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Abstract. The connectivity between ordered domains in semiconducting polymers has been
implicated as a bottleneck to charge transport. Crystallites in stiff-chain polymers have been shown
to have ordered quasi-epitaxial domain boundaries using electron microscopy, but the factors
affecting their formation have not been elucidated. A series of poly (benzo [1, 2-b:4, 5-b']
dithiophene—thieno [3, 4-c] pyrrole-4, 6-dione) (PBDTTPD) polymers with varying sidechains
was studied to determine the role of molecular structure on the formation of domain boundaries.
Grazing incidence wide angle X-ray scattering revealed the texture of ordered domains in these
polymers as function of thickness and thermal processing. High resolution transmission electron
microscopy (HRTEM) of thin films revealed that crystallites overlapped in an ordered fashion
based on a geometric rule for the length of the crystallographic repeat length and the separation of
the backbone by the sidechains. All of the PBDTTPD polymers had polymorphic crystallites due
to differences in alkyl stacking that behaved differently depending on their orientation to the
substrate during thermal annealing. These results show the importance of domain orientation and

boundaries on the morphology of semiconducting polymers.



Introduction

Charge transport within thin films of semiconducting polymers relies on the nanoscale
organization of polymers to ensure intermolecular electronic coupling that provides continuous
transport pathways. At the molecular level, the two fastest transport directions for polymers are
the intramolecular direction along the backbone and the intermolecular direction when their n-
conjugated planes overlap.'? In organic electronic devices, such as bulk-heterojunction (BHJ)
solar cells®** and thin-film transistors (OTFTs),> and thermoelectrics,® charge transport occurs over
larger length scales than the contour length of the polymer chain (~50 nm with typical molecular
weights). Understanding how the longer-range morphology of semiconducting polymers can be
affected by their molecular structure is critical to develop structure property relationships.

We study here how the structure of sidechains affects the nanoscale morphology of poly (benzo
[1, 2-b:4, 5-b"] dithiophene—thieno [3, 4-c] pyrrole-4, 6-dione) (PBDTTPD) polymers. PBDTTPD
is a low band-gap donor-acceptor copolymer which can achieve PCEs of up to 8.5% in BHJs with
PC7:BM.”12 The sidechain structure has been shown to have a strong effect on the power
conversion efficiency of BHJ solar cells.®!2"1* Using a combination of X-ray scattering and high-
resolution transmission electron microscopy (HRTEM) we reveal how interdomain ordering is
impacted by the structure of sidechains in these semicrystalline materials.

There is significant focus on the design of the conjugated backbone of semiconducting polymers
to control electronic properties,'> !® but there is less understanding of how these designs control
the solid state ordering over multiple length scales. The connection between processing strategies
and the resulting morphologies has been widely studied for semiflexible polymers such as poly(3-
hexylthiophene) (P3HT).!” However, the numerous donor-acceptor copolymers being developed

for OPVs and OTFTs typically have much larger, and sterically bulkier, monomer units leading to



stiffer backbones.? These stiff backbones have a substantial effect on the phase behavior of the
polymer providing a means for thermal processing to aid in tuning morphologies after deposition.?!
Due to the small average grain (domain) size in many semiconducting polymers (~30-50 nm), the
connectivity of the ordered and disordered domains will dictate the electrical properties, but there
is a general lack of knowledge about the structure of domain boundaries in semiconducting
polymers.?2-23

Close co-facial stacking of the conjugated backbones of polymers is required for efficient
hopping between chains, however, solubilizing side-chains are necessary to increase their
solubility for processing and can influence the packing structure. The most common sidechains
are alkyl groups, both linear and branched,?® but there are many other chemical variations.?6-3°
Conjugated polymers frequently exhibit a packing structure where their semiconducting =-
conjugated backbones arrange into closely packed stacks of parallel chains separated by the
insulating alkyl side-chains.?!*! The length and placement of linear alkyl side-chains can lead to
closer packing of the main chain through interdigitation,* but the structure of branched chains can
inhibit close packing.?? In either case the conjugated backbones have a separation of > 1 nm in the
direction of the alkyl stacking preventing strong electronic coupling. The side-chains will also
affect the self-assembly and crystallization of polymers. For example, the side-chain density has
been correlated with the texture of crystalline domains in films of diketo pyrrolo-pyrrole (DPP)-
bithiophene copolymers where a higher density promotes a more face-on orientation of the
crystallites.?*

