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Abstract

The nano- and micron scale morphology of poly(3-hexylthiophene) (P3HT) and
polystyrene-block-polyisoprene-block-polystyrene (PS-PI-PS) elastomeric blends is investigated
through the use of ultra-small and small angle X-ray and neutron scattering (USAXS, SAXS,
SANS). It is demonstrated that loading P3HT into elastomer matrices is possible with little
distortion of the elastomeric structure up to a loading of ~5 wt%. Increased loadings of conjugated
polymer is found to significantly distort the matrix structure. Changes in processing conditions are
also found to affect the blend morphology with especially strong dependence on processing
temperature. Processing temperatures above the glass transition temperature (T,) of polystyrene
and the melting temperature (T,,) of the conjugated polymer additive (P3HT) creates significantly
more organized mesophase domains. P3HT blends with PS-PI-PS can also be flow-aligned through

processing, which results in an anisotropic structure that could be useful for the generation of
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anisotropic properties (e.g. conductivity). Moreover, the extent of flow alignment is significantly
affected by the P3HT loading in the PS-PI-PS matrix. The work adds insight to the morphological
understanding of a complex P3HT and PS-PI-PS polymer blend as conjugated polymer is added
to the system. We also provide studies isolating the effect of processing changes aiding in the
understanding of the structural changes in this elastomeric conjugated polymer blend.
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1- Introduction
1a- Elastomers

Elastomers are increasingly important materials for developments in the field of flexible
electronics, including healthcare sensors'3, electronic skin*9, stretchable OLED” displays®?, and
flexible solar cells'®!2. These electronic technologies come in many forms, some with metallic
circuits suspended on elastomeric substrates'3-'4, others with resilient electronic fibers embedded
within stretchable material'>-'®, or even stretchable electronic material forming electrodes that can
flex and move with a flexible device!”-'8. The base of all these materials are elastomers in a variety
of forms. An important family of thermoplastic elastomers are created from block copolymers,
which consist of two or more sections of homopolymers that are bonded together. Typically,
blocks of glassy polymers are used to create physical bonds that can be reversibly created and
destroyed via changes in temperature. Such glassy-polymer blocks join with elastomeric blocks to
provide the desired elastomeric properties while retaining the temperature processing that is not
usually possible in typical thermoset elastomers (e.g. vulcanized rubbers).

Block copolymers (BCPs) can also be designed as diblock, triblock, or multiblock to create
complex nanoscale architectures through self-assembly. In this work, we focus on a commonly
used commercial triblock thermoplastic elastomer composed of styrene-based ABA copolymer
polystyrene-block-polyisoprene-block-polystyrene (PS-PI-PS) (Figure 1a). Elastic properties
emerge from the restoring force of this polymer, which are a result of physical crosslinks from
glassy polystyrene (PS) end-blocks and the elastomeric nature of the polyisoprene (PI). These
crosslinks involve non-covalent molecular associations that provide strength and structure while
facilitating processing due to the possibility of thermally reversing the crosslinking process when

heating above the glass transition temperature of polystyrene. Physical crosslinking in a PS-PI-PS
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polymer occurs when the hard glassy polystyrene blocks associate during processing and act as
physical connections while the rubbery flexible polyisoprene block is able to deform and stretch!®.
These unique physical properties are a result of large difference in glass transition temperature
between polystyrene (T, ~100 °C) and polyisoprene (T ~-57 °C)?*2!. The combination of flexible
rubbery regions and glassy regions allows for the polymer to be mechanically strong, flexible, and
resilient, as shown in Figure 1c.

Polystyrene and polyisoprene chains are also known to self-segregate into nanoscale phase-
separated morphologies including spherical micelles??, hexagonal cylinders?>?4, lamellar?3-2,
gyrodal?’-?8_ and cubic crystals?®, depending on the polymer architecture 23-°, temperature 3!, and
processing conditions 3>33. The degree of polymerization of each block changes the ratio between
them, and as established by calculations done by Matsen and Bates, the ratio between the A and B
blocks facilitates specific structures to emerge.’° In general, when styrene content is low, the PS-
PI-PS copolymer forms polystyrene nano-spheres or micelles engulfed in an isoprene matrix. As
the styrene fraction increases, the PS-PI-PS material transitions to form polystyrene cylinders
dispersed in an isoprene matrix, then at near equal ratios alternating lamellar structures, and finally
at high styrene loadings, creating polyisoprene microdomains within the bulk polystyrene. While
the polymer structure has a strong influence on the specific phase that is formed, processing
variables also affect the final structure by creating kinetically arrested states and/or altering their
macroscopic orientation. For styrene percentages between 20-40%, solvent choice was found to
be exceptionally important in determining phase structure, with samples tending to create
continuous polystyrene microdomains when the solvent is more compatible with polystyrene than
with polyisoprene??3*. Qiao et al found that changing the solvent while casting PS-PI-PS or its

inverse copolymer (i.e. polyisoprene-b-polystyrene-b-polyisoprene) at fixed molecular weights
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and compositions, the phase structure could be changed from lamellar, cylindrical or gyroidal?.
Sakurai et.al. also studied the effect of annealing on polystyrene-polybutadiene-polystyrene (SBS)
elastomer, a closely related thermoplastic elastomer, and found that cast films that formed
hexagonal cylinders would gradually transition into lamellae upon annealing above the glass
transition of polystyrene3!.

1b- Conjugated Polymer Additives

Further complexity in phase and structure emerges with the inclusion of additives into
blends with thermoplastic elastomers like PS-PI-PS. For elastomeric electronics, additives have
included carbon nanotubes®3-3%, conjugated polymer nanowires!>’7, and ‘dissolved’ conjugated
polymer chains in an elastomeric blend'8383%,

Conjugated polymers (CPs) are a unique subset of polymers with alternating saturated and
unsaturated bonds along their backbones that allow for electron resonance through the chain, as
well as across adjacent chains when found in sufficiently close configurations*?. Incorporating
conjugated polymers into elastomers has been shown to open a field of new possibilities, by
embedding elastomeric polymers with desired electronic properties3®#!-44, Elastic electronic
materials are often subjected to long lifespans of continuous deformation, and often need to be thin
and compact, requiring both mechanical durability and electronic efficiency. The addition of a
conjugated polymeric additive allows for the unique combination of the elastomeric matrix’s
physical properties and the conjugated polymers optical and electronic properties even at low
loadings (Figure 1c-e)*>~#4. Experiments by Carpi et. al. with blends of polydimethylsiloxane and
P3HT (Figure 1b) found that even small amounts of added conjugated polymer (1-6 wt%) showed
increases in conductive properties, with a maximum in electromechanical response seen at 1wt%

conjugated polymer?®. Simple blended materials often consist of two homopolymers and more
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complex systems, such as the replacement of the elastomeric homopolymer with a triblock
copolymer, require further insight.

With the addition of a conjugated polymer into a triblock copolymer matrix, phase behavior
increases in complexity as new interactions between the copolymer blocks and the conjugated
polymers emerge. Intermolecular interactions between components ultimately drive these
materials to reach a stable thermodynamic equilibrium. However, time scales for achieving
equilibrium can be much longer than practical and solvent evaporation or processing frequently
leads to kinetically arrested states. During solvent evaporation, the composition and physical
properties of samples changes rapidly and unevenly, resulting in phase separation, and solvent-
dependent formation of complex structures3?4>46. In simulations, Cummings et al describes the
phase segregation of drying solutions through multiple thermodynamic drivers and described how
the evaporation of all solvent can lock in kinetically frozen structures*®. Depending on the kinetics
of processing versus the thermodynamic drive, equilibrium may not be achieved for all practical
purposes, resulting in materials with a processing dependent structure. Once dry, temporal
fluctuations in amorphous materials are still observed, but often have slow time scales that can
only be sped up through thermal or solvent annealing*’-4°. Hadziioannou et al found that a PS-PI
diblock copolymer formed lamellae of ~600 A wide periods at room temperatures, and these
expanded to 710 A after annealing for 1000 hours at 182 °C. When exposed to higher temperatures
(255 °C) the lamellar spacing reached values over 1000 A within just 10 hours®. In solid films,
the balance between the kinetics of gradual chain movements and thermodynamics of the material
cannot ensure that equilibrium is reached. This competition between kinetics and thermodynamics
frequently determines the structural outcome with respect to processing techniques, component

architecture, and applied conditions. Understanding changes to the structure of polymer blends
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throughout processing stages provides valuable insights into how specific steps and integration of
conjugated polymer components affect the performance of composite electronic materials.

