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Abstract

This study describes the impact of a single fluorine atom substitution in the conjugated
backbone of poly(cyclopentadithiophene-alt-benzothiadiazole) on the structure and the
polymorphism of the polymer bearing 2-ethylhexyl side chains. Controlled growth of the
non fluorinated and fluorinated polymers by solvent vapor annealing (SVA), melt-
crystallization on oriented poly(tetrafluoroethylene) and high temperature rubbing
yield highly crystalline and/or oriented films of a thermodynamically stable polymorph
called form I. The single-crystal hk0 and the oriented fiber patterns are obtained in films
prepared by SVA and aligned films, respectively. Form I involves a high symmetry
packing of four chains in an orthorhombic cell (P ¢ ¢ n space group) with pseudo-
hexagonal symmetry. The chains are paired into dimers with a 3.6-3.8 A inter-chain n-
stacking distance and a segregated mode of stacking of cyclopentadithiophene and
benzothiadiazole (BT). A single H/F substitution on the BT unit modifies the orientation
of the dimers in the unit cell of form I. Absorption and structural properties of this new
polymorph are discussed with respect to the classical m-stacking structure obtained
from solvent-additive processed films. Evidence of yet another polymorph (form II)

highlights the polymorphism of these alternated donor-acceptor copolymers.



I. Introduction.

Alternating copolymers made of donor and acceptor units in the backbone have attracted
much interest due to the possibility to tune their electronic properties by the adequate
combination of donor and acceptor units."™ This strategy has been particularily fruitful to
control opto-electronic properties e.g. the band gap of the active layers in organic
photovoltaic cells. From a structural standpoint, the alternation of donor and acceptor units
implies different possibilities of n-stacking between them, the extreme cases corresponding to
segregated and to fully mixed stacking.>® As recently reported for Poly[N,N’-bis(2-
octyldodecyl)-1,4,5,8-naphthalene-dicarboximide-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)

(P(NDI20OD-T2)) and earlier for Poly(9,9-di-n-octylfluorene-alt-benzothiadiazole), two
different polymorphs corresponding to these two stacking modes were identified and the
consequences in terms of optical and device properties were uncovered.>” However, to
establish structure-property correlations in such complex macromolecular systems, it is
necessary to generate high order and crystallinity, which is challenging. A major
breakthrough has been achieved by using solvent vapor annealing that leads to highly
crystalline films as illustrated recently for n-conjugated polymers such as regioregular poly(3-
hexylthiophene) (P3HT) and Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b']dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT).2? Other approaches to induce
high crystallinity and orientation were proposed such as zone casting’®, epitaxy™* or high-

temperature rubbing.*2

Most semiconducting polymers made of a conjugated backbone bearing alkyl side chains
have a “layered* structure made of an alternation of m-stacked backbones and layers of more
or less ordered side chains.™® This is the case for major polymers such as regioregular poly(3-

alkylthiophene)s and poly(2,5-bis(3-dodecyl-2-yl)-thieno[3,2-b]thiophene) (PBTTT).}**



However, this type of “smectic-like* ordering is not the only one observed. In the case of the
alpha form of poly(9,9’-dioctylfluorene) (PF8) and the gamma form of poly(9,9’-
diheptylfluorene) (PF7), the chains are grouped into dimers that ultimately form an ordered
orthorhombic structure with high symmetry (P n b 21 for PF8).”>*° In these systems, and
contrary to P3HT or PBTTT, no long-range n-stacking of the chains is observed.

Regarding the structure of PCPDTBT, several studies by Grazing Incidence X-ray
Diffraction (GIXD) on marginally crystalline films obtained by spin-coating suggest that
PCPDTBT should also present a layered structure similar to P3HT. In particular the presence
of additives such as 1,8-diiodooctane (DIO) in the processing solvent induces these layered
structures.’”#* Such structures were hypothesized from the presence of an in-plane reflection
at 3.8 A and an out-of-plane reflection in the range 10.5 A - 12.0 A. Recent work showed that
highly crystalline PCPDTBT films can be prepared by solvent vapor annealing (SVA) in
chlorobenzene (CB). The structure of these PCPDTBT crystals was analyzed by electron
diffraction (ED) and a tentative model was proposed for the polymer without taking into
account the side chains and using only the hk0 single-crystal pattern.?? The extinction rules in
this ED pattern were compatible with a P n 2 n space group and four chains per unit cell. To
our surprise, a packing mode similar to that of a-PF8 and y-PF7 could be evidenced with pairs
of PCPDTBT chains packed in an orthorhombic unit cell. However, in the absence of ED
patterns giving information along the chain direction, no precise packing scheme of the chains
in the dimer could be proposed. In particular the type of stacking between
cyclopentadithiophene and benzothiadiazole could not be clarified.

