
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arrow whereas the direction of the polarization of the incident light is indicated by a

double arrow.
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Figure 2. Comparison of the polarized absorption and photoluminescence of highly
oriented and crystalline PDOPT films prepared by slow DEC on naphthalene for two
different molecular weights. All curves in black (resp. red) correspond to the absorption
measured with incident light polarization parallel (resp. perpendicular) to the chain
direction and the emission polarized parallel (resp. perpendicular) to the chain
direction. The spectra obtained for Pol//cppopr are normalized to 1. For the
photoluminescence, the excitation light (A= 540 nm) was polarized parallel to the chain

direction.
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The structure and morphology of the epitaxied PDOPT films was examined by
TEM. Figure 3 compares the bright field and diffraction patterns of the PDOPT films
(My=21 kDa) obtained by doctor-blading from ortho-dichlorobenzene (ODCB) (a),
isothermal crystallization at 100°C for 24 hrs (b) and epitaxy on NA (c). All samples
consist of lamellar edge-on crystals but the lamellar periodicity depends on the
preparation conditions: 16 nm for doctor bladed films, 20 nm for isothermal
crystallization at 100°C and 27 nm for the epitaxied films. The in-plane dimensions of
crystalline lamellae and their relative organization are also a function of the preparation
conditions. The smallest lamellar periods are observed for the doctor-bladed films
(Figure 3a). In this case, there is no control of the relative orientation between
crystalline lamellae contrary to the isothermally crystallized samples that show
spherulites in POM (see Figure 3.b) whose birefringence reflects the ordered
arrangement of lamellae. Successive lamellae in PDOPT spherulites show a
characteristic splay that results from the loss of local relative in-plane orientation
between successive lamellae when moving from the center to the periphery of the
spherulites. In strong contrast, perfect in-plane orientation of the PDOPT lamellae is
observed in the epitaxied films over several hundreds of microns, due to the alignment
induced by the naphthalene substrate. The ED patterns of all three PDOPT samples show
reflections with identical reticular distances indicating that the same polymorph is
obtained in all cases, independently of the preparation method. Structural similarities
are also manifested in very similar UV-vis absorption spectra obtained for all three
samples (Figure S3). Only a stronger contribution of the 0-2 vibronic component is

observed for the epitaxied film.
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Figure 3. Comparison of the bright field TEM images and corresponding diffraction
patterns of the PDOPT films (Mn= 21 kDa) obtained by doctor-blading from ODCB (a),
isothermal crystallization at 100°C for 24 hrs (b) and epitaxy on NA (c). The arrow in (c)

indicates the in-plane direction of the PDOPT chains.
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2. Effect of molecular weight on structure, morphology and optical properties
a) Lamellar periodicity

The morphology of the epitaxied films was observed in Bright field TEM (Figure

4a-d). Figure F.d features the evolution of the total lamellar period L as a function of
Mn.17 The regular lamellar structure is characteristic of semi-crystalline polymers and is
similar to that observed previously for P3HT films oriented on TCB.17 The contrast in the
BF images is between amorphous interlamellar zones and crystalline lamellae of
PDOPT.17 In all PDOPT films, highly oriented lamellae are observed with edge-on
orientation. PDOPT lamellae with very uniform thickness are formed for M,=7.8 kDa
whereas for My> 21 kDa strong fluctuations in the lamellar thickness result in peak
broadening in the fast Fourier transforms (FFT) of the BF images. Molecular weight
dispersity might be responsible for this behaviour, at least in part (see Table 1).2° The
lamellar periods L obtained from FFTs of the TEM images reveal a clear trend with Mj,
shown in Figure 3.e. For My<12.7 kDa, L scales with M, whereas for M,>21 kDa, L
saturates at ~29 nm. This trend is similar to that observed for epitaxied P3HT films (see
Figure 4.e). It indicates that PDOPT chains with My< 12.7 kDa tend to crystallize with
extended chains whereas for My> 21 kDa, chain folding comes into play.1841 Such a
transition in the crystallization mode is characteristic of semi-crystalline polymers. The
comparison with P3HT is further instructive in that the L values at saturation for the
folded chain systems are almost identical and close to 28-29 nm for both P3HT and
PDOPT. This similarity suggests that the upper L of 28-29 nm observed in folded-chains
of polythiophenes is only marginally determined by the nature of the side chains : it is
therefore a characteristic of the polythiophene chain folding, irrespective of the side