In this work we use small angle scattering of X-rays and neutrons and ultra small angle X-
ray scattering (SAXS, SANS, and USAXS) to analyze the molecular structure of complex polymer
blends containing thermoplastic elastomers and conjugated polymers (P3HT). We hypothesize,
based on previous work, that the conjugated polymer will preferentially integrate within the self-
assembled polyisoprene domains until a critical loading concentration is reached and large-scale
aggregation occurs. This is expected to result in phase-separation of the conjugated polymer
outside of the structured elastomeric template®>3. We further expect processing conditions,
especially temperature history, to induce large structural changes and modification of the extent of
organization*>34, Changes induced by processing conditions can affect material use cases and we
anticipate that, through intentional modification, widespread order and structural control can be
manipulated®. The influence of both composition and processing conditions on structural
outcomes over multiple length scales is possible through the use of non-destructive sampling via
solution-phase small angle neutron scattering (SANS), small angle x-ray scattering (SAXS), and
ultra-small angle x-ray scatering (USAXS), as a function of processing variables and stages. This
presents a detailed view of the relative impact of different processing steps on the structure of these

important classes of composite materials.
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. Poly(3-hexylthiophene) C:H;;

Polystyrene-block-polylsoprene-block-polystyrene

Figure 1. Polymer structures of a) polystyrene-block-polyisoprene-block-polystyrene (PS-PI-PS)

f) Polymer Thermal Transitions
4

«— cooling

B

[
M

[a¥]
1

=
L

o
}

=221°C

Heat Flow (AU)

Tm

2 { === 5 wt% RRe-P3HT in PS-PI-PS
wm== 5 wWt% RRa-P3HT in PS-PI-PS

H#ﬂﬁﬁhﬁw

_3 T PS_pI_pSI T T T
50 100 150 200 250
Temperature (°C)

elastomer block copolymer and b) poly(3-hexylthiophene) (P3HT) conjugated polymer. Images of
representative templates and blends at rest before strain, under strain, and under rest after strain
for ¢) PS-PI-PS d) 5 weight percent Regio-regular P3HT in PS-PI-PS blend ¢) 5 weight percent
Regio-random P3HT in PS-PI-PS blend. f) Differential Scanning Calorimetry data collected for

the representative templates and blends.
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2- Materials and Methods
2a- Materials

Regio-random poly(3-hexylthiophene) (RRa-P3HT) (MW = 63 kg mol-1, b = 2.4, Product
4007) and Regio-regular poly(3-hexylthiophene) (RRe-P3HT) were purchased from Rieke Metals
(Lincoln, NE USA). Three different molecular weights of RRe-P3HT were used: Lot BLS26-16
(RRe42) (MW =42 kg mol-1, B = 2.0, RR =90), Lot PTL43-54 (RRe60) (MW = 60 kg mol-1, b
=3.0,RR=91) and Lot BLS26-96 (RRe77) (MW =77 kg mol-1, D =2.4, RR =94). GPC (Figure
S2) and NMR (Figure S3) are provided from Rieke Metals for all conjugated polymers.
Polystyrene-block-Polyisoprene-block-Polystyrene (PS-PI-PS) was purchased from Aldrich
Chemistry (St. Louis, MO USA). The PS-PI-PS polymer is a 22% styrene A39B2490A229 tri-
block-copolymer with a molecular weight of 217,000 Da as determined using Gel Permeation
Chromatography (GPC), shown in Figure S1. Chloroform was purchased from Fisher Chemical
(Waltham, MA USA). For SANS experiments, fully deuterated chloroform was purchased from
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA USA). All chemicals were used as
received.
2b- Heat-Pressed Film Preparation

All solid blend films were prepared in accordance with the schematic diagram shown in
Figure 2a. Carefully weighed portions of conjugated polymer (i.e. RRe-P3HT or RRa-P3HT) were
co-dissolved until fully homogenous with the elastomeric polymer (PS-PI-PS) in chloroform,
which is a good solvent for all polymers involved at 50 °C 56-58, Each solution was poured over a
borosilicate watch glass on top of a hot plate heated to 50 °C. The watch glasses were not treated,
and no sacrificial layer was needed to ensure the samples were easily removable. The samples

were then covered loosely with aluminum foil to enable a slow evaporation and allowed to fully
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dry (~1 hour). Films were then peeled off the watch glass with gentle steady pressure and left in a
fume hood to remove any remaining solvent in the system overnight. The dry polymer blend was
then heat pressed using a D16 Digital Combo Swing-Away Press from Geo Knight & Co
(Brockton, MA). For the radially pressed samples, shown in Figure 2b, the polymers are pressed
into circular steel precision shims from McMaster Carr (Elmhurst, IL) with a thickness of 254 pm
and an inner diameter of 15mm at the chosen temperature. All temperatures were measured by a
type-K thermocouple and recorded with an accuracy of + 2 °C. During pressing, each sample was
sandwiched between thermally conductive Kapton and two polished stainless-steel plates to create
a smooth and even film. After each pressing, the film was cut, stacked, and pressed again at the
same temperature. The total time for each of the three presses was 5 min, 5 min, 15 min
respectively. Films were then allowed to cool slowly to room temperature over a period of 60
minutes. This repeat pressing process was used to ensure that samples were uniform and to
eliminate segregation that could have occurred during drying. Films were then removed from the
metal shims and stored at room temperature prior to structural measurements.
2¢- Flow-Aligned Heat Pressed Sample Preparation

Processing for flow-aligned samples is shown in Figure 2¢. These samples were arranged
at one side of a rectangular shim (20.00 mm long x 2.75 mm wide x 0.45 mm high) while
sandwiched between thermally conductive Kapton and two polished stainless-steel plates. All
intentionally aligned samples were pressed at 250 °C. The films were also cut and stacked,
ensuring the flow direction was maintained, and pressed three total times for 5 min, 5 min, 15 min,
before being allowed to cool slowly to room temperature over 60 minutes. The films were then

gently removed from the rectangular metal shims and stored at room temperature for
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measurements. The intentionally aligned films were measured at the edge of the flow front, where

the sample was forced to flow upon pressing.

b) Variable Temperature

L
O EOI

Pressed X3

Pressed X3

Radial Pressing Intentional Alignment Pressing

Figure 2: Schematics for sample creation for a) the full processing timeline, including co-
dissolving of polymers into a solvent on a hotplate set at 50 °C, samples evaporating in a foil
insulated watch glass until fully dry, then being pressed at a set temperature into a shim. Samples
are both b) radially pressed in circular shims with samples being cut and restacked to be pressed 3
times before being measured at the starred location or ¢) intentionally aligned in a rectangular shim
with the samples being cut and restacked with the flow direction preserved to be pressed 3 times

before being measured at the starred location.