With respect to optical properties, it was found that the layered structures formed in the
presence of DIO exhibit a strong absorption band around 800 nm, which is attributed to r-
stacking.'* The highly crystalline SVA films on the other hand exhibit a blue-shifted

absorption and no absorption around 800 nm.?
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Scheme 1. Chemical structures of PCPDTBT and F-PCPDTBT.

This contribution presents new experimental evidence for polymorphism in the parent
polymer PCPDTBT and its fluorinated derivative poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(5-fluoro-2,1,3-benzothiadiazole)] F-PCPDTBT
(in F-PCPDTBT, one hydrogen atom on the BT unit is replaced by fluorine regio-randomly,
see scheme 1). From the point of view of device performance, the introduction of fluorine in
the backbone of PCPDTBT results in improved efficiencies in OPV cells.?® To address the
structure of these polymers, highly crystalline samples were prepared by SVA, leading to
terrace-like domains with essentially standing chains and typical [0 0 1] ED patterns.
Additional ED patterns were obtained from oriented films of these polymers prepared either
by high-T rubbing or by epitaxy on oriented poly(tetrafluoroethylene) (PTFE) substrates.
Absorption spectroscopy of the oriented films revealed a blue-shifted absorption without the
800 nm band, similar to the SVA samples. Two polymorphs are evidenced for both polymers

and structural models of the form | are proposed.



2. Experimental section.
a) Materials

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)] (PCPDTBT) was purchased from 1-Material. The My, is 23 kg/mol with a
PDI of 1.7 as measured by HT-SEC (160°C, trichlorobenzene, against PS standards).
Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4, 7-(5-fluoro-
2,1,3-benzothiadiazole)] (F-PCPDTBT) was synthesized by the group of S. Janietz at the
Fraunhofer Institut fir Angewandte Polymerforschung in Potsdam. A molecular mass of M,
= 10.8 kg/mol and a PDI of 1.6 was obtained by HT-SEC (160°C, trichlorobenzene, against
PS standards). All solvents (chlorobenzene, CHCI3,) were purchased from Sigma Aldrich (p.a.

grade)

b) Solvent vapor annealing

Chlorobenzene (CB) solvent vapor annealing was employed to obtain highly crystalline
samples of PCPDTBT and F-PCPDTBT. The detailed CB-annealing procedures for
PCPDTBT have been described elsewhere. ?* For the annealing procedure pre-cast films
(CHCI3, 3 mg/ml, spin coated) on glass substrates were used. The CB vapor atmosphere and
the substrates were heated to 50°C and 40-42°C, respectively and the films swollen to a
solution-like state at a vapor pressure of 80-90%. Recrystallization was subsequently induced

by slowly decreasing the vapor pressure down to 73 - 70%.

The CB-annealing method was slightly modified for F-PCPDTBT due to its stronger
aggregation behavior which prevented a swelling of the pre-cast films. The substrates were

covered inside the solvent vapor chamber with a CB solution (0.1 mg/ml) and equilibrated for



10 min by purging the chamber with a CB vapor of 92% and holding the substrate and vapor
at 42°C and 50°C, respectively. During this time a thin homogenous film of the solution was
formed which was afterwards recrystallized by reducing the vapor pressure to 74%. Within

900 min the film was recrystallized completely and could be quenched by pure nitrogen.

c) Melt-crystallization on friction transferred PTFE substrates

Oriented PTFE substrates were prepared by friction transfer on clean glass slides using
the protocol described in the literature. ** Thin polymer films (3 mg/ml, CB) were cast on
oriented PTFE substrates and melt-recrystallized in a Linkam hot stage (THMS 600) under
argon atmosphere (melting at around 290°, cooling at 0.25 K/min to 280°C for 4 hrs, final

cooling at 0.25 K/min to room temperature).