Gaining detailed information about the structure of grain boundaries in semiconducting

polymers is difficult due to their inherent structural disorder. The effect of changes in molecular

structure and processing on grain boundaries is therefore often inferred from transport



measurements and modeling.?>?%*> For example, tie-chains that connect crystalline domains have
been cited as the main way to transport charge in P3HT, inferred by the improvement in carrier
mobility by increasing the molecular weight®® and by studies of aligned films.>¢37 Additionally,
transport measurements parallel and perpendicular to aligned grain structures have led to the
conclusion that electrical properties suffer as the angle of misorientation between adjacent grains
increases.’® 4 Direct imaging methods are desirable to fully understand the complexities of
molecular arrangement on the nanoscale and the connection with charge transport.

Transmission electron microscopy (TEM) is a powerful tool for determining the orientation of
domains in crystalline polymers at the nanoscale. High-resolution TEM (HRTEM) can directly
image the crystalline grain boundaries in polymer and small-molecule thin films.*!*> HRTEM has

revealed the domains size in P3HT*4

and helped to reveal details about the packing structure of
crystalline conjugated polymers.*>#647 Maps of the orientation of ordered domains in a
thienothiophene polymer, PBTTT, have been measured using dark field transmission electron
microscopy (DF-TEM).*¥#° Nanobeam diffraction is emerging as a promising method to image
the local order of polymer films.>%! These techniques are challenging due to the need to minimize
electron-beam induced damage to the sample, but improved direct electron detectors are
increasingly available.>

Recently, overlapping ordered domains, comparable to quadrites in other synthetic polymers,
were discovered in a semiconducting polymer based on dithienosilole-benzothiadizole, Si-
PCPDTBT.*-3 Nonparallel chain packing and homoepitaxy has been observed in other rigid-rod

systems such as isotactic polypropylene (iPP),*!-%435

poly(paraphenylene benzobisoxazole)
(PBZ0),*¢ and the poly(imide), pyromellitic dianhydrideoxydianiline (PMDA-ODA).>” HRTEM

showed that the backbones of Si-PCPDTBT in ordered domains tend to overlap at a preferred



angle of =52°. This quasi-epitaxial relationship was explained a geometric argument given by
sin(¢)=d/c where c is the crystallographic repeat unit length along the backbone, d is the d-spacing
of the alkyl stacking distance, and ¢ is the angle between chains.> If the ratio d/c is within possible
values, the chains can overlap while maintaining their crystalline order. This cross-hatched
morphology in Si-PCPDTBT was also confirmed independently and not found to occur in the
carbon-bridged analog, cyclopentadithiophene-benzothiadizole (C-PCPDTBT), or a fluorinated
derivative.*® The benefit of cross-chain structures in insulating polymers, such as iPP, is control of
their mechanical properties, but it is unclear if such structures are of significant benefit for charge

transport in semiconducting polymers.

‘\5/1 2EH/C8

(o)

S S
S "
Ay
o“ N
H/\H \ C14/2EH
S S.
s o]
2EH/2EH o N‘\q\

(o)

AT
Figure 1. Chemical structures of PBDTTPD polymers with varying sidechain structure where the
nomenclature is Ri/R> with R on the BDT unit and R, on the TPD unit.

We study here the effect of the structure of the backbone on domain boundaries using a series
of PBDTTPD polymers (Figure 1). Side-chain induced steric hindrance of the donor and acceptor

units in PBDTTPD has been examined in BHJ solar cells, with bulkier side-chains on the donor



unit and a less sterically hindered acceptor unit leading to high power conversion efficiencies.®!%!4

Variations in the structural order have been observed when the donor and acceptor units were
substituted with various branched and linear side-chains, however, the factors driving crystallite
orientation are still not well understood.!! We determined the effect of the alkyl side-chains on
intercrystallite order by examining the three different derivatives of PBDTTPD. Our results show
that minor variations in side-chain structure drive both texture and the formation of ordered domain
overlaps between crystallites. Additionally, the formation of ordered overlapping domains appears
to be related to aggregation in solution as films cast from more concentrated solutions lead to a

denser cross-hatched morphology observed by HRTEM.