Soft Matter

2d- SANS Solution Sample Preparation

Solution samples were prepared at two different concentrations corresponding to either 5
mg/mL (low) or to a higher concentration of 10 mg/mL (high). The solvent for all samples was
deuterated chloroform (dCF), which is considered a ‘good’ solvent for all polymers in the
system>*38, The lower concentration set included three samples: 5Smg/mL RRe-P3HT in dCF, 5
mg/mL PS-PI-PS in dCF, and a mixed blend of 5 mg/mL RRe-P3HT and 5 mg/mL PS-PI-PS in
dCF. The higher concentration set was similar with concentrations set to 10 mg/mL. The samples
were prepared by carefully weighing portions of the polymers, which were then dissolved in
deuterated chloroform at 50 °C in capped glass containers. For blended solutions, polymers and
solvent were added at the same time and were heated until fully dissolved and homogenous. Each
sample was then loaded from the hotplate into 2 mm thick quartz Hellma cells and stored at 25 °C
before being measured at room temperature.
2e. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

Thermophysical analysis was conducted on representative samples including the pure PS-
PI-PS matrix, a blend of 5 wt% RRa-P3HT in 95 wt% PS-PI-PS, and a blend of 5 wt% RRe-P3HT
in 95 wt% PS-PI-PS. Thermogravimetric Analysis (TGA) was conducted using TA instruments
(New Castle, DE) Q50 Thermogravimetric Analyzer. Samples were heated at 10 °C/minute
between room temperature (23 °C) and 400 °C. TGA data and analysis is provided in Figure S4.
Differential Scanning Calorimetry (DSC) was conducted using a TA instruments (New Castle,
DE) Differential Scanning Calorimeter Q200 between 0 °C and 280 °C. Samples were heated at
10 °C/minute and cooled at 5 °C/minute. Samples were weighed (PS-PI-PS — 7.9 mg, 5wt% RRe-
P3HT in PS-PI-PS - 8.0 mg, 5wt% RRa-P3HT in PS-PI-PS — 5.9 mg) and run in sealed aluminum

pans. A heat-cool cycle was used with three repetitions of heating and cooling to ensure any
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thermal history was removed. Analysis was conducted using Python. Full DSC measurements are
included in Figure S5.
2f. USAXS and SAXS

Ultra-small, small, and wide-angle x-ray scattering (USAXS, SAXS, and WAXS) was
collected at the University of Washington using a Xenocs (Grenoble, France) Xeuss 3.0 SAXS
instrument. This is a pinhole collimated laboratory SAXS instrument equipped with a copper
microfocus x-ray source. Samples were collected at three sample-to-detector distances to obtain a
wide Q-range. WAXS data (sample to detector distance of 0.07 m) was collected for 60 s, SAXS
(sample to detector distance of 0.9 m) for 60 s, and ESAXS (sample to detector distance of 1.8 m)
for 360 seconds. Samples were mounted on a 48-sample holder to enable automated processing of
multiple samples. The data was reduced, averaged (except when analyzed for flow-alignment),
and combined to a unified dataset that will be referred to as ‘SAXS data’ through this work.
USAXS data was also collected using a Bonse-Hart configuration with two Si crystals, a multi-
bounce Bartels Si(111)-crystal monochromator and a 4-bounce Si(111) crystal analyzer. USAXS
was collected for two hours for each sample as well as the empty background. The sample chamber
was held under vacuum at ambient temperature (approx. 20 °C) for both SAXS and USAXS
measurements. Reduction of all data was performed using XSACT, the Xenocs supported software
provided with the instrument, with the USAXS data being subtracted and scaled through Xenocs
recommended modules. Fits and analyses were then conducted using SasView>?/sasmodels®® and
bumps®! packages for Python.
2g. Small Angle Neutron Scattering (SANS)

Small angle Neutron Scattering (SANS) measurements were collected at the Quokka

beamline at the Open Pool Australian Lightwater (OPAL) source with Australian Nuclear Science
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and Technology Organisation (ANSTO)%2. SANS data was collected in three configurations to
span the full Q range. All configurations used 5 A = 0.10 A wavelengths, with low-Q collected at
20 m sample to detector distance (2400 seconds), mid-Q collected at 12 m sample to detector
distance (1200 seconds), and high-Q collected with 1.3 m sample detector distance (600 seconds).
Samples were loaded into 2 mm thick quartz Hellma cells and mounted into aluminum holders
placed into a temperature controlled 20 positions sample environment set to 25°C. SANS data
were reduced, combined, and background subtracted using the Quokka macro in the NIST SANS
package for Igor Pro%. Further analysis of SANS data was performed using the
SasView>%/sasmodels®® and bumps®' packages for Python.
2h. Scattering Data Analysis

Once fully reduced, data was exported, and further analysis was conducted using
SasView>?/sasmodels®® and bumps®! packages for Python. Features in the SAXS data were fit with
shape independent models to extract structural parameters when possible.

Peaks in the SAXS region (Figure 4), which correspond to nanometer scale self-

segregation of the block-copolymer matrix, were fit using a generalized broad peak model®*.

C
TTrqe—goor B

A
1(Q) = P
Here, A is the Porod scaling factor, n is the Porod exponent, C is a Lorentzian scaling factor, m is

the exponent of Q, & is the Lorentzian screening length, and B is a flat background. Peak position

2
is determined as Q which is related to d-spacing by Qo = d—:. This model does not assume any

given structure (e.g. lamellar, cylindrical, cubic) and is appropriate for samples with variable

ranges of order that may also result in changing phases.
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Features in the USAXS region (Figure 4), which correspond to amorphous micron scale
self-segregation of the polymers outside of the ordered nanometer scale structure, were fit using

the Guinier-Porod model®.

. [_QZRE 0<Q
—sexpT <01
Q=% L3
Q=01

on
Where, s is the dimension variable to describe shape and correct the generalized Guinier law for
non-elongated objects, R, 1s the radius of gyration, m is the Porod exponent, G is the Guinier
scale factor, and D is the Porod scale factor. The dimensional variable ranges from s = 0 for
globular objects, s = 1 for 2D symmetry such as rods, to s = 2 for 1D symmetry such as lamellae
or plates. The Porod exponent describes the interface between structures, with a Porod exponent
of 4 indicating a sharp and smooth interface while lower values indicate increasing roughness or
intermixing between the domains. Q; is calculated internally through a separate equation to
ensure that the derivative of each component is equal at Q.

SANS data were fit using a semi-flexible cylinder model to capture free chains in solution
as described by Pedersen et al®® and which was found to be appropriate for conjugated polymers
in prior works®’. Free chain fits of blends of CP and PS-PI-PS were modeled using sums of the fits
for the individual components in solution. This is only appropriate when it is determined that the
polymer chains are sufficiently dilute and do not have strong repulsive or associating interactions.

All analysis and modeling of the UV-VIS, DSC, USAXS, SAXS, WAXS and SANS data
was performed using Python 3 (NumPy®, pandas®®, Matplotlib’?), which aids in reproducibility,

while the use of SasView>%/sasmodels®® and bumps®! packages for Python, allows for rapid and

easily adjustable fitting of the data sets.
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3. Results

Thermogravimetric analysis (TGA) data (Figure S4) shows that differences in onset of
thermal decay for each sample is minimal, with the PS-PI-PS template being slightly delayed in
degradation compared to the blends. A thermal decay onset of 280 °C was determined as the
temperature at which 1 % of material is lost. In literature on pure and blended forms of polystyrene
(PS) and polyisoprene (PI), the peak temperature for degradation is recorded around 370 °C for PI
and 420 °C for PS7!2, McNeill and Gupta also observed a shift in the peak degradation
temperature upwards about 15 °C when the materials are mixed, due to a stabilization of each
component in the blend”!. Thermal degradation work has also been conducted on P3HT, with no
degradation occurring until 440 °C73. Thus, from our experiments and literature, all samples were
processed below the degradation temperature of pure materials and their blends. In longer
processing there may be exposure-dependent degradation (e.g. oxidation) that can occur, but for
pressing times used in this work, the effect is expected to be minimal’!:73,