d) High temperature rubbing

High temperature rubbing was performed following the procedure described in the
literature.*? For the rubbing experiments thin films were prepared by doctor-blading from a 8
mg/ml CB solution. For the alignment of the films, a home-made rubbing machine was used
in a glove box (Plas-Labs Inc.) under nitrogen atmosphere. It is composed of a rotating
cylinder (4 cm diameter) covered by a microfiber cloth. The rubbing is performed by applying
the rotating cylinder with a 2 bar pressure on the translating sample holder (1 cm/s). The
sample holder can be heated at controlled temperatures during the rubbing process. The
sample temperature is allowed to equilibrate for 1-2 min before rubbing. In the following, R

designates the rubbing direction. Post-alignment thermal annealing was done in a THMS600



Linkam hot stage under nitrogen atmosphere at the required temperature for 1 min. Heating

and cooling rates were 20 K/min and 0.5 K/min, respectively.
e) Structural analysis

TEM: Oriented areas were identified for TEM analysis by optical microscopy (Leica
DMR-X microscope). The polymer films were coated with a thin amorphous carbon film and
removed from the glass substrate by floating on a diluted aqueous HF solution (5 wt%) and
subsequently recovered on TEM copper grids. TEM was performed in bright field, high
resolution and diffraction modes using a CM12 Philips microscope equipped with a MVIII
(Soft Imaging System) Charge Coupled Device camera. Calibration of the reticular distances

in the ED patterns was made with an oriented PTFE film.

Molecular modelling was performed on a Silicon Graphic station using the Cerius2
program (Accelrys). A trial-and-error procedure was used to refine the crystal structure of
PCPDTBT and F-PCPDTBT, following the same methodology as used previously to refine

15,25,2
5,5,6aS

the crystal structures of P3HT, PF8 and poly(3-hydroxy-p-methylphenylvalerate)
well as some conjugated co-oligomers®’. For each step of the trial-and-error method, the
molecular geometry was optimized using the “clean” procedure of the Cerius2 3.0 Program.
The starting point of the CPDT-BT monomer structure was obtained from the published
structure of the oligomer CPDT-BT-CPDT.?® For the single crystal diffraction calculations, a
thickness of 30 nm was used. A 10% intensity threshold was used for the calculations of the

fiber patterns using a precision symmetry (additional information on this procedure is

available in the User’s guide on Modeling Environment).



3. Results and discussion.
3.1. Lamellar crystals of form | of PCPDTBT and F-PCPDTBT.

Solvent vapor annealing of PCPDTBT and F-PCPDTBT in CB, hereafter called CB-
annealed films, resulted in thin films with highly crystalline domains as illustrated in Figure 1.
The polymorph obtained under these conditions is named form | for both polymers.
Representative Selected Area Electron Diffraction (SAED) patterns of flat-on morphologies
are shown in Figure 1.c and 1.d (the corresponding BF areas are shown in Figure 1.a and 1.b)
for PCPDTBT and F-PCPDTBT respectively. PCPDTBT forms terrace-like flat-on features
whereas F-PCPDTBT vyields more elongated fiber-like flat crystals (Figure S2). (see BF
image in Fig. 1.b). SAED vyields for both polymers well defined ED patterns with high
symmetry and rather sharp reflections. However, the F-PCPDTBT patterns always display
sharper reflections than PCPDTBT. From the flat-on morphology of the diffracting areas, we
infer that the ED patterns correspond to domains with standing chains, i.e. the ED patterns
correspond to the [0 0 1] zone. Accordingly, both ED patterns can be indexed using the
parameters : a=12.4 A and b=19.3 A for PCPDTBT and a=11.0 A and b=20.6 A for F-

PCPDTBT.
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Figure 1. Bright field images (a, b), experimental ED patterns (c, d) and calculated ED
patterns for the [0 0 1] zone (e, f) for PCPDTBT and F-PCPDTBT using the refined structural
models shown in figure 4. The arrows in Figure 1.d highlight the streaked reflections in the

ED pattern of the F-PCPDTBT crystals.

