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ABSTRACT: Conjugated block copolymers provide a pathway to achieve thermally stable
nanostructured thin films for organic solar cells. We characterized the structural evolution of
poly(3-hexylthiophene)-block-poly(diketopyrrolopyrrole-terthiophene) (P3HT-b-DPPT-T) from
solution to nanostructured thin films. Aggregation of the DPPT-T block of P3HT-b-DPPT-T was
found in solution by small angle X-ray scattering with the P3HT block remaining well-solvated.
The nanostructure in thin films was determined using a combination of wide and small angle X-
ray scattering techniques as a function of processing conditions. The solution structure controlled
the initial nanostructure in spin-cast thin films allowing subsequent thermal annealing processes
to further improve the ordering. In contrast to the results for thin films, nanostructural ordering
was not observed in the bulk samples by small angle X-ray scattering. These results suggest the
importance of controlling solvent induced aggregation in forming nanostructured thin films of

conjugated block co-polymers.
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Introduction

The desire to build electronic devices such as organic thin film transistors (OTFTs)," light-
emitting diodes (OLEDs), photovoltaic solar cells (OPVs)® and thermoelectrics,* has propelled
research in semiconducting polymers.”® One of the main benefits of semiconducting polymers is
their processability from organic solvents that allows thin films to be deposited using common
printing methods. The electronic properties of semiconducting polymers are strongly dependent
on their molecular organization in the solid state, however, making it important to develop
materials such that their molecular design aids in controlling the nano- and microstructure of thin
films. This factor is of particular importance for OPVs where binary blends of materials with
phase separation on the nanoscale have the highest efficiency.

We report here a detailed study of the microstructure of thin films of a conjugated block
copolymer (CBCPs) with semicrystalline donor and acceptor blocks. We previously reported the
synthesis of poly(3-hexylthiophene)-block-poly(diketopyrrolopyrrole-terthiophene) (P3HT-b-
DPPT-T) and observed nanoscale phase separated structures upon casting from solution.® Here,
we follow the evolution of structure formation in P3HT-b-DPPT-T from solution to solid films to
reveal the origin of the observed nanostructuring. Our results demonstrate the critical role of
solution-phase aggregation in P3HT-b-DPPT-T and suggest pathways for structural control of
block co-polymer solar cells.

The power conversion efficiency (PCE) of state-of-the-art OPVs is currently near 11 %,'*"
but there is a significant need to increase their efficiency. The highest performing OPVs use bulk
heterojunctions (BHJs), which are physical blends of an electron-donating material and an
electron-accepting material.” In efficient BHJs, the donor and acceptor are phase separated into

small (~20 nm), bicontinuous domains providing high interfacial area for charge generation and



pathways for extraction of the photogenerated charge. Post-deposition processing steps, such as
thermal annealing, can either improve or reduce the PCE of BHJ OPVs by modifying the
nanostructure and local order of the components. In BHJs based on polymeric donors and
fullerene acceptors, the fullerene can rapidly diffuse above the glass transition of the donor
polymer coarsening the phase separation and thereby lowering the PCE."*" Recent work has

%14 including polymers as acceptors,”** which has led to

focused on non-fullerene acceptors,
high PCEs (>8%), but at this stage the morphological stability has not been studied as
extensively as with fullerene-based acceptors. Thus, it would be helpful to develop
morphologically stable OPVs that maintain the advantage of the nanoscale BHJ structure.

A strategy to control the nanostructure and improve the stability of OPVs is to design
conjugated block copolymers (CBCPs) where one block is an electron-donating polymer and the
other block is an electron-accepting polymer.”* Because of the potential for controlled
assembly driven by thermodynamics dictated by the molecular characteristics of the blocks,
CBCP could lead to morphologically stable BHJs.”**” For instance, in-plane lamellar order of
donor and acceptor domains would provide the interfacial area necessary for charge generation,
and at the same time, the p- and n-type transport channels required for efficient collection of
photogenerated charge carriers. BCPs can also be used as additives and interfacial stabilizing
agents in ternary blend cells.””*®