Differential Scanning Calorimetry (DSC) (Figure 1f) provides insight into the phase
transitions of crystalline and amorphous regimes in each blend. The semi-crystalline regio-regular
P3HT blend with PS-PI-PS shows a melting peak at 221 °C that corresponds well to the melting
point of the crystalline regimes of the P3HT. This suggests that the P3HT component is still able
to crystallize within these blends. There are no other distinct and obvious transitions in any of the
other samples. Literature on PS-PI blends show a glass transition from the polystyrene at a
temperature of approximately 85 °C, which is not observed in our samples 204, It is possible that
the DSC instrument lacks the necessary resolution to accurately measure this subtle transition, or
that the PS component of these materials (22 % styrene) is too low. The published glass transition

temperature for PS was still considered and set as a low end for temperatures used in processing.
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SANS data collected in the solution state of these samples allows us to identify if polymers

interact substantially when co-dissolved in a common solvent prior to drying.
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Figure 3: SANS plots of a) free polymer chains of 5 mg/ mL PS-PI-PS in chloroform-d and 5
mg/mL 77 kDa RRe-P3HT in chloroform-d. The data is fit with models of flexible cylinders which
are shown with solid lines. b) SANS plot of experimentally run mixed sample of (black data points)
5 mg/mL PS-PI-PS and 5 mg/mL of 77 kDa RRe-P3HT in chloroform-d and (green data points)
data of the arithmetic sum of the scattering of the individual components: Smg/mL 77 kDa RRe-

P3HT in dCF (red data in Figure 3a) and 5 mg/mL PS-PI-PS in dCF (blue data in Figure 3a).

We observe that all ‘single polymer’ samples (i.e. without blending) are fit well with the
‘flexible cylinder’ model (equations provided in SI), which describes the dimensions of a free
chain in solution®®. Moreover, when polymers were co-dissolved at low concentrations, we find
that the scattering intensity is nearly identical to the sum of the individual polymer components
(Figure 3b). We interpret this as the polymers being well dissolved and not interacting

substantially at low concentrations. At higher concentrations (Figure S6) the sum of the scattering
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of the individual components does not agree with the data of the experimental blend. This suggests
that there is some co-assembly in solution at higher concentrations due to the interactions of the
individual components. During evaporation the concentration of the cast sample will increase
substantially as the solvent is removed from the system. As the concentration increases, we
anticipate increased interaction and assembly between the components. Giidal et al investigated a
P3HT copolymer system using in situ drying photoluminescence measurements and determined
that the relative increase of polymer concentration promoted polymer chain aggregation®. They
anticipate this is due to the nucleation and crystal formation of the polymer driving further
separation, resulting in large scale spinodal decomposition of components over drying®. This
insight, alongside our confirmation that P3HT and PS-PI-PS blends over 5 mg/mL display solution
state crystallization, suggests that structures observed in the cast films are formed over the course
of drying and are not solely a result of interactions occurring in the dilute solution state.

X-ray scattering is also performed on solid film samples after drying and processing as
noted, allowing for structural information at different stages. Through the collection of ultra-small
angle X-ray scattering (USAXS), small angle X-ray scattering (SAXS), and wide-angle X-ray
scattering (WAXS) data, the full Q range from 3e10~*A~1 to 3 A~ is available, allowing for
analysis of features from roughly ~3.2 micrometers to ~2 angstroms (Figure 4). Due to the weight
ratio of the polymers, the self-assembled structure of the elastomer component generally dominates
the signal over the sparse conjugated polymer. As the loading of conjugated polymer in the blend
is changed, the structure of the elastomer matrix is modified, and this is observed in the SAXS and
USAXS data. Therefore, the aggregation or segregation of the conjugated polymer within the
elastomeric structure is inferred from its impact on the structure of the self-assembled elastomeric

matrix.
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We split the data into three regions, each covering a different scale of polymer film
morphology and together covering the full scope of the impacts of the conjugated polymer additive
on the structure of the elastomeric template. The low-Q USAXS region shows emerging features
(i.e. a broad ‘hump’) with the addition of higher weight percentages of conjugated polymer (either
Regio-Regular or Regio-Random) which suggest large-scale formations of phase-separated
regions®’. Mid-Q features in the SAXS region are dominated by the emergence of a prominent
peak around 0.018 A—1. This peak is present in all samples that are collected, including the pure
PS-PI-PS matrix, and it is attributed to the characteristic spacing of the ordered structure of the PS
and the PI blocks*>#7. From previous literature reports for this PS to PI ratio, as well as peak
indexing using known Bragg Peak ratios, the phase of the pure block-copolymer matrix is
identified to be hexagonally packed cylinders. With the addition of conjugated polymers, we see
a characteristic peak shift and a change in shape, suggesting the cylindrical packing structure is
affected by the integration of the conjugated polymer into the blend.

At high-Q (i.e. WAXS region) we observe the structure at the smallest molecular and
atomic scales’%7#, This allows us to determine changes in the crystallinity of the components that
make up the composite polymer blend. The PS-PI-PS matrix has peaks characteristic of an
amorphous structure and does not display the narrow peaks that are typically attributed to polymer
crystallinity. This is consistent with the elastomeric (PI) and glassy (PS) nature of the components
that make up the triblock copolymer. When semi-crystalline RRe-P3HT is added, we see the
emergence of two new narrow peaks that correspond to the lamellar and n-stacking peaks that are

commonly observed in the literature and that allow us to track the extent of crystallinity>%74.
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Figure 4: Full Q range of USAXS and SAXS data collected on a pure PS-PI-PS matrix sample
(black) and a 5 wt% RRe-P3HT composite blend (red) from 10~*A~1 to 3 A—1. Peaks and features

of interest have been marked and inset provide scale for each feature observed.

Blends made with the same molecular weight of RRe-P3HT are processed at different

temperatures within the range of interest that is established from TGA and DSC. The temperature
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change is implemented during the pressing stage of processing, with each sample being pressed
for the same amount of time, but at a different temperature. Physical differences for each sample
are observed, with the lowest temperature samples (pressed at 110 °C) not fully blending until the
final and longest press cycle. Samples processed at these lowest temperatures showed clear
physical distinctions where pieces were laid on top of each other. Some initial samples were also
tested at 100 °C and these would not melt and blend even after the final long press cycle. Samples
processed at intermediate temperatures (150 °C and 200 °C) are physically similar with small
inhomogeneities removed in the final and longest press cycle. The highest temperature (250 °C) is
completely homogenous after the first (5-minute) press cycle and is tacky when handled
immediately after the press. After the final press and slow cooling, the 250 °C samples are
homogeneous and physically similar to samples processed at intermediate temperatures (150 °C
and 200 °C). SAXS is also collected on solution cast samples, cut from the film produced by drop

casting onto the watch glasses prior to any heat pressing.

Processing Temperature for 60kDa RRe-P3HT Blends
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Figure 5: a) SAXS data of 60 kDA RRe-P3HT and PS-PI-PS blends, labeled by wt% of RRe-
P3HT added to system, and collected as cast from solution and after four different heat pressing
temperatures. Data is arbitrarily shifted to separate samples by the P3HT loading in wt%. b) peak
position parameters from broad peak fits of the .018 A-! peak with colors dictated by legend above.
c) Lorentzian length parameters from broad peak fits of the 0.018 A-! peak with colors dictated by

legend above.

