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Abstract

The properties of conducting polymers are strongly influenced by structural changes
induced by long-range order, which can be achieved using block copolymers that self-assemble
into crystalline structures. These blends result in unique mesophases distinct from the pure
components, with self-assembly behavior modulated by solution conditions and polymer
architectures. High-throughput small angle x-ray scattering data of aqueous Pluronic P123 (PEO2o-
PPO70-PEO20) and conjugated polyelectrolyte poly[3-(potassium-4-butanoate) thiophene-2,5-diyl]
(PPBT) blends at various concentrations and temperatures were automatically classified into
phase maps by autophasemap, an unsupervised statistical analysis algorithm. The outlined phase
boundaries revealed that adding PPBT to high P123 concentrations induced a transition from
cubic-ordered spherical micelles to hexagonally packed cylindrical micelles. Shear alignment via
rheological small angle neutron scattering of the blends produced monolithic oriented cubic and
hexagonal crystal gels. These insights into the self-assembly of conductive polymer blends will

aid in the design of soft materials with tunable structural and electronic properties.

Introduction

Conjugated polymers (CPs) are commonly found in the active layers of organic electronic
devices including photovoltaics (OPVs), electrochemical transistors (OECTs), bioelectronics,
flexible devices, and morel'®!. The electronic conduction of CPs is due to their n-conjugated
structure, resulting in weakly bound electrons that can travel intra-chain through delocalized =-
orbitals along the polymer backbone and inter-chain if there is sufficient n—m overlap. The
conjugated structure typically makes these polymers more rigid than conventional polymers due

to the loss of torsional rotation along sp> hybridized o bonds and bond bending!”). This is especially



important for the conductive properties of CPs as chain rigidity governs electronic properties
including intrachain charge transport and interchain electronic coupling!™”l. While conjugated
polymers offer valuable electronic capabilities, they can be environmentally sensitive and brittle.
These concerns can be addressed by formulating polymer blends, such as combining CPs with
commodity polymers (e.g. polystyrene), to increase the mechanical robustness of the conductive

material without severely impacting electronic properties!!%!!]

. Blending components to modify
compositions of composite conjugated soft materials also avoid synthesizing complex
macromolecules with the aim of achieving all the desired properties in a single material
component. This can greatly simplify and accelerate the molecular design process to achieve
material solutions via careful (re)-formulation instead of synthesis.

Block copolymers (BCPs) are commonly used templating materials for nanoparticles to
create highly ordered nanostructures and have been demonstrated to lead to desirable
characteristics including mechanical durability, long-range organization, and ionic conductivity!!>~
141 Amphiphilic BCPs, composed of distinct hydrophilic and hydrophobic polymer blocks
covalently bonded into a common chain, show rich self-assembling behavior in solid-states and in
solution'”!. In dilute conditions, BCPs will usually form spherical or cylindrical micelles governed
by thermodynamics!'!. In concentrated solutions and melts, BCPs frequently self-assemble into
soft crystals structures, including cubic, hexagonal cylinders, bicontinuous (e.g. gyroid), and
lamellar geometries!'>!”!. Crystalline phases can persist but can also be altered by the presence of
additives, suggesting that structures and properties of composites can be tuned through careful
control over interactions of the components in a composite blend'"®!°1. In particular, conductive

polymer composites with continuous phases have shown to have greater electronic and ionic

conductivities!?%22,



In this study, we analyze blends of Pluronic P123 and Poly[3-(potassium-4-
butanoate)thiophene-2,5-diyl] (PPBT). Pluronics are amphiphilic triblock copolymers with a
center polypropylene oxide (PPO) segment and two identical polyethylene oxide (PEO) end-
segments (PEOx -PPOy -PEQO,). Pluronics self-assemble into various crystal lattices in aqueous
conditions coinciding with the gelation of the system to form a Pluronic hydrogel. This behavior
has been extensively studied through rheology and scattering techniques!'®?*?4. Pluronic P123
(PEO20-PPO70-PEO»9) is known to form isotropic micelles, face centered cubic (FCC), hexagonal
closed packed (HCP), hexagonal cylinders (HEX), and lamellar (LAM) phases depending on the

25,261 P123 micelle diameters were reported

temperature and the polymer concentrations in water!
to range approximately between 15 to 25 nm for samples at approximately 30 wt% in water!!”-*"-28],
Pluronics are also capable of alignment into monolithic single crystalline structures through the
use of shear. Micelles in these colloidal crystals are connected by weak intermolecular interactions
that are typically dominated by steric repulsion. Consequently, when shear is applied, micelles
within a hydrogel can flow past one another making it possible to obtain a colloidal crystal in
which most of the particles are part of the same crystal lattice and with the same orientation!!*-?],