The design of BCPs for single component solar cells requires that the donor and acceptor
blocks not only have the appropriate length scales for phase separation, but also have the
requisite electronic properties including broad optical absorption and offset transport levels for
charge transport. This goal has been met by BCPs where either one block has a conjugated
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backbone and the other has an insulating backbone with pendant conjugated molecules, or by



structures where both blocks have conjugated backbones (CBCPs).* > Because of the relative
stiffness of conjugated backbones, the phase separation of their BCP is complex due to energetic
interactions between blocks, the volume fraction of the blocks, and potential crystallization.
Many BCPs have a donor block based on poly(3-hexylthiophene) because of its ease of synthesis

and known performance as a donor polymer in OPVs,339424430.54

P3HT is a semicrystalline
polymer with a relatively high melting point (>200° C), and, in many cases, the phase separation
observed in its BCPs with amorphous coil blocks is driven by its crystallization limiting the
ability to control structure by thermal processing.® In CBCPs both blocks may be
semicrystalline with high melting points leading to more complex phase behavior.***

Despite complexities in understanding the phase separation of CBCPs, relatively efficient
solar cells have been demonstrated with the highest reported PCEs being ~3%.* In these CBCP
OPVs, the phase separation at ~16 nm scale of blocks of P3HT and a fluorene-benzodiathiazole-
based co-polymer (PFTBT) led to solar cells with high open circuit voltage and external quantum
efficiencies of ~30%. These PCEs, however, lag those of physical blends of polymers,**>°*>®
which have now reached ~7.7% using an acceptor based on a naphthalene diimide-selenophene
copolymer acceptor and a donor based on a benzodithiophene-thieno[3,4-b]thiophene
copolymer.”! There are critical questions whether the differences in efficiency are simply due to
materials choice, i.e. improved donor-acceptor pairs, or if the covalent linkage of the donor and
acceptor in the BCP leads to detrimental recombination or interfacial electronic states.>****
Additionally, there are also significant questions concerning the role of purity of the donor and

acceptor domains in BHJs on charge recombination.®** A fundamental understanding of how the

nanostructure and molecular order in CBCPs evolves will help to answer these questions.



We examine here how nanoscale structures form in poly(3-hexylthiophene)-block-
poly(diketopyrrolopyrrole-terthiophene) (P3HT-b-DPPT-T), with the aim to elucidate how
casting and thermal processing influence phase separation. We studied the solution phase
structure of the polymer using small angle X-ray scattering combined with UV-Vis absorption
and found clear evidence for aggregation of the DPPT-T block. The resulting short range order
and longer range order in the solid state was examined using complementary hard and soft X-ray
scattering methods as a function of thermal annealing. In contrast to other CBCPs, aggregation
and crystallization of DPPT-T rather then P3HT drove structure formation. The initial structure
in thin films driven by this solution-phase structure can be further modified through thermal

annealing.

Results and Discussion

Molecular Design of P3HT-b-DPPT-T As previously described, poly(3-hexylthiophene)-block-
poly(diketopyrrolopyrrole-terthiophene) (P3HT-b-DPPT-T) (Figure 1) was synthesized using a
strategy involving the Stille coupling of end-functional P3HT and two sets of end-functionalized
monomer units that comprise the DPPT-T block.” The number-averaged molecular weight (M,)
and polydispersity index (PDI) of the block copolymer were 37.2 kDa and 1.86, respectively,
with a molar repeat ratio of 87/13 for P3BHT/DPPT-T. DPPT-T has a low optical gap relative to
P3HT, with primary absorbances in the range of 700 — 800 nm and 500 — 600 nm, respectively.
The optical absorption of the block co-polymers reflects the complementary absorption profiles

of the two blocks and provides broad coverage of the solar spectrum (Figure 1).
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Figure 1. (a) Molecular structure and (b) UV-VIS. absorption spectra of
P3HT-b-DPPT-T in ortho-dichlorobenzene solution and in a thin film.