SAXS data for these samples is collected from the Xenocs Xeuss III and spans from 0.01
A-to 3 A-l. Starting in the high-Q WAXS region, we can track the emergence of crystalline
structures through the development of the n-stacking seen at ~1.7 A-!, and lamellar peaks seen at
~0.4 A-1. As seen in Figure 5a, these peaks are not visible in the fully amorphous PS-PI-PS matrix
but begin to appear starting with the addition of the semi-crystalline RRe-P3HT. The lamellar peak
is present in all blended samples, and the height increases as the wt% of RRe-P3HT increases. The
n-stacking peak, which is known to be important for electronic performance, emerges as a very
small feature in the 5 wt% RRe-P3HT sample’>. Increasing the RRe-P3HT past the 5 wt% sample,
increases the height of the n-stacking peak. The presence and growth of these two peaks above 5
wt% suggest that the semi-crystalline RRe-P3HT does not significantly crystallize before this
threshold. Above this concentration, it steadily increases as the weight percent of the CP increases.
We do not see a large difference in WAXS peaks due to the processing temperature, suggesting
that the P3HT assembly is set during the solution casting step. Which is an important finding that
suggests potential manipulation of crystallization via controlled evaporation and solvent selection.

At mid-Q, we see a large peak around 0.017-0.019 A-! in all samples. This peak is

characteristic to the PS-PI-PS template structure and by tracking changes to peak parameters, such
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as location and width, we can establish how the addition of RRe-P3HT, processing, and
temperature affects the phase-separated morphology*>#’. These peaks are fit with a broad peak
model, allowing us to quantify changes as shown in Figure 5(b-¢)%4. Starting with the pure PS-PI-
PS, we see a large effect of the processing temperature on this peak. At 110 °C the peak is wide
and as the processing temperature increases to 150 °C the peak sharpens considerably and
continues to sharpen at 250 °C. This trend of increasing processing temperature to decrease peak
width is maintained as RRe-P3HT is added and the wt% of the CP in the system increases. As seen
in Figure Sc, the lowest processing temperatures consistently have the widest peaks, and shortest
Lorentzian lengths, which is inverse to peak width. The two intermediate processing temperatures,
150 °C and 200 °C have similar peak widths, but the highest processing temperature samples
display another drastic increase in Lorentzian length. This correlates to the thermodynamic
thresholds established by TGA and DSC. The lowest processing temperature, which is only
slightly above the T, of the polystyrene at 95 °C -105 °C in the matrix, has the lowest levels of
molecular mobility and the highest levels of disorganization in the samples. The disorganization
in samples processed at 110 °C is higher than in the drop cast unprocessed samples, which we
anticipate is a result of cutting and stacking during pressing without the polystyrene at a
temperature that is high enough to facilitate blending. Above ~150 °C processing temperatures are
well-above the T, of the polystyrene, allowing for the glassy connections to melt and reorganize
as needed. Still, blended samples may be constrained by the T,, of the RRe-P3HT at 221 °C and
these domains may need to reorganize within the blend. The highest processing temperature is now
well above the T, of the polystyrene and is also above the Ty, of the RRe-P3HT, allowing for full
movement and reorganization into a thermodynamically stable structure. With these

thermodynamic thresholds in mind, there is also a small shift in the peak location. Figure 5b shows
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a shift towards higher Q between processing temperatures of 110 °C and 150 °C, with no drastic
trends observed with increased processing temperatures past 150 °C. This implies that once the
processing temperature is suitably above the T, of polystyrene, the spacing of the reorganized
structure does not change considerably with processing, only the consistency or organization of
the structure.

In this Q-region, we also see a less-intense series of peaks emerge at slightly higher Q than
the primary peak. Traces of these peaks are present at all temperatures, but they become clear and
established at the 250 °C processing temperature. This again suggests that there is a clear
temperature dependent assembly and organization in these materials. With the emergence of
secondary peaks, we can now use Bragg diffraction ratios to identify the structural phase formed
by these samples and explore how they change with increasing loading of conjugated polymer
additives.

Each of the peaks in the series are fitted with the broad peak model to pull the peak position

and peak width metrics. These peak positions are then divided by the location of the first peak to

Q
Q*

determine the 7; for each secondary peak. The ratios are then compared to known ratios for phase

morphologies from literature to identify the sample phase. Some of the peak values do not match
exactly with peaks calculated from expected ratios, especially for the peak located at ~0.05A1.
This peak is wide and may encompass multiple peaks that have merged together due to reasons
that may include limited instrumental resolution, co-existence of phases, and/or the partially
disorganized nature of the samples. Best estimates are included for all peaks and ratios in Table
S1, but a level of disorder in all the samples makes exact identification of a few peaks somewhat
challenging. A selection of interest is shown in Figure 6a for the PS-PI-PS template material, a 5

wt% 77 kDa RRe-P3HT in PS-PI-PS blend, and a 15 wt% 77kDa RRe-P3HT in PS-PI-PS,
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processed at 250 °C. For all selected samples, the peak ratios for both lamellar (solid lines) and
hexagonally packed cylinders (dotted lines) are calculated from the fit peak location of the first
peak. We can see the PS-PI-PS sample shows features at the expected locations for the hexagonally
packed cylinders structure. As seen in Figure 6b, when RRe-P3HT is added into the system at low
amounts, 1 wt% and 2.5 wt%, there are no major changes in peak locations or ratios and the
hexagonally packed cylinder phase is maintained. At 5 wt% the peak in the ~0.03 A-! range
disappears, leaving a ratio that is more indicative of the formation of a lamellar phase [1.0, 2.0,
3.0]. As more conjugated polymer is added into the system the peak in the ~0.03 A-! range re-
emerges and the 7.5 wt%, 10 wt%, and 12.5 wt% samples show a mixture of disordered
hexagonally packed cylinder peaks and lamellar peaks. There is a clear peak in the ~0.03 A-!range,
which equates to the ~1.7 ratio, but the peak in the ~0.05 A-! range is wide enough that it
encompasses the locations for both the 2.65 and 3.0 ratios. At the maximum loading of 15 wt%
RRe-P3HT in PS-PI-PS, we see a return to the hexagonally packed cylinder ratios, and also a

return to similar levels of order as seen in the pure template.
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Figure 6: a) SAXS data of selected 77 kDA RRe-P3HT and PS-PI-PS blends, labeled by wt% of
RRe-P3HT added to system, and collected at 250 °C. Lines are added to mark where peaks are
expected for lamellar and hexagonally packed cylinder structures. Locations where peak ratios
overlap are depicted with both solid and dotted lines. Data is arbitrarily shifted to separate samples
into wt%. b) peak position parameters from broad peak fits of all peaks with colors dictated by

legend above. c) ratio of peaks for lamellar and hexagonally packed cylinders from the main peak

*

q.
Alongside processing temperature changes, we ran a series of samples with changed RRe-
P3HT lots with low (42 kDa), medium (60 kDa), and high (77 kDa) molecular weights. These

samples were all processed identically, with the only change being the RRe-P3HT molecular

weight. When heat pressed at a processing temperature of 150 °C, as seen in Figure 7, we see no
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significant difference between the samples with differing molecular weights. Slight differences in
low-Q can be observed at 7.5 wt% and up, but the peaks do not change considerably. Parameters
of these ~0.018 A-! broad peak fits can be seen in Figure 7b and Figure 7¢c. We see slight
fluctuations in the peak location at wt% above 7.5, but the differences observed are not significant.
Small fluctuations are also seen in the Lorentzian length, but again, none of these changes are

indicative of impact.