Results and Discussion

Structure of PBDTTPD. The backbone of PBDTTPD allows for varying conformations between
heterocycles, but the chain remains linear overall based on models using density functional theory
(DFT). Calculations at the B3LYP/6-31G* level of theory were carried out with model oligomers
of the main chain with methyl groups at the position of side-chain attachment (Figure 2 and
Supplementary Information Figure S1). The conformation of the backbone was examined by

setting the dihedral angles between the sulfur atoms on the BDT and TPD units (£ S-C-C-S) such

that the sulfur atoms were either cis or trans as a starting point. The energy-minimized structures
show a nearly planar backbone with an undulating, yet linear, structure along the chain axis. The
energy minima are close to dihedral angles of 9° and 177° for the cis and trans conformations. The
difference in energy between the lowest energy structure, the all cis model, and one with an all

trans conformation is 11.7 kcal/mol. A model with a mix of cis and trans conformations that



maintains the linearity of the backbone is 4.8 kcal/mol higher in energy than the all cis model. The
average difference in energy per bond linking the BDT and the TPD units is =1.7 kcal/mol, a
relatively small value, suggesting that the backbone could have a mix of angles in the solid state

given expected contributions from intermolecular interactions.

Figure 2. Representative structure from a four repeat unit oligomer showing the undulation in the
backbone of the polymer with all sulfur atoms in the trans conformation defined in text. The geometry
was optimized at the B3LYP/6-31G* level of theory.

A consequence of the variation in the dihedral angles of the backbone is a difference in the length
of the crystallographic repeat length along the backbone direction (Figure S2). If all of the dihedral

angles between the sulfur atoms on the BDT and TPD units (£S-C-C-S) are near 9°, then

crystallographic repeat length is 2.44 nm. For alternating dihedral angles of 9 and 177°, the length
decreases to 2.40 nm. The shortest repeat unit length of 2.36 nm results when all the dihedral
angles are near 177°. Any disorder in the dihedral angle from one value to the other will maintain
the linearity of the backbone, but modify the expected crystallographic repeat length by ~3%. This

variation in the length is expected to lead to significant broadening of scattering along the chain



direction in ordered domains (c-axis of unit cell) assuming that the backbone is planar in the

ordered domains.

Structural Ordering in Thin Films. To investigate the structure of PBDTTPD as a function of
sidechain functionalization, thin films were cast under varying conditions for analysis by X-ray
scattering and HRTEM. The three polymers PBDTTPD-2EH/C8, 2EH/EH, and C14/2EH had
comparable number-average molecular weight by GPC of 17.6, 20.0, and 17.9 kDa respectively
(Details in Supporting Information, Figure S2 and Table S1). We note that the 2EH/C8 derivative
has a shoulder in the molecular weight distribution, but we do not expect large changes in the local
structure because of this difference. The films were cast from solution in chlorobenzene with
varying concentration (2, 5, and 10 mg/ml) at a fixed spin-casting conditions (2000 rpm for 45
seconds) to achieve varying thicknesses ranging from ~10 to 60 nm. While the structural ordering
was consistent for each polymer, distinct behavior was observed for each as a function of

processing conditions.

GIWAXS Shows Differences in Molecular Packing and Texture. Grazing incidence wide-angle
X-ray scattering (GIWAXS) shows that the three polymers pack with a lamellar stacking
configuration, but with differences in the alkyl stacking distance depending on the side-chains
(Figure 3). The alkyl stacking peaks of the polymers can be observed by GIWAXS in the low-¢
region from 0.2 to 0.3 A" and a feature assigned to n- stacking is in the range of g=1.7 to 1.8 A-
!, Face-on crystallites are characterized by the appearance of an in-plane alkyl stacking peak and
out-of-plane n-m stacking peak, whereas the edge-on (and near to edge-on) crystallites produce
out-of-plane alkyl and in-plane n-n stacking peaks (Figure 3 and Figure S3). The scattering patterns
and d-spacings are in good agreement with previously reported values for the polymers (Table

1),334 and we discuss the detailed differences between the polymers below.
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Figure 3. Images of GIWAXS of as-cast 30 nm-thick films of PBDTTPD with varying sidechains:
(a) 2EH/CS, (b) 2EH/2EH, (¢) C14/2EH. The polymers were dissolved at a concentration of 5
mg/mL in chlorobenzene