chain.
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Figure 4. a) - d): Evolution of the semicrystalline lamellar morphology in oriented
PDOPT as a function of molecular weight (M,) as observed in bright field TEM. e)
Evolution of the average lamellar periodicity as extracted from the fast Fourier
Transform of the TEM BF images. As a comparison, the lamellar periodicites L, observed
in a previous study on epitaxied P3HT are also shown as a function fo the degree of
polymerization DP,.18 f) Evolution of the melting temperature T, measured by DSC as a
function of the total lamellar periods L measured by TEM for PDOPT samples with
different molecular weights. The full line is the result of a linear fit following a Gibbs-

Thomson analysis (see text).

16



A Gibbs-Thomson analysis was attempted using the melting temperatures determined
by DSC?° and the lamellar periods measured by TEM for PDOPT samples of different Mp.
The correlation between the melting temperature Tn and the lamellar period L of

polymer crystals follows usually the equation?2:

T, =T£{1— 2 J W

where T is the equilibrium melting temperature of a PDOPT crystal with infinite size,
AHy, is the equilibrium enthalpy of melting for a crystal of infinite size and o is the
crystal surface free energy. As seen in Figure 4.f, a very good agreement is obtained
when the experimental values of T, measured by DSC are plotted versus 1/L, yielding a
value T =127.6°C£1°C. It must be stressed that this relation seems to hold true even if
the melting temperatures are measured for PDOPT powders and not epitaxied PDOPT
films, suggesting that the lamellar periods observed in the powders of the different
PDOPT samples should be comparable to those observed in the films grown by epitaxy.
At present, the value of AHn for a 100% crystalline PDOPT sample remains unknown,
making the extraction of ce from equation (1) difficult. Additional efforts are currently in

progress to determine AHm of 100% crystalline PDOPT.

b) Electron diffraction

In our previous study on the impact of M, on the structure and morphology of
P3HT films prepared by slow DEC, the samples of lower M, showed the most well
defined ED patterns, indicating that crystallinity was most pronounced for shorter
chains. Figure 5 shows the evolution of the ED patterns of oriented PDOPT films with

increasing My. All the ED patterns show the same characteristic reflections, indicating
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that a single polymorph with one dominant contact plane is formed on naphthalene.
This same polymorph is present in films prepared by doctor-blading and isothermal
crystallization. The main reflections are indexed with an orthorhombic unit cell
(a=29.14, b=10.5 & and c=7.724, a=p=y=90°). All ED patterns correspond to the [1 0 0]
zone with very intense 0 0 +2, 0 +2 1 and 0 2 1 reflections forming a hexagonal-like
pattern (dooz = 3.86 A and doz21 = 4.33 A). As shown hereafter, this pseudo-hexagonal
pattern is similar to that of polyethylene single crystals and is a fingerprint of the
regular packing of the n-octyl side chains.*3> The pattern dominates the ED of PDOPT
films because the orientation of crystalline lamellae is such that the electron beam is
parallel to the n-octyl side chain axis, with the polythiophene backbones lying in the
plane of the substrate (see Figure 5.e). This contact plane is also observed in the doctor

bladed films and the spherulites after isothermal crystallization on SiO» substrate.
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n-octyl side chain ——
Phenyl ring ——

Figure 5. Comparison of the ED patterns for oriented films of PDOPT prepared by
epitaxy on naphthalene for different molecular weights (a)-(d). All patterns correspond
to the [1 0 O] zone i.e. the incident electron beam is parallel to the direction of the n-
octyl side chains of PDOPT. Note the progressive improvement in the structural
perfection of the PDOPT crystals as M, increases. (e) Schematic illustration of the

dominant orientation of the PDOPT crystals on the napthalene substrate.

With increasing M, the presence of higher order reflections with dnx up to 1.3 A-1

indicates a progressive improvement of crystalline order. This trend is a consequence of
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the increased total lamellar period. Larger values of L imply larger crystalline domains
in the chain axis (c axis) direction, hence, improved diffraction of crystallites. PDOPT
behaves therefore differently from P3HT whose crystallinity in epitaxied films was
observed to decrease with increasing Mn.18 This comparison points at the beneficial role

of the 2,5-dioctylphenyl groups on the crystallization of higher molecular weight PDOPT.