Overall the [0 0 1] patterns of F-PCPDTBT bear striking similarity with that of a-PF8

crystals (see Figure 7 of reference 15). In a-PF8, chains form dimers that are arranged in an
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orthorhombic unit cell. The corresponding pattern of PF8 reflects the following arrangement:
it shows the reflections associated with the overall packing of the dimers in the unit cell
(corresponding to large reticular distances, typically > 10A), and two intense reflections
corresponding to the inter-chain distance in the dimer (around 5A). The ED patterns of
PCPDTBT and F-PCPDTBT show similar characteristics. They consist of a set of 6 intense
reflections in a quasi-hexagonal lattice with reticular distances in the range of 9-11A and a set
of two intense reflections indexed as +1 5 0 and £3 1 0 for PCPDTBT and F-PCPDTBT,
respectively. These characteristics suggest a high symmetry packing of chains into dimers
with short 3.6-3.8 A r-stacking distance (in PF8 and PF7 no n-stacking is evidenced in the
dimers). Although both polymers imply a pairing of chains into dimers, the arrangement of
the dimers in the unit cell are different for F-PCPDTBT and PCPDTBT. First, both structures
show slightly different unit cell parameters (see Table 1). Second, the intense reflections
corresponding to the inter-chain distance in the dimer are differently indexed. As
demonstrated in our structural modelling below, the plane of the conjugated backbone is
parallel to the a-axis for PCPDTBT and to the b-axis for F-PCPDTBT. This first result is
remarkable and shows that the substitution of a single hydrogen atom by fluorine in the
backbone of the polymer modifies significantly the packing of polymer chains in the crystal
of form |I. Further structural differences between PCPDTBT and F-PCPDTBT will be

highlighted from the structural modeling (vide infra).
3.2. In-plane orientation of PCPDTBT and F-PCPDTBT chains.

To propose a valid structural model and in particular to establish the stacking mode
between BT and CPDT in the dimers, characteristic fiber patterns showing multiple 00l
reflections are needed. They were obtained from highly aligned films prepared by high-T

rubbing or melt-crystallization of the polymers on friction transferred PTFE substrates.
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Figure 2.a and 2.c show BFs and the corresponding fiber-like patterns (Figure 2.b and
d) of oriented PCPDTBT and F-PCPDTBT, respectively. Regular and periodic lamellar
morphologies characteristic of edge-on oriented lamellae are evidenced for both polymers,
regardless of the preparation method. Lamellar periods of 13 nm and 29 nm are obtained in F-
PCPDTBT films rubbed at 240°C and oriented PCPDTBT films on PTFE substrate,

respectively.

The ED patterns in Figure 2 of both the rubbed F-PCPDTBT and the epitaxied
PCPDTBT film on PTFE are very detailed with numerous layer lines (up to the 10"™). For
each of the two polymers, the observed reflections can be clearly attributed to the form I
evidenced in the CB-annealed films. In F-PCPDTBT, three major reflections of form | appear
on the meridian: the 0 2 0 reflection at 10.55 A, a 110 reflection at 9.7 A and the 310
reflection at 3.7 A (Supporting Figure S1). In PCPDTBT, two dominant equatorial reflections
of form | are observed: the 1 1 0 at 10.5 A and the 1 5 0 at 3.7 A. The presence of several hk0
reflections on the equator indicates that the rubbed and epitaxied films have a typical fiber

Symmetry such that CrpcPDTBT 1l CpTFE and CF_pchTBT//R.
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Table 1. Main reflections of the fiber patterns of PCPDTBT and F-PCPDTBT and

corresponding indexation using the orthorhombic unit cell of form I .

Indexation (Form 1) PCPDTBT F-PCPDTBT
(110) 10.5 A 9.7A
(020) - 10.55 A
(012) 10.0 A 10.03 A
(004) 59 A 5.8 A
(106) 3.75A -
(150) 3.7A -
(310) - 3.69 A
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Figure 2. Bright field images (a and b), experimental ED patterns (c and d) and calculated ED

patterns (e and f) for highly oriented films of PCPDTBT and F-PCPDTBT with a fiber-like

symmetry. The films of PCPDTBT were prepared by melt-crystallization on friction-

transferred PTFE (the PTFE chain axis direction is indicated by an arrow) whereas the films

of F-PCPDTBT are prepared by high-T rubbing at 240°C (the rubbing direction R is indicated