P3HT-b-DPPT-T Aggregates in Solution. The optical absorption of the P3HT and DPPT-T
blocks shows substantially different behavior upon solidification from the solvent, ortho-
dichlorobenzene (0-DCB). The red-shift of the peak at 2.75 eV upon solidification to 2.26 eV
suggests that P3HT is well-solvated in solution and undergoes a significant structural
organization upon film casting, while the low energy peaks centered at 1.63 eV from DPPT-T
show little change. The lack of a red-shift and the vibronic structure suggests aggregation of the
DPP-T block in solution. Temperature-dependent UV-Vis spectra of P3HT-b-DPPT-T and DPPT-

T solutions show relatively small changes up to 140°C, near the solvent’s boiling point (Figure



S1). The aggregation of DPPT-T in 0-DCB is common for DPP-based polymers®*® and the
spectra suggest that aggregation is not substantially changed in the block copolymer.

The UV-Vis spectra suggest aggregation of the DPPT-T block, but also indicate that the
P3HT block remains well-solvated. To verify that aggregation was the origin of the lack of a shift
in the optical absorption rather than the stiffness of the DPPT-T block, solution-phase small angle
X-ray scattering (SAXS) was performed in o-DCB at a concentration equivalent to that used in
thin film coating (15 mg/mL). 2D SAXS scattering patterns were acquired by transmission of a
14 keV beam through a temperature-controlled liquid flow cell and azimuthally integrated to
obtain line profiles (Figure 2).* As the temperature is decreased towards room temperature from
80 °C where the block copolymer is dissolved, aggregation becomes increasingly pronounced. A

weak scattering peak, centered at a scattering vector of 3.0 nm™, which is similar to (100)

log (intensity [a.u.])
o

Figure 2. Temperature-dependent solution transmission SAXS of P3HT-b-DPPT-T
in 0-DCB at a concentration of 15 mg/mL. Line profiles were generated from the
radial integration of scattering images

spacing of crystalline DPPT-T or P3HT in the solid,® is increasingly observed as the solution



temperature is decreased. At q below 0.1 nm™, the scattering intensity falls off as g for all
temperatures without evidence of a Gunier region, i.e. a plateau, within the limits of the
experimental range. Another region is observed until q ~ 1 nm™, where the scattering intensity
scales as ' at high temperature and as ¢ at room temperature. These values are between what
is expected for rods (g*) and sheets or discs (g*). Overall, we interpret these results as evidence
for aggregation of the polymer chains with rod-like regions within them. These data along with
the UV-Vis spectra as a function of temperature suggest that the DPPT-T block is the origin of
the aggregation; while we cannot perfectly rule out some aggregation of the P3HT block,
spectroscopy suggests that it is well solvated relative to DPPT-T.

We can further compare the scattering from homopolymers to the P3HT-b-DPPT-T block
polymer to examine whether the aggregation is driven by the block structure. Solution SAXS of
P3HT is known to show coil-like behavior in 0o-DCB® and we examined DPPT-T homopolymers
here (Figure S2). A similar length scale of alkyl-stacking structure (centered at ~3.0 nm™) is
observed for the DPPT-T homopolymer as for P3HT-b-DPPT-T at temperatures to 60°C. The
scattering follows a ¢! form between 0.1 and 1 nm™ suggesting a rod-like structure and scaling
as g at low q indicating larger scale aggregation. Solution SAXS of co-polymers of furan and
DPP show similar features indicating aggregation, i.e. a peak emerging near the layering
expected in the solid state, suggesting such behavior may be common for DPP-based, and
perhaps other, polymers.®* Based on the UV-Vis spectra and solution-phase SAXS, we therefore
believe that the DPPT-T block begins to form structured aggregates in solution, while the P3HT
segments are in a more coil-like configuration. This aggregation in solution likely has a
substantial role in the formation of the nanoscale phase separated structures previously observed

in thin films. While we expect that reducing the concentration will decrease the aggregation, but
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we did not explore such conditions because the concentration used here is required to form ~100

nm thick films relevant for solar cells.