For PDOPT with My= 6.2 kDa, the majority of crystals have a (1 0 0) contact plane on
naphthalene i.e. like other molecular weights. However in some parts of the samples
(essentially the thinnest parts of the films), additional and different ED patterns
corresponding to a minority fraction of PDOPT crystals with two different contact planes
on naphthalene are identified. Figure 6, features these two additional and characteristic
diffraction patterns and the corresponding defocused ED patterns in proper relative
orientation to the ED. The two additional ED patterns can be indexed by using the same
structure as for the dominant orientation. They correspond to i) flat-on lamellar crystals
with standing PDOPT chains ([0 0 1] zone) and to ii) crystals of PDOPT with n-octyl side
chains flat-on the substrate plane ([0 1 0] zone) (see the schematic illustrations in
Figure 6e anf 6f). In both cases, the lamellae show up as light grey areas in the
morphology image (defocused ED) in contrast to the darker i.e. thicker edge-on lamellae.
For flat-on crystals, the quantized changes in grey levels reveal multilamellar
morphologies. The presence of the PDOPT crystals with standing chains for the 6.2kDa
sample reminds the case of P3HT films epitaxied on TCB.1826 Indeed, it has been shown
that P3HT crystals with standing chains are also observed for epitaxied films with low
molecular weight (7.3 kDa).18 In the case of P3HT, it was suggested that a mechanism of
homoepitaxy could explain the growth of flat-on lamellar crystals on edge-on crystals.

Such a mechanism is only possible for polymers crystallizing with extended chains i.e.

20



when the surface of the lamellar crystals is not made of folded i.e. disordered chains. In
other words, the presence of PDOPT crystals with standing chain for 6.2 kDa is a further

evidence for extended chain crystallization for such low My,.

[001] a) [010] b)

Standing
PDOPT chains

Figure 6. Selected area diffraction patterns and associated morphologies in 6.2kDa
PDOPT films observed for a minority of PDOPT lamellar crystals on naphthalene. The
corresponding defocused diffraction patterns feature the morphology of the diffracting
areas for the [0 0 1] (c) and the [0 1 0] zone (d). These orientations correspond to the [0
0 1] i.e. standing chains (a) and to the [0 1 0] zone (b). The schematic illustrations in (e)

and (f) show the orientation of the crystalline domains with respect to the substrate
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plane for the [0 0 1] and [0 1 0] zones, respectively. In (c) and (d), the arrows point at

flat-on PDOPT lamella crystals.

c) Epitaxy

The relative orientation of PDOPT on NA corresponds to: (1 0 0)pporr // (0 0
1)na and cppopt // ana (the growth direction of naphthalene using a Bridgman type of
growth corresponds to the (1 0 0)na direction38). To determine if epitaxy is a possible
mechanism for the observed orientation of PDOPT chains, it is necessary to compare the
unit cell parameters of the PDOPT overlayer and the naphthalene substrate. The
possibility for epitaxy is usually determined by the mismatch factors between the unit
cell parameters of the overlayer and the substrate.#* These parameters can be evaluated
for PDOPT on NA::

- along the chain direction : |cppopt - ana|/crporT~ 4 %

- perpendicular to the chain direction : |bppopr -2bna|/bpporr = 12%.
Only the mismatch parameter along the chain direction of PDOPT is below 10% which is
commonly considered as the upper limit for epitaxial growth. Accordingly, it seems that
the epitaxy of PDOPT on NA involves essentially a 1D epitaxial orientation mechanism.
This situation is close to that observed for P3HT epitaxy on TCB for which cp3ur//crcB
with a mismatch |cp3ur-2*creB|/cp3nt = 2.5%.17 As an illustration, Figure 7 features the
section profile of the PDOPT/NA interface. It shows that ordering of the n-octyl side
chains by 2D epitaxy on naphthalene is clearly the driving force for the alignment of
PDOPT since the polythiophene backbones are approx. 10 A away from the NA contact

plane.
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Figure 7. Structural model showing the section profile of the (1 0 0)pporr/(0 0 1)na

interface. Note the epitaxial growth condition cppopt//ana with |cppopt - anal/crporr~4 %
indicating that orientation of PDOPT chains is due to the 1D epitaxial orientation of the

n-octyl side chains on NA.