by an arrow). In part (c), the asterisk highlights the 1 0 O reflection of PTFE.
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Of importance for the subsequent structural analysis is the intensity distribution of the
reflections along the chain direction. Along the meridian of the ED patterns, strong reflections
are observed on the 4", 6™ and 10" layer lines of PCPDTBT and on the 4™ and 10™ layer line
of F-PCPDTBT (a few more diffuse and weak reflections exist on intermediate layer lines).
In both patterns, the most intense meridional reflection is observed at 5.9 A in PCPDTBT and
5.8 Ain F-PCPDTBT. It corresponds to the 0 0 4 reflection of form 1. Thus, the patterns allow
to extract the ¢ axis parameter for both polymers: ¢=23.6+0.5A for PCPDTBT and
c=23.2+0.5 A for F-PCPDTBT. Most importantly, no (0 0 2n+1) reflection is present on the

meridian.

To conclude, the oriented fiber patterns of both polymers yield additional important
structural informations that will be used for the subsequent structural refinement of form I
dealing with the relative arrangement of the polymer chains along the chain direction.
Moreover, they allow to complete the unit cell parameters of form | determined from the [0 0
1] zones in CB-annealed samples. Table 2 summarizes the unit cell parameters for the form |

of F-PCPDTBT and PCPDTBT.

Table 2. Lattice parameters for the orthorhomic form | of PCPDTBT and F-PCPDTBT and

their calculated densities reqc. Z is the number of repetition units (CPDTBT) per unit cell.

Polymer/ a(A) b(A) c(h) Z Pealc (g/cm3)
parameters (0.3 4) (£ 0.3 4) (£ 0.3 4)

PCPDTBT 12.4 19.3 23.6 8 1.08+0.05
F-PCPDTBT 11.0 20.6 23.2 8 1.18+0.05
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3.3 Absorption spectra of different polymorphs.

The previous structural investigations by ED indicate that form | of PCPDTBT and F-
PCPDTBT can be generated either by solvent vapor annealing in CB, high-T rubbing and
melt-crystallization on PTFE substrates, although with different morphologies and
orientations of crystalline domains on the substrates. UV-vis absorption spectroscopy is used

to further confirm this result.

The absorption spectrum of form | of PCPDTBT is characterized by two dominant
components at 680 nm and 740 nm (see Figure 3a, blue line).?” The melt-annealed PCPDTBT
film on PTFE shows a very similar absorption spectrum (see Figure 3 a, black line). On the
other hand, films prepared by following the device processing protocol from literature, i.e.
spin coating from CB solution with 2w% DIO as solvent additive (hereafter called CB/DIO-
films), reveal a strong 800 nm band and a shoulder at 740 nm. In the literature'®?, the
800 nm band has been correlated with the presence of long range r-stacking within an edge-
on morphology, in analogy to P3HT. Temperature-dependent absorption and
photoluminescence spectra and a detailed Franck-Condon analysis proved the aggregated
nature of these films.?® We suggest that the absence of the 800 nm absorption band in form |
films can be explained by the absence of any long-range n-stacking in the CB-annealed and
the melt-annealed aligned films. The structural analysis further supports this finding (vide
infra).

In the case of F-PCPDTBT, the same trend is visible: CB/DIO-films show a distinct
absorption maximum at 800 nm whereas both the spectrum of the CB-annealed and the high
temperature rubbed films are notably blue-shifted (see Figure 3). This suggests that two
polymorphs can also be obtained in F-PCPDTBT: one that is described in the literature as due

to m-stacking and form | which is comparable to PCPDTBT. In literature all absorption
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spectra of F-PCPDTBT films show the characteristic 800 nm absorption. It is suggested that
in F-PCPDTBT the 800 nm band is also correlated to an edge-on morphology comprising a
long range nt-stacking similar to that in PCPDTBT.?® This is further supported by GIWAXS-
results by Jen et al. ** Interestingly, simple spin coating from CB already results in similar
spectra as the CB/ DIO-films. It was suggested that this is due to a stronger stacking tendency
of F-PCPDTBT as compared to PCPDTBT.?