Small differences in alkyl stacking distances are observed for the edge-on and face-on
crystallite populations within each film (Table 1). Changes in structure and texture have been
observed upon thermal annealing some systems,’® ¢! but the structure of in-plane and out-of-plane
crystallites in thin films are frequently observed, or assumed, to be the same. In the near edge-on
crystallite population of PBDTTPD, the alkyl stacking distances of the three derivatives are 4-11%
smaller than the face-on population suggesting that there is a small structural difference between
the two populations in each polymer. Additionally, the number of observable a-axis peaks vary
between the in-plane and out-of-plane populations indicating differences in the quality of ordering
(Figure 3). All three derivatives show four orders of diffraction in the out-of-plane direction. The
in-plane 2EH/C8 shows peaks assignable to 5 orders of diffraction consistent with the (100) planes,
C14/2EH shows two orders and 2EH/2EH has only a first order alkyl stacking peak in-plane. The
in-plane crystallite coherence length L., based on a Scherrer analysis (L=2nK/Ag, where K is a

dimensionless shape factor and Aq is the diffraction peak FWHM), for the 3 derivatives is near 30



nm. The out-of-plane L. varies between 15 and 30 nm providing a bound on the domain size (Table
1). There is a nearly negligible difference of at most 1% in the n-n stacking distances between

the edge-on and face-on populations.

Table 1. Parameters extracted from X-ray scattering from as-cast 30 nm-thick films of the PBDTTPD
polymers from 5 mg/mL solutions in chlorobenzene. The fraction of near edge-on crystallites is taken
from  of =0 to 30°, the near face-on crystallites are taken between 60-90° with the remaining fraction
of crystallites off-axis.

edge-on crystallites face-on crystallites
polymer alkyl coherence - fraction alkyl coherence - fraction
stacking length stacking (%) stacking length stacking (%)
(A) (A) (A) (A) (A) (A)
2EH/CS8 20.5 150 3.57 19 212 A 330 3.61 A 66
2EH/2EH  17.8 310 3.68 49 19.1A 270 3.73A 28
C14/2EH 26.7 260 3.53 62 28.8 A 280 3.55A 24

Differences in the texture of the crystalline domains are observed based on the nature of the side-
chains. The approximate crystallite texture was computed using the alkyl stacking peak; we note
that at grazing incidence, the true specular scattering cannot be collected and thus the texture is
underestimated by a fraction of the population of edge-on crystallites.®> The population of near
edge-on crystalline is defined by the intensity from x of 0° to 30° whereas the near face-on
crystallites are taken between 60-90° (Table 1 & Figure S4). The 2EH/C8 derivative is
predominately face-on with 66% face-on and 19% edge-on crystallites. The 2EH/2EH and C14/EH
derivatives have a similar distribution with the former containing 27% face-on and 49% edge-on
crystallites, and the latter with 24% face-on and 62% edge-on crystallites. In a previous study using
films cast from chlorobenzene and a 1-chloronapthalene additive, the attachment of branched side-

chains to the BDT unit promoted a face-on texture, while linear sidechains resulted in a more edge-
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on texture.® Our results are consistent with this work as the most face-on derivative, 2EH/C8, has
a branched side-chain on the donor unit and linear on the acceptor unit, while the most edge-on

material is C14/2EH, which has a linear chain on the donor and branched on the acceptor.

HRTEM Reveals Ordered Overlap of Crystalline Domains. Phase-contrast HRTEM images
of PBDTTPD using the periodicity of packing of the alkyl side-chains in face-on orientation
provide a real-space picture of how crystallites arrange and connect in thin films. Details of the
imaging conditions and processing methods along with the raw images are given in the Supporting
Information (Figures S5-S11). The domain boundaries of polymers are defined by a combination
of processing methods and molecular structure.’*52%> We, and others, have previously observed
ordered overlaps of crystalline domains in films of Si-PCPDTBT using HRTEM that depend on
geometric rule based on molecular structure.*®** By using a series of polymers with the same
backbone and varying sidechain substitution, we expected that if ordered overlaps of domains
occur in PBDTTPD, then variations in the crossing angle, ¢, should be observed due to the
difference in alkyl stacking distance. In order to satisfy the prediction that sin(¢)=d/c, the alkyl
stacking distance () must be smaller than the length of the crystallographic repeat unit of the main
polymer chain (c¢) (Figure 4). Therefore, extended side-chains that increase the alkyl stacking
distance will prevent overlap for a given backbone. While this simple geometric model of chain
overlap is a starting point for understanding how cross-chain structures may fit together, it is an
oversimplification because it first assumes a planar conjugated backbone and it also assumes that
there is enough volume to accommodate the sidechains with close-overlaps. For PBDTTPD we
speculate that the crossing occurs at the BDT unit based on steric considerations as has been

suggested previously based on favorable oxygen-sulfur interactions between chains.®* The range
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of sidechain structures examined here allow us to test this simple prediction to determine if it is

indeed a good guideline for materials design relative to carrying out detailed simulations.*®