3. Structural model of PDOPT
The control of orientation and crystallinity in epitaxied films of PDOPT opens the route
to a structural refinement of this polymer. The trial-and-error approach followed herein
is similar to that used in our previous studies on form [ P3HT5, PFO%7 and PCPDTBT/F-
PCPDTBT.21 First, the different diffraction patterns obtained for different zone axes are
used to determine the selection rules of the observed reflections. The 35 - 40
independent reflections obtained from the collected ED patterns are indexed using an
orthorhombic unit cell with parameters a=29.14, b=10.5 A and c=7.724, a=B=y=90°, i.e.
unit cell dimensions essentially similar to those proposed by Aasmundveit et al. on the

basis of powder diffraction data.* In their case, the absence of diffraction data along the
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chain direction hampered the space group identification. This uncertainty is presently
aleviated. The following selection rules are identified and point to the P21/c space
group*s:

(h 0 0) with h=2n

(k 0 0) with k=2n

(001) with 1=2n

and (h k 0) with h+k=2n

Accordingly, the unit cell contains four monomer units related by the symmetry
conditions (x,y, z), (-x+1/2, -y+1/2, z+1/2), (-%, -y, -z) and (x+1/2, y+1/2, -z+1/2). As
expected for a regioregular PDOPT chain, successive monomers in a chain are related by
a 21 screw axis.

The structural refinement was performed in two steps. First, the best agreement
between calculated and experimental ED pattern was sought by a simple trial-and-error
approach. In a second step the lattice energy of this unit cell was minimized. The
experimental and the calculated ED patterns for the [1 0 0] and the [0 0 1] zones before
and after energy minimization are given in Figure 8. The corresponding projections of
the structural models are shown in Figure 9. After energy minimization, a final stable
structure that is very similar to the initial model (see Figure 9) was obtained. The
calculated ED patterns for both models are similar, indicating that the trial-and-error
approach leads to structural models that are relatively accurate first order solutions
even though the exact packing of the n-octyl side chains could only be obtained after
energy minimization. Closer inspection of the calculated ED patterns show some
differences because the energy minimization results in a small reorientation of the n-
octyl side chains in the unit cell. In the initial model obtained by trial-and-error

approach, n-octyl side chains are set parallel to the a axis, as in the model of
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Aasmundveit et al. # However, in this structure, the packing of n-octyl side chains was
not optimized. Only for the second model i.e. after energy minimization is a satisfactory
packing of the side chains obtained at the expense of a small tilt of the n-octyl side chains
to the a axis. The optimized model yields a substantial improvement of the [0 0 1] zone,
in particular the low intensity of the +1 1 0 reflection is well reproduced while in the
initial model it was strongly overestimated. A contrario, the strong 0 =1 2 reflection is
lost after energy minimization in the calculated [1 0 0] zone.

The refined model of PDOPT is close to that proposed earlier by Aasmundveit et
al.* The major improvement lies in the clearcut determination of the space group given
the highly defined ED patterns obtained for the [1 0 0] and [0 O 1] zones. In particular,
all other symmetry relations between monomers in the unit cell proposed as alternative
models by Aasmundveit et al. can be discarded because they lead to some unobserved
reflections in the diffraction patterns, e.g. 0 1 0 and 0 0 1 reflections.* PDOPT chains
have a perfectly planarized backbone, in agreement with the conclusions drawn from
optical properties. Contrary to most semi-conducting polymers such as P3HT or PBTTT,
the backbone planarization of PDOPT is not enforced by =n-m stacking. The 2,5-
dioctylphenyl side groups are oriented in a plane perpendicular to the chain axis and the
n-octyl side chains form a strongly interdigitated sublattice. The plane of the phenyls is
almost perpendicular to the plane of the polythiophene backbone. Successive phenyl
groups along the b axis are however not in a situation of favorable n—n stacking. The top
view of the n-octyl side chain sublattice is shown in Figure 10.g, its parameters are
a0=bppopr=10.54 and bo=cppopr=7.72A. Such a sublattice can be compared to that of
regular polymethylenes e.g. the M, T and O sublattices.*3 As a matter of fact, the n-octyl
sublattice in PDOPT is twice a classical O subcell with slightly larger unit cell parameters