Both TEM and UV-vis spectroscopy demonstrate that several preparation protocols
(melt-annealing, HT-rubbing and solvent vapor annealing) all lead to the same polymorph, i.e.
form | which involves pairing of chains into dimers. The fact that slow crystallization
methods such as melt-crystallization or solvent vapor annealing lead to the form | polymorph

suggests that it is the thermodynamically stable structure and not a solvent-induced structure.

a) b)
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Figure 3 Absorption spectra of thin films prepared by different techniques. a) PCPDTBT absorption
spectra of thin films prepared by spin coating from CB/DIO (2w%, red), CB-annealing (blue) and
melt-annealing on PTFE (black). b) F-PCPDTBT absorption spectra of thin films prepared by spin

coating from CB/DIO (2w%, red), CB-annealing (blue) and high temperature rubbing (240°C, black).
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3.4. Structural models of form 1.

First, it is worth to stress that, although sophisticated methods of crystallization were
used for both polymers, the number of reflections extracted from the ED patterns is much
more limited than for m-conjugated polymers such as P3HT or polyfluorenes (PFO and
PF2/6). This sets a strong limitation on the details that can be extracted from the ED patterns.
For instance, the exact side chain conformation cannot be determined precisely but only an
approached conformation that yields the required electronic density distribution in the unit
cell to properly account for the observed ED patterns. The side chain conformation shown in
the refined models is only tentative but must be included in order to reproduce correctly the
intensities in the 00l layers of the fiber patterns. In addition, the structural models use only
one conformation of the 2-ethylhexyl side chain whereas four stereoisomers of the CPDT
monomer (SS, RR, and two SR) should be present in the chains. For the structural modeling,
we have chosen arbitrarily the SS conformation of the monomer (the choice of the
stereoisomer was found to impact only marginally the calculated intensities of the reflections

in the ED patterns).

In our previous work?, a first tentative model of form | PCPDTBT without side-
chains was proposed based on the sole [0 0 1] pattern, i.e. with no information on the relative
arrangement of the chains along the chain direction contained in the fiber patterns. With the
addition of the newly obtained fiber patterns, the different ED patterns can be used for the
determination of the space group by establishing the selection (extinction) rules. For the form

| of both polymers, the same set of selection rules was determined:
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(h 0 0) with h =2n
(0 k 0) with k=2n,

(h k 0) with h+k=2n and
(00 1y with 1=2n.

These rules are compatible with several orthorhombic space groups. To mention but a
few: Pn2n,Pncn,Ccc2andP ccn.® The first space group generates 4 asymmetric units
in a unit cell contrary to 8 for the latter two. Given the refined unit cell parameters, 8
asymmetric units, i.e. 8 monomers must be present in the unit cell to obtain a reasonable
crystal density around 1 g/cm3. Therefore, the space groups with superior symmetry Pncn, C
cc2and P ccn are considered hereafter (the lower symmetry group P n 2 n group was
retained in our previous study because, in the absence of information along the chain
direction, a set of two monomers in trans conformation was used). The fiber patterns allow to
further discriminate between these three space groups. Indeed, in the case of the Ccc2
group, the arrangement of the chains in the unit cell corresponds to a segregated stacking of
BZ and CPDT units (see Figure S3). In C ¢ ¢ 2 symmetry, the relative arrangement of the
chains in the unit cell is such that the alkyl chains are located around 0 0 2 planes. Such a
packing would result in a strong 0 0 2 reflection in the fiber patterns. However, the
experimental fiber patterns do not show any 0 0 2 reflection, thus ruling out the C c ¢ 2 space
group. Therefore, only the P n ¢ n and P ¢ ¢ n space groups are retained. These two space
groups lead to two radically different molecular packings of the chains in the dimers as
illustrated in Figure S3. Several arguments allow to retain the dimer conformation obtained
for the P ¢ ¢ n space group, i .e. the segregated stacking mode of BT and CPDT. First, the
models with a P n ¢ n symmetry leading to the best agreeement between calculated and

experimental ED patterns correspond to a mixed stacking of BT and CPDT units which
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results in unrealistic short interatomic contacts between the chains in the dimer. Second, a
strong argument for the proposed model with P ¢ ¢ n symmetry concerns the arrangement of
BTs in the dimers. A recent study on a CPDT-BT-CPDT oligomer has demonstrated a face-
to-face stacking of the BT units.?® The choice of the P ¢ ¢ n space group is further important
since it allows the backbones of PCPDTBT and F-PCPDTBT to =-stack despite the presence

of the sterically-demanding 2-ethylhexyl side chains.