Ordering of P3HT-b-DPPT-T in Bulk. In order to understand how thermal processing drives
nanostructure formation in P3HT-b-DPPT-T, we examined both short and longer range order
using X-ray scattering as a function of temperature. Differential scanning calorimetry (DSC) of
P3HT-b-DPPT-T powder shows well-defined melting and crystallization transitions for both the
P3HT and DPPT-T blocks (Figure S4). Specifically the P3HT block melts at ~220 °C (T, p3ur)
and recrystallizes at ~180 °C (T, psur) upon cooling in agreement with literature values for the
homopolymer,®”® while the DPPT-T block melts at ~260 °C (T, pepr-) and recrystallizes at ~245
°C (T¢, peprr). The well-separated thermal transitions for each block provides a thermal window

in which to investigate the structural effects of isothermal annealing and controlled cooling.
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To further understand crystallization of P3HT-b-DPPT-T in bulk and to verify the assignment
of thermal transitions from DSC, transmission WAXS was collected during heating under the
same conditions as for the conventional DSC measurement. Shown in Figure 3 are radially
averaged WAXS line profiles, for temperatures below and above the melting transition of each
block, in the (100) alkyl-stacking region. It is seen from the trace at room temperature that, as
expected, the (100) peak from P3HT is present near 3.7 nm™, and the (100) peak from DPPT-T is

at 2.9 nm™. In physical blends of poly(alkyl-thiophene) and co-polymers of DPP and thiophene,
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Figure 3. Temperature dependent-WAXS for bulk powder of P3HT-b-DPPT-T near
the (a) (100) position for the alkyl-stacking region and the (b) (010) n-stacking
region (the scattering curves are vertically offset for clarity).

alloying behavior has been observed in thin films with a single d-spacing present’' and some
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block co-polymers of poly(alkylthiophenes) show co-crystallization. In contrast, the block co-
polymers here show distinct crystalline phases for each block allowing us to readily identify the
thermal transitions from DSC. As the temperature is elevated, both peaks shift to lower
scattering vectors due to thermal expansion. The higher q P3HT peak begins to decay in intensity
near the P3HT melting transition and is completely absent at 250 °C. At this temperature, the
lower q DPPT-T peak is still present but also disappears once the DPPT-T melting transition is
crossed. Similarly, Figure 2(c) depicts radially averaged, temperature-dependent DSC-WAXS
traces for the (010) m-stacking region. Here, a broad m-stacking peak is centered near 16.4 nm™
near the expected d-spacings for P3HT and DPPT-T homopolymers. The m-stacking feature
broadens at temperatures below the DPPT-T melt, but the alkyl layering of DPPT-T is still
present. This observation suggests that either the m-stacking is mostly due to the P3HT block or
that the melting of P3HT disrupts the m-stacking in the DPPT-T block due to their covalent
linkage.

Transmission SAXS studies were also conducted on the P3HT-b-DPPT-T powder to
investigate how the crystalline thermal transitions are related to domain formation in the bulk
material. Between room temperature and 275 °C no obvious features were evident over the
length scales of 5 — 100 nm (Figure S5). Instead, an exponentially decaying profile was
observed, suggesting that, within this length scale range, there is no unique length scale of
separation between the two blocks or that their electron density is too close to provide scattering
contrast. These results contrast observations for block co-polymers of P3HT and polyfluorenes
where phase separation could be observed in bulk SAXS.** In those cases the backbone
structures have very different molecular architecture due to the alkylation of the bridge-head

position in the fluorene group relative to the planar DPP and thiophene units in P3HT and DPPT-
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T. Therefore, the DSC-SAXS data does not reveal phase separated structures in the bulk on the
time scales examined; these results contrast our previous results demonstrating nanostructured

domains in solution-cast thin films of P3HT-b-DPPT-T.°

Crystalline and Nanostructure of Solution-Cast Films. The majority of organic thin film
electronic devices are made by solution-casting and here we can use our understanding of the
structure in solution to interpret the structure formation upon spin-casting. Previously, we
reported initial data on the structure of films cast from solvent followed by annealing with rapid
quenching.” Here we modify the thermal annealing process to investigate and tune the structure
formation leading to better structural order than previously observed.