Figure 4. Schematic of overlapping chains of PBDTTPD where the faded chains represents a
crystallite below the crystallite with bold chains. A simple model for overlapping domains gives
sin(¢)=d/c where the alkyl stacking distance (d) and the length of the crystallographic repeat unit
of the main polymer chain (c¢). The sidechains, R; and R», are omitted for clarity, but their steric
interactions play an important role in whether such structures are possible for a given polymer.
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Ordered overlapping crystalline domains are observed readily for PBDTTPD-2EH/CS8 derivative
in as-cast thin films (~15 nm). Cross-hatched features due to overlapping crystallites are observed
in HRTEM images (500x500 nm) during examination of data sets covering areas over 50 um?
(Figure 5). Because HRTEM images in transmission through the film, there can be domains that
are in molecular contact or separated through the thickness. When the overlap of the face-on
crystallites constitute a grain boundary it can be classified as a lateral chain rotation in the
classification proposed in previous studies.’® There are overlaps of face-on PBDTTPD crystallites
at an angle near 56° along with overlaps other angles near the edges of crystallites. We find that
the 56° angle is in reasonable agreement with our geometric model that predicts an overlap angle
of =59° using a repeat length of 2.4 nm (Figure 5). A schematic showing a model of chains
overlapping at the BDT unit is given as Figure 4; we propose this structure based on the ability of
the alkoxy sidechains to face away from each other on m-stacked chains preventing steric
interactions. It has also been suggested in literature that the n-stacking in PBDTTPD could be
stabilized by overlap of the donor units at an angle of ~60° due to sulfur-oxygen interactions.®*
Overlapping crystallites in Si-PCPDTBT were predicted to cross at the benzodiathiazole unit based

on comparable steric argument® that was confirmed by molecular modeling.*¢
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Figure 5. (a) HRTEM image of PBDTTPD-2EH/CS thin film (15 nm) cast from 2 mg/mL solution.
Scale bar is 100 nm (b) HRTEM at higher magnification showing overlapping crystallites (c). Line
drawing representation of chains in the ordered crossings extracted from HRTEM image.
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Figure 6. (a) HRTEM image of PBDTTPD-2EH/2EH thin film cast from 5 mg/mL solution
(b) Line drawing representation of chains in the ordered crossings extracted from HRTEM
image. Scale bars are 100 nm.
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Figure 7. (a) HRTEM image of PBDTTPD-C14/2EH thin film (~15 nm) cast from 2 mg/mL
solution (b) Line drawing representation of chains in the ordered crossings extracted from HRTEM
image. Scale bars are 100 nm.

HRTEM images reveal that the clear overlapping domains observed for PBDTTPD-2EH/CS are
not present in the 2EH/2EH and C14/2EH derivatives. The fraction of face-on oriented crystallites
determined by GIWAXS is close to 25% for these materials. The crystallites are only observed in
about 25% of the area of the images for 2EH/2EH (Figure 6, Figure S8). The simple geometric
model predicts a crossing angle of 48° and some regions of overlapping crystallites occur near this
angle (~52°). Overlap of the crystallites, however, occurs at the edges of crystallites over smaller
distances (~10 nm) for 2EH/2EH instead of overlap over the entire crystallite width (~30 nm) as
observed for 2EH/C8. Despite the prediction of the geometric model for overlap, the bulkiness of
the branched ethyl-hexyl side-chain on the TPD acceptor unit may frustrate the packing at domain
boundaries. The geometrical model does not predict a crossing for the C14/2EH derivative because
the alkyl stacking distance (2.9 nm) is larger than the crystallographic repeat unit (2.4 nm);