Poly[3-(potassium-4-butanoate)thiophene-2,5-diyl] (PPBT) is an anionic water-soluble
conjugated polyelectrolyte that has been studies as a mixed ionic and electronic conductor and has
been previously successfully aligned by nanocrystalline cellulose to a chiral nematic liquid crystal
phasel**3!l. The primary objective of this work is to investigate the structural impact of formulating
blends of Pluronic P123 and PPBT at variable concentrations and temperatures. We aim to outline

how solution conditions (temperature, concentration, shear, etc. ) and polymer architectures

(molecular weight, side chains, etc.) affect the final morphology of a composite consisting of a



self-assembling non-conjugated block-polymer block copolymer (Pluronic P123) in the presence
of a relatively rigid conjugated polyelectrolyte additive (PPBT) in aqueous solution.

Given the number of factors influencing the structure of complex polymer blends, high-
throughput structural characterization is essential. This can be achieved through small-angle x-ray
scattering (SAXS), a powerful technique that is highly compatible with laboratory automation,
requires minimal sample, and is relatively accessible. SAXS provides insights into two key aspects
of material structure. The form factor corresponds to the scattering from the size and shape of
individual particles while the structure factor is related to the special correlation of the particles in
the system. Thus, SAXS enables analysis of both particle morphology and collective ordering in
complex materials. The SAXS data for Pluronics typically exhibits distinct, sharp Bragg’s peaks
when crystalline structures are present, facilitating precise phase identification. Thus, high-
throughput SAXS (HT-SAXS) enables rapid capture of organized structures and phase transitions
across a broad design space.

Moreover, we also aim to assess the potential for single-crystal mesophase formation
in the composite blends though in-situ rheological small-angle neutron scattering (rheo-SANS),
which allows us to observe shear-induced alignment. By combining HT-SAXS with rheo-SANS,
this study offers a comprehensive view of the self-assembly and shear-alignment behavior of P123
and PPBT blends. These findings could contribute to the design of advanced conductive polymer
systems with tunable structural and electrochemical properties for applications in energy

storagel*?], flexible electronics!®!, and biosensors** amongst others.

Materials and Methods

Materials



Pluronic P123 (MW = 5.8 kg mol, PEO composition = 30wt%, Product 435465) was
obtained from Sigma Aldrich (Burlington, MA). Two lots of PPBT (RR=89%, Product 4021),
PTL37-92 (MW=13k/15 kg mol’!, Pd=2.0) and PTL40-30 (MW=13k/16 kg mol!, Pd=2.2), were
obtained from Rieke Metals (Lincoln, NE). All polymers were used without further purification or
processing. H>O was purified with a Millipore Direct Q system before use (electrical resistivity
18.2 MOhm cm). D,O for in-situ rheo-SANS experiments was provided by the ANSTO OPAL
facility during the beam time.

Polymer Blend Preparation

Samples were prepared with Pluronic P123 in methanol (10, 25, and 50 wt//v%) and
aqueous PPBT stock solutions (1 and Swt/v %) (Fig. 1a). These stock solutions were pipetted using
an open-source liquid handling robot, Opentrons OT-2 (New York, NY), and dried at 60°C
overnight (Fig. 1b). The remaining solids were dried under vacuum for 1 hour at room temperature
to remove any remaining solvent. Water was then added to the dried polymers with the OT-2 to
reach the desired concentration of PPBT (0-5 wt%) and Pluronic (5-40 wt%) in each sample.
Small Angle X-ray scattering (SAXS)

Structural characterization of the polymer blends was obtained through high-throughput
small angle scattering (HT-SAXS). HT-SAXS measurements were taken at APS Beamline 12-ID-
C. The instrument used an X-ray beam configuration of 21 keV, corresponding to a wavelength of
0.62 A. The beam size was 0.4 mm x 0.15 mm, and the flux was approximately 2 x 10'?
photons/s/mm?. Samples with 25 wt% P123 or less were cooled to 7°C while sample with 30 wt%
P123 or greater were cooled to -4°C to ensure all samples are fluid. The samples were loaded into
custom-designed 10mm thick 48-sample cartridges®>” with Kapton windows. These cartridges