a) Molecular Weight on RRe-P3HT Blends (150°C)
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Figure 7: a) SAXS data for blends of RRe-P3HT and PS-PI-PS, corresponding to three different
molecular weights and labeled by wt% of RRe-P3HT added to system. All samples are collected
at 150 °C. Data is arbitrarily shifted to separate samples by wt%. A zoomed in focus on the peak
range of interest is provided in Figure S10a. b) peak position parameters from broad peak fits of
the .018 A-! peak with colors dictated by legend above. ¢) Lorentzian length parameters from broad

peak fits of the .018 A-! peak with colors dictated by legend above.
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Identical samples are also processed at 250 °C, with increased observed differences
between the temperature series. As seen in Figure 8a, by increasing the temperature of processing
there is more variation in the location, width, and prevalence of secondary peaks in the region of
interest. There is a clear variability in the peaks between molecular weights of RRe-P3HT as the
loading increases. This variability is maintained even within replicates of the same molecular
weight as seen in Figure S9. We anticipate that the higher processing temperature makes samples
more sensitive to processing changes, leading to slight variations in the onset, extent, and trends
of phase and order. This variation is present across molecular weights, and we anticipate that any
changes that are caused by the increasing molecular weight of P3HT are disguised within the
sample sensitivity. While these variations prevent any concrete analysis of the effect of molecular
weight, we can observe general trends as the weight percent increases in each series. At
intermediate loadings (2.5 - 10.0 wt%) we again see a peak at ~0.03 A-! disappear for all molecular
weights and an increase in the prominence of the peak at ~0.04 A-!. By 10 wt% RRe-P3HT, we
see the 0.03 A-! peak reappear for all samples. At the highest loadings of RRe-P3HT (12.5-15
wt%) the peaks widen significantly, indicating increased disorder, and differences between
molecular weights of RRe-P3HT is greatly reduced. This is mirrored in the replicates shown in
Figure S9, with all samples showing a peak shift between 2.5 wt% and 10 wt% and the variation
between samples reduced for low (1 wt%) and high (>12.5 wt%) loadings of RRe-P3HT.

The primary peak at 0.018 A-! is again fit with a broad peak model and selected series of
parameters are extracted and shown in Figure 8(b-g). Due to the processing sensitivity in the mid-
wt% range drawing explicit trends is difficult, but a few general observations were made. Through

all the replicates, the 77 kDa RRe-P3HT samples trended at a higher Lorentzian length, or narrower
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peak. This suggests that there is a slightly more ordered structure forming in the highest molecular
weight series. The 42 kDA RRe-P3HT series showed the highest consistent peak locations,
suggesting that spacing between the phase-separated segments in the template is slightly smaller
for the lowest molecular weight CP additive.
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Figure 8: a) SAXS data of RRe-P3HT and PS-PI-PS blends corresponding to three different
molecular weights and loadings. All samples were heat pressed at a temperature of 250 °C. Data
is arbitrarily shifted to separate samples by P3HT loading. A zoomed in focus on the peak range
of interest is provided in Figure S10b. b-d) peak position parameters from broad peak fits of the
.018A-! peak separated by molecular weight of RRe-P3HT. e-g) Lorentzian length parameters
from broad peak fits of the 0.018 A-! peak separated by molecular weight of RRe-P3HT.

The impact of P3HT molecular weight on the phase of the matrix was also examined. As
noted before, adding 77 kDa RRe-P3HT causes a phase shift from hexagonal cylinders (pure PS-
PI-PS and low wt% loadings) to a mixed phase and a lamellar structure (5 wt% RRe-P3HT), and
finally to a mixed phase with increasing hexagonal cylinder components at higher loadings. Phase

analysis was also conducted for blends with 42 kDa RRe-P3HT and 60 kDa RRe-P3HT and similar
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results are found, as shown in Figure S8. All peak ratios and phase determinations for all molecular
weights are shown in Table S1.

Changes are also observed in the low-Q feature that is observed in the USAXS regime for
blend samples. Solo samples were measured then rotated 90° then measured again to ensure that
any USAXS feature was not dependent on changes in alignment direction of samples (Figure
S11). Measured samples shown here were stacked three times thick to ensure scattering signal-to-
noise was good for analysis. As seen in Figure 9a, the pure PS-PI-PS matrix does not display any
significant features in this length scale, beyond the power-law scaling of -2.6. This data collects
low-Q data of large-scale features, and data overlap with the main peak of interest discussed in the
SAXS data can be seen in the high-Q of Figure 9a. With the addition of semi-crystalline 60 kDa
RRe-P3HT at concentrations of 1 wt% there is no significant change in the shape or intensity of
the data. At 5 wt% RRe-P3HT, a feature or ‘bump’ emerges in the 0.0005 A-! - 0.001 A-! region
that is indicative of phase separation at micrometer length-scales. As the conjugated polymer
concentration is increased, the intensity increases and the feature shifts further towards lower Q,
indicating that feature is growing in size. At the highest wt% measured, the feature is absent, and
we anticipate that the size of the phase separated regions has grown outside of the length scale of
our instrument. The emergence of the feature at 5 wt% conjugated polymer corresponds to phase
shift that is observed in the SAXS regime (Figure 8). This feature is fit with a Guinier-Porod
model. This is a shape independent model that combines size-based parameters associated with a
Guinier turnover and interfacial analysis through fitting the Porod exponent. Only the 5 wt% and
the 10 wt% RRe-P3HT blends show features in the length scale we investigated, and are the only
samples fit with this model. A metric of size, the radius of gyration, is shown in Figure 9c plotted

against weight percent of RRe-P3HT added into the system. When the structure is formed at 5
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wt% RRe-P3HT, it is about 360 A and at higher conjugated polymer weight percents the structures
grow larger. This trend continues until it falls out of the range of measurement for the instrument’s
resolution, but we anticipate that this trend continues as further conjugated polymer is added. The
Porod exponent, observed in Figure 9d, describes the interface between the RRe-P3HT amorphous
structures and the surrounding PS-PI-PS. Both weight percents that were fit have a Porod exponent
of about 4, which describes smooth and sharp interfaces between domains. When processed at
lower temperatures, shown in Figure S12a, the trend remains, but the intensity and clarity of the
feature is reduced. We also see the growth of the feature out of our attainable length scales around

the 10 wt% sample, earlier than we see in the 250 °C series.
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Figure 9: a) Smeared USAXS low-Q data of 60 kDa RRe-P3HT and PS-PI-PS blends processed
at 250 °C with region of interest marked in grey b) zoom of region of interest of low-Q region of

desmeared USAXS data of 60 kDa RRe-P3HT and PS-PI-PS blends processed at 250 °C with
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Guinier-Porod fits. Data points are plotted as points and Guinier-Porod fits are plotted using black
lines. Guinier-Porod fit parameters for 60 kDa RRe-P3HT were extracted and c) radius of gyration

and d) Porod exponent is plotted against weight percent of conjugated polymer added.

Experiments were also repeated using an amorphous regio-random P3HT (RRa-P3HT) to
evaluate the effect regio-regularity and P3HT crystallization on the composite structure. Samples
were processed, measured, and analyzed in the same way as previously outlined for RRe-P3HT,
with samples processed at 110, 150, and 250 °C. SAXS measurements are discussed here, but
USAXS measurements are available in Figure S12¢ and discussed further in the supplemental
information. Figure 10a shows a peak at 0.018 A-! and similar trends to those observed for RRe-
P3HT samples in Figure 5. We again observe a wide primary peak that sharpens as the processing
temperature increases from 110 °C to 250 °C. The Lorentzian length parameters (Figure 10c)
corroborates this observation, with each increase in temperature leading to sharper peaks and more
order in the system. There is more variation in peaks parameters, both location (Figure 10b) and
width, for 63 kDa RRa-P3HT than observed with its semi-crystalline counterpart of 60 kDa RRe-
P3HT. When peak indexing and phase identification is performed on the 250 °C RRa-P3HT
samples, we see the same trend observed with the RRe-P3HT samples. The pure PS-PI-PS is
identical to the one used in the RRe-P3HT blends and is identified as hexagonally packed
cylinders. As small amounts of RRa-P3HT (1 wt%) are added into the blend, peaks sharpen, and
the phase is maintained as hexagonally packed cylinders. At a loading of ~5 wt% RRa-P3HT, the
peak at ~0.032 A-! disappears and a peak at ~0.037 A-! emerges, consistent with a lamellar. At
high loadings of RRa-P3HT, the peaks widen, and the ratios return again towards hexagonally

packed cylinder phases. Fits and ratios for phase identification can be seen in Figure S13.
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Figure 10: a) SAXS data of 63 kDA RRa-P3HT and PS-PI-PS blends, labeled by wt% of RRa-
P3HT added to system, and collected at three different heat pressing temperatures. Data is
arbitrarily shifted to separate samples by P3HT loading. b) peak position parameters from broad
peak fits of the .018 A-! peak with colors dictated by legend above. ¢) Lorentzian length parameters

from broad peak fits of the .018 A-! peak with colors dictated by legend above.