HRTEM images do not show overlapping domains, but features similar to those observed for the
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naphthalene diimide-thiophene co-polymer, P(T2NDI-OD) (Figure 7).%%3 The texture of the
crystallites from GIWAXS was 24% face-on suggesting that the face-on crystallites be segregated
to the top, or bottom, of the film. An estimate of the thickness of the face-on crystallites is provided
by the width of the out-of-plane n-n stacking peak centered at q,=1.78 A. The coherence length of
the face-on population is =6.3 nm; in a film thickness of around 15 nm, it is therefore plausible
that a thin layer of edge-on crystallites forms above or below the face-on crystallites. Such a
stratification has also been found in films of P(T2NDI-OD) further suggesting the similarities

between the morphology of the two materials.®®

The presence of branched versus linear side-chains will affect the ability of the n-faces of the
polymers to pack closely in a non-parallel arrangement of the main chains. In the case of Si-
PCPDTBT, the acceptor unit does not have side-chains, which minimizes steric congestion at the
proposed point of overlap, and the Si-C bonds at the bridgehead of the CPD unit allowed for close
packing of the n-faces.*%33:% The situation becomes more complex for polymers with side-chains
on both the donor and acceptor units. Here, PBDTTPD-2EH/C8 and PBDTTPD-2EH/2EH are
both predicted to overlap, however, only PBDTTPD-2EH/CS8 exhibits a significant fraction of
domain overlaps. This observation suggests that a sterically unhindered acceptor unit is an
important determinant of whether efficient crystallite overlap will occur. In addition, while the
model predicts the single most probable overlap angle, local fluctuations in d-spacing and other
structural features, such as the conformation of the chain and dislocations, will lead to a
distribution of angles. As an example, a distribution in the angle of grain boundaries has been
observed in pyromellitic dianhydride-oxydianiline (PMDA-ODA) and attributed to fluctuations in

the crystallographic angle, v, of the unit cell.>” While we cannot expect that our reductive model

16



could capture these features, it does appear to be a reasonable approximation based on our HRTEM

data.

Dependence of morphology on casting concentration. The type of domain boundaries formed in
a film should strongly depend on their thickness. First, simple geometric factors may prohibit
overlapping domains depending on the size of the crystallites relative to the thickness of the film.
Second, if the increase in thickness is achieved by changing the concentration of polymer in
solution, then aggregation of the chains in solution during the casting process should also have a
major impact on the morphology.®” The cross-hatched morphology in Si-PCPDTBT was found to
develop after spin-coating, but was not present after high-temperature (HT) rubbing, which was
hypothesized to occur because Si-PCPDTBT aggregated more strongly in solution.* It is likely
that the formation of cross-chain structures and the resulting crystallite texture in thin films of
PBDTTPD is related to aggregation in solution. We therefore expected to see differences in the
resulting morphology because the 2EH/2EH and C14/2EH derivatives of PBDTTPD were soluble
in chlorobenzene at room temperature, whereas solutions of the 2EH/CS8 derivative were heated to

achieve dissolution and cooled to room temperature before casting.

The overlap density of face-on crystallites increases in PBDTTPD-2EH/C8 as the film
thickness increases and is likely connected to aggregation in solution. By varying the solution
concentration between 1 and 10 mg/ml and keeping the spin-casting conditions identical, the film
thickness could be varied from =10 to 60 nm. The percentage of face-on and edge-on crystallites
determined by GIWAXS changes in the films of PBDTTPD-2EH/CS as the solution used for spin-
casting becomes more concentrated (Table S2). When the solution is the most concentrated (10
mg/ml), the crystallites in the film have a distribution of 73% face-on and 14% edge-on, while in

the most dilute solution (1 mg/ml) have a distribution of 26% face-on and 64% edge-on. For thin
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films (~15 nm) from a 2 mg/ml solution of 2EH/CS in chlorobenzene, individual crystallites are
observed to overlap and intersect (Figure 8a and Figure S5). By doubling the thickness to 30 nm
with a 5 mg/ml solution, we find regions in HRTEM where more than two crystallites overlap with
the same angle of =~60° further suggesting that chains are epitaxially arranging on one another
(Figure 8b, Figure S6). Doubling the thickness again to 60 nm with a 10 mg/ml solution results in
a very and densely crosshatched morphology (Figure S7); the power spectrum shows that the
crystallites have an overall isotropic orientation, but overlap at angles around 60° can still be
observed locally. These data suggest that aggregation in solution may promote formation of the

overlapping domain boundaries.