Figure 4 shows the projections of the refined crystal structures of PCPDTBT and F-
PCPDTBT along the three axes of the unit cell that correspond to the best agreement between
experimental and calculated ED patterns (hkO and fiber). The comparison between
experimental and calculated patterns indicates a very good agreement despite small
discrepancies such as the overestimation of the 0 4 0 intensity for PCPDTBT. Clearly, F-
PCPDTBT shows the best agreement for the hkO pattern. The agreement observed for the
fiber patterns is remarkable: the absence of strong reflections in the 6" layer line in F-
PCPDTBT is indeed well reproduced. As a test for the sensitivity of our modeling to the
presence/absence of the side chains, we compare in Figure S4 the calculated [0 O 1] patterns
for F-PCPDTBT for the model with and without the alkyl side chains. Clearly, the dominant
features in the [0 O 1] pattern are observed in both models of F-PCPDTBT i.e. with and
without including the side chains. However, the correct simulation of the fiber patterns
requires to include the side chains since they contribute importantly to the scattered intensity

ISI

in the I layer lines.

Let us analyze the major structural features of both models. First, we observe that the
backbones of both PCPDTBT and F-PCPDTBT can be considered as planar although a small
dihedral angle between the planes of CPDT and BT might be possible (in the CPDT-BT-
CPDT oligomer, the BT and CPDT units are not perfectly copolanar®). Second, for both
polymers, the chains form dimers with a segregated stacking of CPDT and BT. The evidence
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of a specific pairing of PCPDTBT and F-PCPDTBT chains into dimers with segregated
stacking is an interesting finding from several points of views. First, such a dimerization
prevents long-range m-stacking as observed in semi-conducting polymers such as P3HT or
PBTTT for which chains can n-stack over large length scales (for instance in micrometer-long
crystalline nanofibrils formed in p-xylene or anisole). This should also have implications on
charge transport in such polymers. Second, the dimers are packed in an orthorhombic unit cell
with b~2a i.e. close to a hexagonal packing. This suggests that dimers may form first in
solution and assemble afterwards in a hexagonal lattice when the films are in a swollen state
in the presence of chlorobenzene. Finally, upon deswelling of the films, the unit cell becomes
orthorhombic because of the side chain ordering. It is in this final step that the structures of F-
PCPDTBT and PCPDTBT differ. Despite fairly close unit cell parameters, a remarkable
difference in the packing of the dimers in the unit cells of PCPDTBT and F-PCPDTBT is
observed: the backbone plane is parallel to (a,c) in PCPDTBT and (b,c) in F-PCPDTBT. It is
however yet unclear how such a strong difference in the packing of the dimers can be linked

to the presence/absence of a single fluorine atom in the backbone of the polymer.

The [0 0 1] experimental pattern of F-PCPDTBT shows a characteristic streaking
along 3 k 0 (see Figure 1.e) (mainly visible for the 3 1 0 reflection). Similar streaked features
were observed previously in single crystal ED patterns of syndiotactic polypropylene (sPP)
under certain crystallization conditions and/or tacticity of the polymer. Streaking in sPP
crystals is observed along h 1 0. It is characteristic of stacking defects corresponding either to
extended rows of chains displaced by b/4 or to groups of such rows displaced by b/4.3*** In F-
PCPDTBT, the streaking is observed essentially for the 3 1 0 and 3 3 0 reflections. It is absent
from other layer lines. Therefore, it is proposed that this streaking arises from disorder in the
chain arrangement within the dimers rather than disorder in the packing of the dimers in the

crystal. In PCPDTBT structural disorder does not result in streaking but rather in a blurring of
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the 1 5 0 and 4 2 O reflections. It is considered as a fingerprint of structural disorder within the

PCPDTBT dimers.