were then cooled to -4°C to remove air bubbles from the samples before being mounted to the
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instrument using an ambient temperature cartridge holder. These samples were measured at
ambient temperature of 23°C. Temperature-controlled HT-SAXS experiments were also
performed on a few select samples. Neat P123 samples (25-40 wt%) and blends (25-40 wt% P123
and 1wt % PPBT) were cooled to low temperatures again to become fluid before being loaded into
thin-wall glass capillaries (80mm, 1.0mm O.D.). Samples were measured from 0 to 100°C using a
Peltier controller and were allowed to sit for 5 minutes in between each measurement to achieve
temperature stabilization. Scattering profiles were radially integrated and normalized using a
MATLAB series of routines that were developed and locally available at the beamline. The HT-
SAXS data of the samples were then isolated by using empty Kapton cell or empty capillary
background subtraction for the custom cartridge or capillary environment respectively (Fig. 1c).
A statistical analysis tool, autophasemap, developed by our group!*®! and is capable of rapid
analysis of spectral data from multiple techniques. The autophasemap algorithm was used to
enable rapid analysis of phase maps based on scattering data from blend polymer formulations
(Fig. 1d). This algorithm enables minimally supervised operation in two steps: identification and
assignment. The identification step determines a set of template functions that best represent the
observed features of the spectra. The samples are then assigned to templates by calculating a shape
distance, which measures the similarity between the sample’s profile and a template. The template
functions undergo an iterative learning process, initiated by aligning each profile with the current
templates and organizing them into groups based on the shape distance. In each iteration, the
templates are subsequently updated to reflect the average of the aligned data within each group.
autophasemap is available in in a GitHub repository, which can be accessed at

37]

https://github.com/pozzo-research-group/papers/tree/main/autophasemap! We made a few

changes related to stability and visualization of the algorithm presented in *: a) we perform the
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initialization of templates using the approach presented in [38] and obtain a stable solution by
performing the optimization of template identification and assignment over multiple runs (set to
20 unless otherwise specified); b) The phase map visualization also improved by using a Gaussian
Process classifier trained using the approach presented in [**] on the composition and cluster labels
as the training data. We observed that this approach allowed us to provide better interpolation of
the discrete clustering labels observed on our sampled design space. Given that our sampling of
design space is discrete, we used the Gaussian Process classifier to interpolate the labels on a
regular grid of higher resolution (30 points along each dimension). This interpolation results in a
probability to each point in the design space that measures the similarity to corresponding template.
These points were then classified to a phase represented by a template if their probability met a
minimum threshold. After automatic clustering of the data, crystalline phases of the polymer
blends were classified as lyotropic liquid crystals through peak spacing ratios of Bragg peaks in

the 1D SAXS profiles.
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Figure 1. Structural characterization of block copolymer and conjugated polymer blends. (a)
Structure of blend components including Pluronic P123, PPBT, and water. (b) The polymer
components and solvent are mixed and dried using an automated liquid handling robot and oven.
The necessary amount of water is then added to achieve the final desired concentration after
complete mixing. (¢) Samples are loaded in a 48-well plate cartridge with Kapton windows and
SAXS is performed at room temperature. Scattered x-rays are collected at the detector and a 2D
image is created that is then reduced and integrated to obtain a 1D profile. (d) A phase map is then
automatically learned and generated from the 1D SAXS spectra and each phase identified through

analysis of the profiles and the Bragg peak ratios.

Rheological Small Angle Neutron Scattering (SANS)

In-situ Rheo-SANS was used to investigate the effect of shear alignment of Pluronic P123-
PPBT blends forming ordered mesophases. Shear orientation experiments were performed using
the Quokka 40 m long SANS instrument at the Australian Nuclear Science and Technology
Organization (ANSTO)% | A neat 30 wt% Pluronic P123 in D,0, and a blend of 30 wt% Pluronic
P123 and 1 wt% PPBT in DO were loaded in separate experiments into a bob and cup Couette
cell with a stationary 50mm quartz cup and 49mm titanium bob (Fig. S1) on an Anton Paar MCR
302e stress control rheometer (North Ryde, NSW). The 1.0mm thick samples were sheared at rates
05,105, and 100 s71 at 35°C before increasing the temperature to 45°C. Two-dimensional (2D)
profiles were obtained at a sample-to-detector distance (SDD) of 4 m in the radial direction. The
NCNR SANS reduction macro*!! for Igor Pro was used to reduce the data, integrating 2D
scattering images to 1D profiles, correcting for the instrument background, subtract empty shear
cell background, and to determine absolute scaling of scattering intensity. For 2D images with

Bragg spots, the azimuthal average of the first ring was obtained using SasView 5.0.4.