Both blocks in P3HT-b-DPPT-T films show crystalline ordering that can be modified by
annealing the thin films near the melt transitions for the blocks. 2-D GIWAXS patterns are
presented in Figure 4, for the as cast film and following annealing at 200 °C, 225 °C, and 265 °C

for 1 hour and slow-cooling back to room temperature (rate of 4 °C/min). In our previously
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Figure 4 2-D GIWAXS patterns of P3BHT-b-DPPT-T thin films: (a) as cast and after
isothermal annealing for 1 h at (b) 200 °C, {d) 225 °C, and (d) 265 °C.



reported work, films that were annealed and quenched quickly to room temperature show
qualitatively similar scattering features.’ It is apparent from GIWAXS that the local structure of
both P3HT and DPPT-T blocks in thin films is similar to their bulk structure, with (100)psur and
(100)orer-r peaks appearing at q=3.7 and 2.9 nm™, respectively, in the as-cast film with only slight
shifts relative to the respective homopolymers.®®’* Relatively broad peaks are observed for the
P3HT and DPPT-T blocks in the as-cast film, prior to any annealing. Following thermal
annealing at 200°C, the peaks in the nearly out-of-plane direction become more well-defined and
narrow (Figure 5). The thermal annealing process also enhances the ordering of both crystalline
structures, with the presence of (200), (300), and (400) DPPT-T peaks, and (200) and (300)
P3HT peaks for all thermally annealed films. For films annealed at 225° C and 265 °C, where the
melt states of P3BHT and DPPT-T are accessed, respectively, the alkyl-stacking crystalline
structure of each block is able to recover due to the slow rate of cooling through each
crystallization transition. Once DPPT-T is melted, the peak width in GIWAXS are slightly
broadened (~10%). Similar behavior is observed in-plane from the m-stacking of the chains
Figure 5b. The major peak at 16.4 nm™ originates from the co-facial stacking of the backbones
and cannot be readily assigned to P3HT or DPPT-T domains due to the similarity of the spacing
for the two materials.®*”> In the as-cast film, this peak is broadest (FWHM = 0.26 A™),
suggesting very disordered n-stacking, but narrows substantially following annealing and cooling
from 200 °C (cold crystallization conditions, FWHM = 0.13 A™) and 225 °C (P3HT melt
annealing conditions, FWHM-= 0.16 A"'. When the film is annealed and cooled from the DPPT-T

melt, the peak broadens (FWHM-= 0.21 A™") to a width closer to the as-cast state.
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Both crystallites of P3HT and DPPT-T are oriented in an edge-on fashion, in which the alkyl-
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Figure 5 (a) GIWAXS intensity along the missing wedge close to g, and (b) the in-plane
direction gx, of P3BHT-b-DPPT-T thin films: (a) as-cast and after isothermal annealing for 1 h
at (b) 200 °C, (c) 225 °C, and (d) 265 °C.
stacking is dominant in the out-of-plane direction, while the m-stacking vector is primarily in the
in-plane direction (Figure 3(a-d)). These observations show that DPPT-T and P3HT forms
disordered crystallites upon casting and they both improve their structural order upon annealing
even below the melt temperatures of the blocks. The difference in the d(100)-spacing of the two
blocks (4 A) suggests there is likely a region of disorder at their junction. The P3HT block has a

higher MW than DPPT-T which likely allows it to accommodate the change in layer spacing

between the two blocks. The suppressed crystallization temperature of the P3HT block in P3HT-
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b-DPPT-T relative to the same transition for P3HT homopolymer (see Figure S4) further
suggests that ordering of the DPPT-T block impacts the the undercooling required to recrystallize
the P3HT block.

GIWAXS data reveals that the crystalline domains within P3HT-b-DPPT-T are textured in an
edge-on geometry (the a*-axis aligned closely with the surface normal), but does not reveal the
longer range structure. The blocks in P3BHT-b-DPPT-T studied here have relatively low molecular
weight and are quite short, with the P3HT block being approximately 48 repeat units long and
the DPPT-T block approximately 7 repeat units long. Overall, we estimate that the length of an

extended chain is ~30 nm. The P3HT block is below the molecular weight for chain bending,

(d)

Figure 6. Atomic force microscopy phase-contrast images of P3HT-b-DPPT-T
thin films for four different conditions: (a) as cast and isothermally annealed
at (b) 200 °C, (c) 225 °C, and (d) 265 °C. Following all isothermal annealing
conditions, films were slowly cooled to below the P3HT crystallization
transition at 4 °C/min. In each image, the scale bar represents 100 nm.

estimated to be approximately 12 kDa,” and the DPPT-T block is relative short. We therefore

17



expect that the polymer chains are in their extended conformation in thin films. Because of the
texture of the ordered domains, a lamellar morphology is likely.