Disorder in the arrangement of PCPDTBT and F-PCPDTBT is not unexpected when
considering the recent structural investigations on a cyclopentadithiophene-benzothiadiazole
oligomer.?® Indeed, the thiadiazole tip of the BT unit was found to point equiprobably in two
possible directions in the crystal of this oligomer. In the case of F-PCPDTBT, this would
mean that the sulfur tip of BT could point either along b or —b in the absence of strong steric
hindrance by the surrounding alkyl side chains. A further source of disorder in both polymers
is related to the coexistence of four stereoisomers (RR, RS, SR and SS) of CPDT since the 2-
ethylhexyl side chain contains an asymmetric carbon. These four stereoisomers are expected
to occur at random in the chains, leading expectedly to some packing disorder of the chains

within the dimers.
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PCPDTBT

Figure 4. Projections along the a,b and c unit cell axes of the structural models refined from

the ED data shown in figure 1 and 2 for PCPDTBT and F-PCPDTBT.
3.4. Evidence for a further polymorph on PTFE substrates.

Close examination of the films of PCPDTBT and F-PCPDTBT prepared by casting
from CB on PTFE substrate, and annealing at 300°C for 4 hrs and slow cooling to room
temperature (with 0.25K/min), show almost non-absorbing mm-large crystalline features (see
Figure 5) beside the uniform areas corresponding to oriented form | (showing a strongly

polarized light absorption as seen in the POM of figure 5).

Electron diffraction of these zones reveals a characteristic hexagonal-like pattern with

two strong reflections as 7.55A and 7.25A for both PCPDTBT and F-PCPDTBT. Since these
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reflections cannot be indexed with the cell parameters of form |, they are attributed to the [0 0
1] zone of a different orthorhombic polymorph (named form Il hereafter). The unit cell
parameters for both polymers are almost identical with a=8.3 A and b=15.1 A. From these
two cell parameters, it can be stated that only two chains are contained in the unit cell,
contrary to form 1. Moreover, the intensities of the reflections do not give any evidence for
the formation of dimers. It is therefore a novel polymorph clearly distinct from form | and

literature.

Attempts to realize rotation-tilt on form Il areas to obtain additional projections were not
successful given the large thickness of the domains. Further structural investigations will be
necessary to clarify the growth conditions leading exclusively to this polymorph. Oriented
fiber patterns of form Il would help further refine the crystal packing and clarify the type of

stacking between BT and CPDT.

A) PCPDTBT B) F-PCPDTBT

C) F-PCPDTBT

Figure 5. a) and b) show ED patterns taken from the highly crystalline almost transparent

areas shown in the transmission polarized microscopy images of F-PCPDTBT in Figure ¢ and
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d. The arrows in the top left corner of the images indicate the polarizer orientation. The red
circle highlights the almost non-absorbing regions compared to the regions containing form |

(blue circle) and the rather amorphous regions (black circle).

4. Conclusion.

Two distinct polymorphs (form | and form 1) for PCPDTBT and F-PCPDTBT have
been observed that differ from the structure observed in spin coated films from CB solution
with 2w% DIO that are used in photovoltaic devices. The refined structures of form | are
distinct from the classical layered structure where layers of rn-stacked backbones alternate
with layers of alkyl side chains. In addition to form I, electron diffraction gives evidence for a
second polymorph (form II) which is a priori isostructural for PCPDTBT and F-PCPDTBT.
Form | has been obtained by various crystallization methods, i.e. SVA, melt-crystallization
on oriented PTFE or high-T rubbing, indicating that it is a thermodynamically stable structure
that is not induced by a specific solvent. The characteristic UV-vis absorption signature of
this stable form has been determined for both polymers. The hkO and fiber-like ED patterns
were used to generate tentative structural models of form I for both polymers. Form | involves
pairing of chains into dimers arranged in an orthorhombic lattice (space group P ¢ ¢ n) with a
pseudo-hexagonal symmetry. For both, PCPDTBT and F-PCPDTBT, a segregated stacking of
BT and CPDT units is uncovered with BT units in anti-parallel face-to-face configuration.
Our modeling suggests that the backbones of PCPDTBT and F-PCPDTBT are essentially
planar, although a small twist between successive monomers cannot be fully excluded.
Despite fairly similar unit cell parameters, the dimers of PCPDTBT and F-PCPDTBT are
differently oriented in the unit cells leading to two distinct structures. These results

demonstrate that a single H/F substitution in the backbone of a conjugated polymer can
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significantly affect the chain packing in the crystal structure. As opposed to form I, the unit

cell of form Il contains two chains that are not paired as dimers.
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