The processing methods used in all previously discussed samples utilized a circular mold
with cutting and folding between pressings to minimize flow-alignment that can occur as samples
spread from the center of the shim. Still, flow can vary from sample to sample and press to press
without a way to carefully control, repeat, or facilitate the movement. To check on the impact of
flow, we also prepared a subset of samples in a rectangular shim to intentionally align the structure

by forcing the sample to flow in a set direction during processing. The flow pattern was maintained
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over each press and the structure was measured using SAXS at the flow front. For this data set we
refer to the direction of flow as “vertical” and the direction orthogonal to flow as “horizontal”.

The conversion to 1D data for the intentionally aligned sample was done by sector
averaging, with a 30° slice of the image chosen to average Q values. As shown in Figure 11a, two
sections were chosen for the averaging, the first was horizontal to capture the highest intensity
regions and the second was vertical to capture the lowest intensity regions. The two regions allow
for an understanding of the 1D peak information in the flow direction and the structures that are
not flow aligned. In the 1D plot, Figure 11b, we can see that see that the pure PS-PI-PS and the
higher weight percent blends (>10 wt% RRe-P3HT) have no scattering features or peaks in the
vertical sector, which is a sign of excellent flow-alignment. At intermediate loadings (1 to 7.5 wt%
RRe-P3HT), scattering features are observed in the vertical sector with a peak around 0.018 A-!.
Still, secondary peaks that are clearly visible in the horizontal sector are not observed in the vertical
sector data of samples. When indexed as shown in Figure S14, flow-aligned samples all were
identified as hexagonally packed cylinders at all concentrations.
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Figure 11: a) 2D images from 0.9 m SAXS runs for flow-aligned PS-PI-PS cast from chloroform
and processed at 250 °C with overlays on the sectors radially averaged for the horizontal and
vertical directions b) Vertical and horizontal integrated SAXS data for 60 kDA RRe-P3HT and
PS-PI-PS blends, as a function of RRe-P3HT loading. Data is arbitrarily shifted vertically for

clarity.

In 2D detector images (i.e. no radial averaging), samples showed clear signs of alignment
that were not as evident in radially pressed samples. In Figure 12, we see that radially processed
samples (Figure 12b) show low alignment factors and more isotropic scattering patterns with one
highly visible ring correlating to the main peak in the data. In contrast, for intentionally aligned
samples (Figure 12a) the ring develops into spots of high horizontal intensity that correlates well
with the vertical flow direction. We also observe a sizable increase in the alignment factor from 0
(isotropic) to 100 (perfectly aligned), between the radially pressed and intentionally aligned
samples. Calculations for the alignment factor are done in the XSACT software (Xenocs) that
extracts alignment parameters from a tensor approach, for which equations and tensors are
provided in the Supplemental Information. We especially see this increase in alignment in pure
PS-PI-PS and in blends with higher loadings of RRe-P3HT (10-15 wt%) blends. The 2D scattering
patterns in Figure 12 help to demonstrate that shear alignment is possible but also strongly

dependent on the composition and loading of the blends.
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Figure 12: 2D images from 0.9 m SAXS runs for a) intentionally aligned samples and b) radially
pressed samples of pure, and 60 kDa RRe-P3HT and PS-PI-PS blended systems, processed at 250
°C, denoted by the weight percent of additive in the mixture. Alignment factors are included for
all samples and characterize the extent of alignment, with 0 being isotropic and 100 being

maximally aligned.

4. Discussion

We were able to determine that the processing temperature of a polymeric blend has a large
impact on the morphology, specifically the extent of organization of the elastomer matrix. In dilute
solution states, seen at low concentrations, we do not see any assembly in blends, and the structures
observed are described well by free chains of the individual components (Figure 3). As the
concentration of the polymers in solution increases, we see scattering in the blended sample that
is indicative of complexation. Due to this, we know the structures observed in the solid forms are
formed over the course of evaporation as concentrations increase and are not a result of interactions

while in dilute solution states. During solution casting, structures are largely determined by kinetic
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effects of solvent evaporation and the arrest of molecular motions. This is generally insufficient to

create clear domain segregation and long-range structural assembly.

Processing Temperature RRe-P3HT Loading Intentional Alignment
b) — c)
: : .
8 5 &
e 3 :
- ~—
onto
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= \ NN =N
P N . PN
=l ;‘1‘«;:;%; NS
=—~ | |
10 wt% RRe in PS-PI-PS 250 °C o Do
m PS o Pl O PI+P3HT @® P3HT (amorphous) ~=x. P3HT (crystalline)

Figure 13: Schematic describing the morphology of RRe-P3HT and PS-PI-PS blends as a) 10 wt%
RRe-P3HT is processed at varying temperatures b) RRe-P3HT is added in increasing weight
percent to PS-PI-PS, processed at 250 °C and c) intentionally aligned samples of RRe-P3HT and

PS-PI-PS with increasing amounts of RRe-P3HT

As seen in Figure 5 and described in Figure 13a, when processed at low temperatures (110
°C) the glass transition temperature of the glassy polystyrene (95-105 °C) is barely surpassed and
does not provide the required energy or time that is needed to further segregate and assemble. This
results in a disordered structure that is difficult to identify due to the lack of organized diffraction

peaks. Additionally, the cutting and stacking throughout processing without the temperature



Soft Matter

necessary to allow the PS to be rearranged, leads to more disorder than the solvent-cast analogue
sample. Higher temperatures facilitate the incorporation of P3HT into the structure of the PS-PI-
PS and allow for the system to assemble and order fully. We see improvements in order at the
intermediate temperatures (150 and 200 °C) where the structure becomes more organized and
regular. However, when processing at 250 °C we see the greatest increases in ordering as well as
the clarification of phase structures (i.e. close-packed hexagonal cylinders and lamellar phases)
due to the emergence of higher-order diffraction peaks.

We identify the phase of pure PS-PI-PS as hexagonally packed cylinders, consisting of
cylinders of polystyrene assembled within a matrix of polyisoprene (Figure 6). This is consistent
with the material architecture and phase-diagrams outlined in the literature’?. With the addition of
RRe-P3HT to the blend, there are evident changes to the morphology of the matrix as a function
of concentration (Figure 6). We anticipate that P3HT incorporation occurs primarily in the
polyisoprene domains due to the more favorable Flory interaction coefficient between P3HT and
PI, which is estimated between 0.02 and 0.23-33.76 | The Flory interaction coefficient between PS
and P3HT, which is estimated at 0.48, favors phase separation and previous neutron scattering
work indeed demonstrated the large-scale phase segregation of P3HT and PS3%77.