Atomic force microscopy (AFM) of the slow cooled films reveals nanostructuring at the
block copolymer thin film-air interface (Figure 6 and Figure S6-S8). In the as-cast film, the
surface has a disordered topography suggesting by the weak separation of donor and acceptor
blocks. However, for the film annealed at 200 °C under cold crystallization conditions for P3HT
and DPPT-T and slowly cooled, a lamellar structure becomes apparent and further evolves when
the annealing temperature is increased to 225 °C. These features are approximately 50 nm in
width and persist over length scales greater than 100 nm. This domain spacing is close to twice
the contour length of the block copolymer chain. When the film is annealed at 265 °C and slowly
cooled, the surface morphology returns to a disordered domain structure, although coarsened
relative to the as-cast condition. This change is correlated to the higher disorder in the crystallites
observed in GIWAXS suggesting that maintaining crystallinity of one block is critical in

developing the fiber-like domains that are observed using intermediate annealing conditions.
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Because AFM only measures the surface morphology of block copolymer thin films,
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Figure 7. GISAXS data set of P3HT-b-DPPT-T thin films for four different
conditions: (a) as cast and isothermally annealed at (b) 200 °C, (c) 225 °C, and
(d) 265 °C. Following all isothermal annealing conditions, films were slowly
cooled to below the P3HT crystallization transition at 4 °C/min. (e) GISAXS in-

plane line integrations along the Yoneda peak for all four processing conditions
(curves are shifted in intensity for clarity).

additional analysis is needed to confirm that this structure persists throughout the thickness of the
film. Hard X-ray GISAXS shows that annealing at 225 °C, where AFM shows clearly defined
domains, leads to a well-defined peak centered at a value that corresponds to a center-to-center

domain spacing of 52 nm (Figure 7). The GISAXS pattern from the film annealed at 200 °C
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indicates that the low-q, broadens, relative to the as-cast state, and that this ultimately leads to
the more well-defined structure at 225 °C. Moreover, the choice of incident angle in this
GISAXS experiment (0.18°) probes the bulk of the film depth, confirming that this domain
structure persists throughout the film and does not only exist at the film-air interface. Finally, to
highlight the importance of slow cooling in generating these ordered domain structures, GISAXS
was performed on films annealed under the same conditions but that were quenched from
elevated temperature (Figure S9). Quenching does not provide a sufficient time scale for
recrystallization of the DPPT-T along the fiber-like axis, and thus no ordered domain structures
are observed.

To complement the GISAXS and AFM data, we also carried out resonant soft X-ray
scattering (RSoXS) using a transmission geometry that probes the bulk of the films. The use of
resonant contrast from absorption of soft X-rays increases the interaction length with the sample
and can provide information from differences in chemical structure as well.”*’® Near edge X-ray
absorption fine structure (NEXAFS) spectra of as-cast films of P3HT and DPPT-T
homopolymers and their block co-polymer showed clear spectral differences near the carbon and
nitrogen edges (Figure 8). While the spectral signatures for each polymer are similar at the
carbon edge, the do provide scattering contrast near the m* resonances from the conjugated
backbones and carbonyl group in the DPP block (Figure S9).* Moreover, because only the
DPPT-T polymer has a nitrogen atom in the monomer, there is additionally spectroscopic

contrast near the nitrogen edge.®
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Resonant soft X-ray scattering (RSoXS) was conducted, in a transmission geometry through
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Figure 9. Transmission RSoXS of a P3HT-b-DPPT-T thin film annealed at
225 °C and slowly cooled near (a) the carbon and (b) the nitrogen edge. The
scattering intensity was radially integrated and the data is offset for clarity.