(typically ao=4.96A and bo=7.40A for O subcell).#3 As a consequence, the average
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molecular area per n-octyl stem (20.17 A2) is close to that observed for the classical O
polymethylene subcell (18.4 A2).43 The doubling of the subcell area is due to the fact that

two n-octyl side chains are linked to the phenyl group as illustrated in Figure 10.
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Figure 8. Comparison of the experimental electron diffraction patterns of highly
oriented PDOPT films (6 kDa) grown by slow-DEC on naphthalene corresponding to the
[1 0 0] and the [0 O 1] zones with the calculated ED patterns obtained for the structural

model obtained by trial-and-error (as-model) and after energy minimization.
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PDOPT as-model PDOPT after energy minimization

Figure 9. Projections of the refined structure of PDOPT along the ¢, b and a unit cell axes

for the model obtained by trial-and-error and after energy minimization.
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IV. Discussion

At present, only a limited number of structures of CPs have been determined
precisely by using X-ray diffraction, electron diffraction or molecular mechanics
methods.1315> However, to correlate properties such as charge transport to the packing of
the chains in a crystal, it is important to determine the type of sublattice formed by the
alkyl side chains, especially because the side chain ordering/disordering can impact the
planarization of the conjugated backbone and hence electronic properties of the CPs. In
this perspective, it is instructive to compare the sublattices formed by alkyl side chains
in a number of poly(thiophene)s for which structural models have been recently
proposed e.g. PDOPT, form I P3HT and C12-PBTTT. Figure 10 compares the projections
of the polymethylene subcells along the alkyl chain direction for P3HT, PDOPT and C12-
PBTTT. The two former subcells are extracted from a structural refinement whereas for
C12-PBTTT it was obtained by molecular mechanics calculations.13 For all three
structures, the alkyl side chains form a different sublattice.#3 Following the
nomenclature of polymethylene lattices by Kitaigorodski, form I P3HT and PDOPT show
an O-type sublattice (ao=4.96A, bo=4.4A, yo=90°) whereas PBTTT has an M-type
sublattice (ao:4.2}°\, bo=4.4A, 10=111°). For these sublattices, the density of the alkyl side
chain (area per stem) follows the progression : PDOPT (20.17A2), PBTTT (24.5 A2) and
form I P3HT (27 A2). As a matter of fact, neither P3HT nor PBTTT did show such high
levels of crystallinity as observed here in PDOPT. As an example, Figure S5 shows one of
the most well defined ED patterns of an oriented P3HT film crystallized by high-T
rubbing at 180°C. The ED pattern of highly oriented and crystalline P3HT always shows
fuzzy reflections, indicative of disorder in the side chain packing. The same is true for
C12-PBTTT which shows only a few mixed indices reflections in thin films.22 In PDOPT,

neither streaking, nor fuzzy reflections, two common signatures of structural disorder,
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are observed in the epitaxied films. This comparison points at a highly ordered n-octyl
side chain sublattice in PDOPT compared to loose and defective side chain packing of
non interdigitated n-hexyl side chains in form I P3HT.1> The comparison between the
three polymers suggests that the overall crystallinity of the CPs is correlated, at least in
part, to the density of the side chain sublattice: the higher the density of side chain
packing, the larger the overall crystallinity of the CP.

In regular polymethylene sublattices, well defined offsets along the
polymethylene chain direction are observed.** The analysis of the three refined
polythiophenes indicates that the grafted extremity of the side chains to the
polythiophene backbone imposes a sterical limit that impedes the alkyl side chains to
adopt the most favorable packing along their long axis. In other words, the
polymethylene sublattice might be optimized with respect to the packing of the chains in
the plane perpendicular to the polymethylene chain direction, but not in the direction
parallel to it.

The results on PDOPT further suggest that planarization of conjugated backbones
can be enforced in systems in which n—r stacking is absent, provided that the alkyl side
chains can form a dense sublattice. The phenyl unit between the solubilizing alkyl chains
and the conjugated backbone is particularly beneficial because it helps reducing the
direct impact of the packing constraints imposed by the ordering of the alkyl side chains
on the polythiophene backbone conformation, a prevailing situation observed in
poly(alkylthiophene)s such as P3HT and C12-PBTTT for which the alkyl side chains are
directly linked to the conjugated backbone. In addition, in the case of P3HT,
regioregularity defects imped a tight packing of side chains and can therefore ruptur
chain conjugation by twisting of the backbone. More generally, packing defects of the

side chains can cause unwanted twisting of the backbone, shortening conjugation
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lengths and reducing intra-chain transport. It can be anticipated that the ordering in
phenyl substituted polythiophenes might be further improved by the use of symmetric

3,5-dialkylphenyls.