Results and Discussion
Effect of Concentration on Polymer blend morphology

To characterize the effects of PPBT on the phase behavior of the Pluronic P123 hydrogel
system, SAXS measurements of neat Pluronic P123 and of blends of Pluronic P123 with increasing
concentrations of PPBT were performed at 23°C. As mentioned previously, Pluronic aqueous
solutions are known to form isotropic micelles at low concentrations (5-25 wt%) as denoted by
broad oscillating profiles in the SAXS curves (Fig. 2a). These samples are fluid and do not sustain
their weight when their container is inverted. SAXS profiles of dilute Pluronic P123 samples show
a horizonal slope (Guinier region) at low-q, which is suggestive of micelle formation. The addition
of the CP component (PPBT) to the Pluronic P123 at low concentrations is found to significantly
affect the micellar shape as indicated by the changes in the scattering at low-q. Blends at dilute
conditions, 5-25 wt% Pluronic P123 and 1 wt% PPBT, are also fluid and show signatures of
isotropic micelles (Fig. 2b). However, scattering at low-q has a larger negative slope (i.e. no
Guinier region is evident), demonstrating that the micelle shape is modified to form elongated
structures.

At high concentrations, neat Pluronic P123 and co-assemblies of Pluronic P123 with PPBT
exhibit several clearly defined peaks. These Bragg peaks are characteristic of crystalline
mesophases commonly observed in Pluronic P123. Crystal structures can be identified by
quantification of the ratios of Bragg peaks observed in the SAXS data. However, it must be noted
that multiple phases may coexist in a given sample and peak intensities may also be affected by
the form-factor of the micellar subunits that makeup the structures. Single-phase structures

identified in self-assembled samples are face-centered cubic crystals (FCC) of spherical micelles

[1,4/4/3,/8/3,/11/3,4/12/3,,/16/3,...], hexagonally closed packed cubic crystals (HCP) [1,
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1.06, 1.13, 146, 1.73, ...] of spherical micelles, and hexagonal crystals (HEX)

[1, V3,V4,\7,4/9,V12, .. ] of cylindrical micelles (42431 Neat P123 transitions from FCC (25-
30 wt%) to HCP (35 wt%), and finally a mix of HCP and HEX (40 wt%). With the addition of 1
wt% PPBT, the structure transition was altered to isotropic micelles (25wt%), FCC (30wt%), and
finally HEX (35-40 wt%). It is clear from the mesophase transitions that the addition of PPBT
shifts mesophase assembly toward elongated structures.

Observation of crystallization in blends of Pluronic P123 with PPBT demonstrates that the CP
additive does not prevent self-assembly, but it may still modify the structure of the composite
mesophases that are formed. Fig. 2¢ shows SAXS intensities of Pluronic P123 with increasing
concentrations of PPBT to clearly demonstrate the effect of CP concentration on phase transitions
between mesophases. At this concentration (35 wt%) Pluronic P123 self-assembles into an FCC
and HCP mixed phase that persists until ~1 wt% of PPBT is added. Even at very low concentrations
of PPBT (~0.1 wt%), the effect of the CP additive at low-q becomes obvious with an increasing
negative slope in the log-log plot that is indicative of structural changes emerging at larger length
scales. At even higher concentrations of PPBT (~ 1wt%), the structure of the polymer blend begins
to shift from cubic (FCC/HCP) to HEX as noted by the Bragg peak spacings. However, at even
higher concentrations of PPBT (> 4wt% PPBT) the hexagonal cylinders (HEX) become
increasingly disorganized and secondary peaks are eventually lost. At loadings of PPBT of 5 wt%
and above, the primary correlation peak is still evident, suggesting strong correlations, but
subsequent peaks disappear and a broad correlation feature at high-q (~0.15 A!) that is
characteristic of polyelectrolytes becomes prominent***!. Crystalline organization at mesoscale

length scales is lost at high PPBT loadings.
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As the PPBT loading increases, peaks in SAXS profiles also shift to lower q, which corresponds

to an increase in the lattice parameter. The micelle diameter of each phase was inferred and

4Tt

q1V3

calculated from the 1™-order Bragg peak q; using the following relationships: %g for FCC,
1