Figure 8. HRTEM images and Fourier transform showing overlapping crystallites of
PBDTTPD:2EH/C8 (a) 2 crystallites in 15 nm thick film and (b) 3 crystallites 30 nm thick
film where each is oriented at a relative angle of ~60°. The scale bar is 20 nm.
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Increasing the film thickness through the use of more concentrated solutions does not result in
an increase in crystallite overlap for the 2EH/2EH and C14/2EH derivatives (Figure S9 and S11).
However, 2EH/2EH and C14/2EH also have a lower percentage of face-on character compared to
2EH/C8 at comparable casting concentration. Detailed examination of the change in texture of the
ordered domains with solution concentration for 2EH/2EH revealed only minor changes compared
to 2EH/CS8 (Table S2). Spin casting a thin film from the most concentrated solution (10 mg/mL)
leads to a 45% edge-on and 27% face-on character with a similar distribution in the film cast from
Img/mL solution. This further suggests the influence of concentration for the behavior of the

2EH/CS8 derivative.

Thermal annealing reveals structural polymorphs. We expected that the differences in
overlaps of ordered domains could impact the way the films respond to thermal annealing. The
crossed crystallites may act as physical crosslinks and change the way the film expands and
contracts during heating and cooling due to the necessity of two domains changing together. While
sufficient material was not available for quantitative mechanical testing to determine if the
observed cross-change structures behaved as physical cross-links, the process of floating the thin
films onto TEM grids provided some qualitative insight into the mechanical behavior. Floating of
the thinnest films (10-15 nm) was more successful for PBDTTPD-2EH/C8, which has significant
crystallite overlap, versus films of the 2EH/2EH and C14/2EH derivatives, which were prone to
shatter during transfer to the TEM grid. We note that this behavior is an empirical observation and
cannot rule out other defects as the origin of the difference in mechanical behavior. Because we
expected that crystallites with differing texture would respond differently to thermal annealing, we

examined the evolution of the structure of the three PBDTTPD derivatives using GIWAXS.
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GIWAXS in-situ thermal annealing revealed how the packing structure of the crystallites
depended on the texture of the film. Here, the polymer films were heated to 250°C for 30 min
followed by slow cooling at 5-10°C/min to room temperature. This temperature was chosen
because it was below the decomposition temperature and still high enough that morphological
rearrangements could occur in a relatively short time scale (See Supporting Information, Figure
S12). The population of near edge-on and face-on crystallites did not dramatically change for any
of the PBDTTPD derivatives, but the alkyl stacking distances in the two populations did show
significant differences. This contrasts the behavior of systems like P(T2NDI-OD) where

polymorphism occurs with a change in texture.>%-8

20



@

600x10°

=

0
0.26 0.28 0.30 0.32
Auy(A )

Intensity (a.u.)

(b) 1.0x10°
—~ 0.8
3

o
o
|

o
)
|

o
o
1

™ T T
0.25 0.30 10.35 0.40

g, (A7)
(c) 25°C  250°C Slow cool to 25°C
20 - y
<
8 21.5
5 1% eecee 00 0o 000 000 00
3 21.0
2 l]og0000 o, ® In-plane
3 ] -of-pl
gzo.s o ° @® Out-of-plane
[z
>
£ 200 ..
® o00 © 0|
195
e e e e e e e AR
0 20 40 60 80 100
Time (min)

Figure 9. Results of GIWAXS in-situ heating of PBDTTPD-2EH/CS at 250°C for 30 min followed
by slow cooling to room temperature. 1D line-cuts of the alkyl stacking peak (a) in-plane and (b)
out-of-plane, and (c) evolution of alkyl stacking distance during heating and cooling for the in-
and out-of-plane direction.
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For the PBDTTPD-2EH/CS, the face-on and edge-on crystallites show a different response to
thermal annealing as evidenced by the change in d-spacing during heating and cooling (Figure 9).
Minimal change is observed in the in-plane direction; the alkyl stacking distance is 2.13 nm before
annealing and 2.12 nm after slow cooling. The out-of-plane alkyl stacking distance shows an initial
expansion from 2.05 to 2.08 nm during heating followed by a contraction to 1.97 nm which is a
4% reduction. Thermal expansion, or contraction, has been observed during the initial annealing
of many semiconducting?! and non-conjugated stiff chain polymers® depending on the density of
the sidechains and their structure. Here, the contraction suggests that the density of the sidechains
increases upon thermal annealing, which is likely caused by small conformational rearrangements

of the branched sidechains.