As shown in Figure 13b, the order and regularity in the system increases at low loadings of
conjugated polymer in the blend system. At ~5 wt% loading of RRe-P3HT in PS-PI-PS, a gradual
shift occurs from a hexagonally packed cylinder phase to a lamellar-rich phase. Indexing this phase
shift over a series of intermediate loadings (2.5 - 10 wt%) is challenging due to these phases
coexisting over a broad range. Still, a clear loss of hexagonally packed cylinder peaks for the 5
wt% sample signals a lamellar phase dominated material at this point (Figure 6). We also

anticipate that 5 wt% marks a critical concentration where large-scale segregation of P3HT-rich
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domains emerges, this is confirmed in the appearance of the low-Q feature seen in the USAXS
data in Figure 9.

Increasing concentration past this loading again changes the bulk of the matrix phase from
lamellar-rich to hexagonal cylinders. At 7.5 wt% and 10 wt% RRe-P3HT, key peaks for
hexagonally packed cylinders reemerge but disorder is increasingly present in the system as noted
by the reduced sharpness of the peaks. At the highest loadings (12.5 and 15 wt%) we observe an
increase in peak widths indicating an overloading of conjugated polymer in the system leading to
increasing disorder in the arrangement of the cylinders and the increase in size of phase-separated
RRe-P3HT domains (Figure 9). This suggests that there is a critical concentration around 5 wt%
where there are significant changes in the morphology while incorporating into the PS-PI-PS
templated structure, as well as a secondary concentration where disorder increases between 10
wt% and 12.5 wt% RRe-P3HT .

Increased processing temperature also allows us to identify the effect of molecular weight of
the RRe-P3HT additive on the structure of the blends. When processed at 150 °C, there is no
significant change between the sample series, and it appears that the molecular weight does not
have an impact on the blend structure (Figure 7). When processed at 250 °C, there are minor
differences between sample series and the effect of molecular weight of RRe-P3HT on blend
morphology can be identified (Figure 8). These differences are minimized due to the increase in
processing sensitivity of these samples at higher temperatures identified in replicates of the same
molecular weight (Figure S9). This sensitivity is highest for samples in the 2.5 -10 wt% range,
where phase transitions are identified for all P3HT blends with all molecular weights (Figure S8)
as well as with amorphous RRa-P3HT (Figure S13). So regardless of the crystallinity or length of

P3HT, the addition of about ~5 wt% P3HT will lead to a change in the structure of the template.
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Moreover, order is also lost in all P3HT samples when there is an overloading of the system. At
the extremes we measured for temperature, weight percentages, and molecular weight (10-15 wt%
77 kDa RRe-P3HT processed at 250 °C) the structure is affected drastically, leading to a collapse
of structure and decreased order.

Composite blend samples can also be flow-aligned at the higher temperatures, leading to
an ordered and oriented structure. By using a rectangular shim and creating a constrained flow
route during the heat pressing stage, the material is forced to flow in an intended direction. During
this process the domains orient in the direction of flow as the predicted morphology is shown in
Figure 13c. This is observed in 2D SAXS images (Figure 12), with a clear increase in orientation
between radially pressed and intentionally aligned samples. All flow-aligned samples were
indexed to be hexagonally packed cylinders (Figure S14), but with the changed processing
method, we believe the mixed phases align at different rates. We anticipate the hexagonally packed
cylinder domains are easier to align than the lamellar domains, leading to disproportionate
alignment during flow (Figure 11). The region of intermediate P3HT loadings that were identified
as mixed and lamellar-rich phases in unaligned samples showed significantly less alignment which
we anticipate could be due to differences in alignment of cylindrical vs lamellar domains.

Within the flow-aligned series we also see variation in the extent of alignment as the weight
percent of RRe-P3HT increases. For pure PS-PI-PS, which forms consistent hexagonally packed
cylinders, the material aligns well and there are no signs of orientation at orthogonal directions
(Figure 11). When more conjugated polymer is added and the phase shifts towards mixed phases,
domains begin to orient in inconsistent directions. At P3HT loadings of 2.5 - 7.5 wt% there are
evident features in the flow direction, which is indicative of poor macroscopic orientation. This

may be a result of the ease of alignment varying for regions within mixed phase samples, as the
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material flow aligned the cylinders while the leaving the lamellar domains less aligned. At higher
loadings, 12.5 and 15 wt% of RRe-P3HT, the matrix structure is more disordered but identified as
primarily consisting of hexagonally packed cylinders. In this region, the system again shows
improved alignment and orientation. There appears to be a relationship between the ability to align
a flowed polymer blend and its phase make-up, with more consistent blends producing higher

orientation.

5. Conclusions

In this work we utilized SANS, USAXS and SAXS to characterize complex blends of
conjugated polymers and elastomeric copolymers while understanding the effect of temperature,
composition, and processing. We determined that temperature is a vital consideration in processing
blends of conjugated polymers and thermoplastic elastomers, with increased temperature allowing
for system wide changes. Temperatures well above the glass transition temperature of the matrix
and above the melting temperature of the conjugated polymer allow for increased consistency of
the structures as well as increased incorporation of additives into the established structure. The PS-
PI-PS elastomer forms a hexagonal cylinder template structure, and when P3HT is added into the
blend, it integrates into the polyisoprene bulk surrounding polystyrene cylinders. Increased
addition of P3HT additives modifies the phase of the matrix elastomer system with a critical
concentration around 5 wt% that marks the maximum amount of P3HT that can be added while
preserving high order in blends. Continuing to increase P3HT loading (wt%), a second threshold
is reached around 10 wt% where the system increases in disorder, likely due to overloading and
macro phase separation. The molecular weight of the conjugated polymer has a slight effect on

how the additive is incorporated at higher processing temperatures, but changes are small with
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only significant changes in the 5 wt% critical concentration. These systems can also be
macroscopically aligned through the use of directed flow during processing, and the extent of
orientation of the phases in the system are dependent on the type and concentration of additives in
the composite sample. In coexisting phases of cylinders and lamella seen around the 5 wt% P3HT
critical concentration, the bulk material orients less cohesively and cylindrical portions flow to a
greater extent than lamellar structures. This work aids in understanding the fundamental structural
morphology of these complex copolymer blends, but additional work will be necessary to
understand how these structural modifications can be utilized for property optimization. In depth
use of imaging techniques such as transmission electron microscopy?>3>3* and atomic force
microscopy’®’? have been used on PS-PI-PS systems previously. However, these are limited to the
analysis of superficial structural organization and results can differ substantially from the bulk
organization that SAXS is able to probe. Finally, the combination of molecular dynamics and
experiments could further enable probing the molecular organization and dynamics in mixed
blends as used in Guilbert et al’s work on P3HT with PCBM?®°. However, such calculations can be
exceedingly costly for the large-scale phase segregation (10’s of nm) that is observed in block-
copolymer systems showcased in this work. Coarse-grained simulations with appropriately
parameterized force fields may be more feasible, relevant and insightful in future work.
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The data supporting this article has been included as part of the Supplementary Information.
The data is separated by instrument and sample type and the readme that accompanies the
data is reproduced below:

Data is organized by instrument (SANS, SAXS, USAXS, Thermal Analysis) and then experiment
type. Each section has a csv/explainer document that specifies sample information (weight
percent, temperature, pressing time, ect) for each sample.

For liquid SANS data, the data files are named with respect to the sample name, and a column
in the sample information csv has specific file names if needed. For TGA/DCS data, the
explainer document has sample to number information. For USAXS data, the data is tagged
with meta data information including names of samples. This can be accessed in the Xenocs
XSACT software or in the header when the file is read. For the SAXS information, data is
labeled in the "comment" metadata with a 96 well plate location that can be correlated to a
specific sample using the provided sample information CSVs.

All data is minimally processed. For SANS data the configurations are stitched, and the
background is subtracted. For USAXS data, the data is scaled, and the empty beam subtracted
and then trimmed to remove the main beam q values. For the SAXS data, the configurations are
stitched, and the data is trimmed to accurate q ranges.