the P3HT-b-DPPT-T thin film, for the sample annealed at 225 °C and slowly cooled. Figure 9
presents the radially integrated RSoXS profile for several incident energies, collected near the
carbon and nitrogen edges further confirming the high level of domain ordering observed with
AFM and GISAXS. The primary g* and secondary 2q* peaks are clearly observed at 285.2 eV
and 287 eV (at g* =0.14 nm™) and are representative of a center-to-center lamellar domain
spacing of 55 nm (Figure 9a) in good agreement with the GISAXS data. We note that the
enhanced contrast from RSoXS allowed the observation of the higher order peak which was
absent in the GISAXS data. A similar length scale of 57 nm is seen in the nitrogen edge data
(Figure 9b). RSo0XS suggests a lamellar arrangement of alternating P3HT donor and DPPT-T

acceptor regions, consistent with the domain structure observed by AFM and the dominant
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orientation of the crystalline chains is edge-on from the GIWAXS (Figure 4). Due to the similar
size of each domain, its not possible to ascribe the regions of the phase-contrast AFM images in
Figure 6 using RS0XS. In addition, the transmission scattering geometry and averaged through-
depth film structure from RSoXS again supports the connection between the bulk and surface
structure. These data indicate that alternating regions of donor and acceptor are present in these
films at length scales relevant for OPVs. It is worth noting that although it would be ideal to
determine a chi-parameter, it is difficult for materials that crystallize like both of these polymer
blocks. In addition, a difficulty with materials with sidechain structures as these is that surface
energy will likely reflect the alkylated chains, but not reveal much detail about the interaction

between the conjugated backbones, which are likely to have a strong influence on miscibility.

Structure Formation from Solution to Films. Our physical characterization of the solution and
solid state suggest the pathway for forming nanoscale phase separated structures in thin films. A
schematic that displays the ordering and primary orientation of P3HT and DPPT-T crystallites
and the larger scale lamellar arrangement of alternating donor and acceptor fiber-like domains is
shown Figure 10. Due to solvent quality mismatch between the two blocks, DPPT-T aggregates
in solution, and upon film casting, this structure is retained and enhanced during thermal

annealing. By melting and recrystallizing the P3HT domains, fiber-like domains of donor and

P3HT

solution:
aggregated chains

spin-casting and
annealing
solid film:
nanostructured domains

| ey
~50 nm

Figure 10. Schematic showing aggregation of P3HT-b-DPPT-T in solution
and the subsequent structure in thin4Zlms.

DPPT-T




acceptor are formed. GISAXS, RSoXS, and AFM show a domain spacing of fibrils that can be
attributed to a lamellar arrangement of extended chains. The estimated contour length of a chain
is ~30 nm while the spacing from RSoXS is 55 nm; we expect that the contour length is
overestimated due to a typical overestimation of polystyrene-equivalent MW by GPC.”” This
observation suggests that two block copolymer chains extend across the fibril width with first
and second order scattering peaks suggesting significant structural order. Our bulk SAXS data
does not show clear structure formation between the blocks under similar conditions suggesting
that aggregation in solution is critical to forming the observed nanostructures in thin films. In
contrast to many block co-polymers where crystallization of P3HT can help to drive the structure
formation,**”* here DPPT-T drives the structure formation because it aggregates first. In the
polymer studied here, the P3HT block has a larger weight fraction (~20% higher) in the polymer,
yet the DPPT-T block is dominant. This result contrasts that observed in CBCPs of P3HT with
polyfluorenes where the weight fraction of the polymer was found to control which block
dominates the initial ordering.”®’® The melt temperature of DPPT-T is higher than that for P3HT,
but the difference is not large indicating that aggregation (solvent quality) has a more critical role

than molecular weight for this system.

Conclusion.

In conclusion, we have investigated the structural evolution of the conjugated block
copolymer P3HT-b-DPPT-T from the solution state to the solid state. The nanoscale morphology
is hierarchical in nature, comprising textured and ordered crystallites of donor and acceptor
blocks, and on a larger scale, a lamellar arrangement of alternating donor and acceptor fibrillar

domains. The assembly of these structures is driven by aggregation in solution and subsequent
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crystallization of primarily the DPPT-T block, and is less influenced by microphase separation
under these casting conditions. These results suggest that solvents can be used to drive the
nanoscale structure in thin films of conjugated block copolymers and tuned by thermal
annealing. The resulting nanostructures have appropriate length scales for BHJ solar cells and
can enable the study of exciton migration and dissociation and charge extraction. The
understanding developed here for structure formation in conjugated block copolymers will be
very useful in order to engineer highly ordered and thermally controllable bulk heterojunction

organic photovoltaics.
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