PBDTTPD-C14/2EH and PBDTTPD-2EH/2EH have a distribution of polymorphic crystallites
that behave differently upon thermal annealing. The in-plane alkyl stacking of PBDTTPD-
C14/2EH exhibits simple 4% contraction during annealing from 2.89 to 2.78 nm. This small
contraction that occurs upon reaching 250° C and only shifts slightly upon cooling is likely due to
minor rearrangements of the linear tetradecyl side-chains on the BDT donor unit. The crystallites
that are oriented near the edge-on direction behave differently than the face-on population. The
out-of-plane alkyl stacking peak at ¢ = 0.234 A"! (d =2.68 nm) splits into 2 resolved peaks at g =
0.228 A' (d=2.82 nm) and g = 0.248 A"' (d = 2.53 nm) at 250° C (Figure S13). The width of the
initial peak suggests that both populations were present in the as-cast film and then evolve upon
heating and cooling. Upon cooling, both peaks show a contraction in d-spacing from 2.82 to 2.55
nm (g = 0.247 A™") for the lower-g peak and 2.53 to 2.35 nm (g = 0.266 A™") for the higher g peak
and eventually merge into a single broad feature at room temperature. Similar behavior is also

observed for PBDTTPD-2EH/2EH (Figure S14). While the face-on crystallites show little change

22



in d-spacing (1.92 nm) during heating and cooling, the edge-on crystallite show a contraction in
the spacing. While heating at 250°C, the out-of-plane alkyl stacking peak splits into 2 peaks at
g=0.336 A"' (d¢=1.86 nm) and ¢=0.360 A"! (d= 1.74 nm) and evolve into one population with a

scattering feature at g=0.369 A"! (d =1.70 nm) at room temperature (Figure S14).

The behavior of the three polymers suggests the role of domain boundaries and physical stress
on the ordered populations. For PBDTTPD-C14/2EH and PBDTTPD-2EH/2EH, the more edge-
on orientated crystallites contract upon heating and cooling by ~7% and ~9 % respectively whereas
there are smaller shifts of the face-on population. PBDTTPD-2EH/C8 has similar behavior with a
smaller contraction for the edge-on crystallites. This difference suggests that the in-plane
population is constrained by the interaction of the film with the substrate as well as the interdomain
connectivity; the edge-on population has one free interface whereas the in-plane population does
not. HRTEM does not show the same degree of overlap of the crystallites for the three polymers
suggesting that ordered domain boundaries are not the sole origin of the difference in the
populations. It is likely that the physical constraints of the substrate may prevent contraction in the

in-plane crystallites in the polymers.

Conclusion

We have shown that the morphology of thin films of a series of PBDTTPD polymers is affected
by several factors including the molecular structure, processing, and aggregation in solution. Our
results test the utility of a previously proposed model*%>? based on molecular geometry to provides
a guide of possible structures for ordered domain boundaries. HRTEM of thin films of PBDTTPD-

2EH/CS8 showed ordered overlap of domains around the predicted angle of ~60° along with other
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angles of overlap. Crystallites of PBDTTPD-2EH/2EH were also predicted to have ordered
overlapping domains, but the results from HRTEM were not pronounced and attributed to the
presence of branched instead of linear chain on the acceptor unit. Our results here do confirm the
role of the sidechains in dictating these ordered domain boundaries. The dependence of the
formation of these boundaries in films PBDTTPD-2EH/CS8 on the concentration of the casting

solution suggests a further route to control the hierarchical nanostructure in polymer thin films.

A surprising observation in our study was the presence of polymorphic crystallites in all three
PBDTTPD derivatives that behaved differently during thermal annealing depending on their
orientation to the substrate. Thermal annealing and in-situ GIWAXS showed that the edge-on
crystallites had larger changes in their structure (> 4% change) than face-on crystallites without
large changes in the texture. These results contrast other systems where polymorphs have been
observed after large changes in texture of the ordered domains.’®> These observations suggest
that mechanical properties, i.e. stresses in the films, may have a role in determining the packing

structure after thermal annealing.
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