Form |, P3HT PDOPT C,,- PBTTT

b=7.8A : : - A
g Cooopr=7.8 A a;=5.01 A

Non interdigitated Interdigitated Interdigitated
Figure 10. Comparison of the packing of n-alkyl side chains in polythiophene
semiconductors : form [ P3HT, 15 PDOPT and C12-PBTTT. The structure of C12-PBTTT is
described in reference 13. The views show the subcells formed by alkyl side chains
when viewed along their long axis. For PDOPT, the phenyls linking n-octyl side chains

are sketched as light blue segments.

V. Conclusion

Epitaxy of a phenyl-substituted polythiophene in which m-1 interactions are absent on
naphthalene leads to remarkable orientation and crystallinity in thin films with single-
crystal-like diffraction patterns. As a consequence, absorption and photoluminescence
are highly anisotropic. PDOPT films show a periodic lamellar morphology typical of
semi-crystalline polymers. A transition from extended to folded chain crystallization is
observed with increasing M, (transition occurs at My~13 kDa). Similarly to P3HT, the

lamellar period scales first with DP, and saturates at 28-29 nm in both polymers. This
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behaviour is therefore characteristic of the polythiophene folding, irrespective of the
chemical structure of the side chains. A Gibbs-Thomson analysis yielded
T'=127.6°C+1°C from melting temperatures determined by DSC and lamellar periods L
measured by TEM. Single-crystal like electron diffraction patterns corresponding to
different crystal orientations help establish the structure of PDOPT. Despite the absence
of m—n stacking, PDOPT chains are perfectly planarized and the side chains form a dense
and highly ordered sublattice. The comparison between P3HT (form I), C12-PBTTT and
PDOPT suggests that the overall crystallinity of the CPs is correlated, at least in part, to
the density of the side chain sublattice. It will be of high interest to evaluate the effect of
the absence of n-stacking in PDOPT on the overall charge transport in comparison to 7-
stacking polythiophenes such as P3HT i.e. compare PDOPT with dominant 1D intra-
chain charge transport and P3HT where both intra-chain and inter-chain charge

transport coexist.
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Figure S1. SEC elution profiles of the different PDOPT samples in THF.

Figure S2. Photoluminescence spectra of oriented PDOPT films prepared by slow-DEC
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Figure S3. Comparison of the photoluminescence and UV-vis spectra in PDOPT films
prepared by doctor blading, isothermal crystallization at 100°C and by slow directional
epitaxial crystallization on naphthalene. The PL spectra are normalized with respect to
the 0-0 vibronic component whereas the absorption spectra are normalized with

respect to the 0-1 component.
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Figure S4. Evolution of optical absorption spectrum of PDOPT films oriented by epitaxy
on naphthalene as a function of M, (incident polarization parallel to the chain direction
of PDOPT). The inset shows the shift of the 0-0 transition in the UV-vis absorption

spectrum with M,. b) Evolution of Amax as a function of M.
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Figure S4 features the evolution of the UV-vis absorption spectrum and Amax versus
molecular weight of PDOPT. Regarding, the UV-vis absorption, one observes a ~10 nm
red shift of the 0-0 peak position for the higher M, of 21 kDa. The position of the 0-0
component in epitaxied P3HT films showed a similar red-shift with increasing My.31
From the evolution of lamellar period L, verus My, this trend is possibly related to the
impact of reduced crystal size along the chain direction on the position of the 0-0 peak
position. Higher M, PDOPT show longer planarized chain segments in the crystalline
domains, hence a larger conjugation length which should translate to a red-shift of the 0-

0 peak.

[ 006

Figure S5. Electron diffraction pattern of a highly crystalline and oriented P3HT film
obtained by high-temperature rubbing at 180°C. The two arrows point at fuzzy
reflections indicative of structural disorder in the packing of n-hexyl side chains in form

[ P3HT.
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