4Tt

q1V3

for HCP and for HEX, respectively!®. The micelle diameter of neat P123 at 35 wt% (inferred

from the lattice spacing) is 18.2 nm for cubic (FCC and HCP) domains. This diameter increases
with PPBT concentration until reaching 18.6 nm for FCC domains at 0.5 wt% PPBT. The
cylindrical micelles of the blend at 1 wt% PPBT (HEX) have a diameter of 17.0 nm. The decrease
in micelle size is likely due to the new packing structure of a hexagonal cylinder. The micelles
diameter then continues increasing with PPBT concentration until reaching 18.1 nm concentration
at 5 wt% PPBT. The swelling of micelles is indicative of PPBT being incorporated into the micelle
cores. Although the side-chains are charged and hydrophilic, PPBT still has a hydrophobic
backbone that is expected to be more compatible with the hydrophobic PPO micelle cores of P123.
Moreover, the structural transition from cubic (FCC/HCP) to cylindrical micelles (HEX) upon
addition of increasing amounts of PPBT is suggestive of integration of the CP into the hydrophobic

Pluronic micelle core.
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a) 0 wt% PPBT, 23°C b) 1 wt% PPBT, 23°C c) 35 wt% P123, 23°C
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Figure 2. 1D SAXS profiles of (a) increasing concentrations of P123, (b) blends with 1 wt% PPBT
with increasing P123 concentration, and (c)blends with 35 wt% P123 with increasing PPBT. From
0 to 0.5 wt% PPBT the dashed lines show the 3™ peak of hexagonal close packed sphere (HCP)
structure shift to lower q as PPBT concentration increases. From 1 to 5 wt% PPBT the dashed lines
show the 1% peak of hexagonally packed cylinders (HEX) structure shift to lower q as PPBT

concentration increases. The scattering intensities are shifted vertically for visual clarity.

A phase map was automatically generated using the HT-SAXS data and the autophasemap
algorithm with four template functions (in solid color) and an interpolated probability threshold of
0.3 (Fig. 3). The design space is separated into phase regions highlighted in the inset plot in each
panel with the concentration of Pluronic P123 on the x-axis (ranging from 0-40 wt%) and

concentration of PPBT on the y-axis (ranging from 0-5 wt%). Blends classified under the template
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with broad oscillating peaks were classified as a micellar solution with little long-range order (Fig.
3a). The remaining template functions exhibit Bragg peaks that are indicative of micelles
assembling into a semicrystalline structure of different kinds. These template functions roughly
correspond to an FCC-like structure (Fig. 3b), a mixed-phase HEX structure with HCP influence
with peak spacing ratios (Fig. 3¢), and primarily HEX structures with peak spacing ratios (Fig.
3d). Overlapping regions of the phase map are the result of the probability exceeding the minimum
threshold for more than one template. On the other hand, empty regions appear when probability
factors do not meet the threshold of any phase (Fig. 3e). The autophasemap process is based on
unsupervised statistical analysis, thus it is expected for the template families to contain a few
outlier profiles. These outlier profiles also alter the shape of the template itself, thus representative
SAXS curves are provided for each phase in Fig. S2. Although autophasemap may misclassify
some SAXS curves, the general trends observed from autophasemap are valid and based on
ensembles of data with significant sampling. A phase map of manually analyzed SAXS data is
provided in Fig. S7 for comparison. It is evident from SAXS and autogenerated phase maps that
the presence of PPBT induces a shift in Pluronic P123 crystal structure from the cubic phases to

hexagonal cylinders due to the rigidity of the conjugated polymer.
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Figure 3. A phase map learned with 4 templates for blend samples with varying concentrations of
P123 and PPBT at room temperature. (a-d) 1D SAXS profiles (grey) assigned to each learned
template (color). The inserts depict the corresponding region of SAXS profiles in the composition
space, with the x-axis representing P123 wt% and y-axis representing PPBT wt%. () A phase map
obtained by determining regions of similarity between SAXS profile and template. Each phase

region corresponds to the template of the same color.

Effect of Temperature on Polymer blend morphology

The effects of temperature on the phase behavior of the Pluronic P123 and PPBT blends
was also characterized through SAXS. The blends show a similar phase transition to neat Pluronic
P123 samples but with an increased hexagonal cylindrical (HEX) phase at lower temperatures due
to the presence of PPBT. This observation is highlighted in the 1D SAXS profiles of neat Pluronic
P123 at 35 wt% in comparison to blends of 35 wt% Pluronic P123 and 1 wt% PPBT (Fig. 4). At

0 °C, neat Pluronic P123 micelles are more organized than isotropic micelles but not as organized
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as a lyotropic liquid crystal. P123 then exhibits an HCP structure between 10-30°C. At 40-50°C,
the SAXS data exhibits mostly hexagonal cylinder Bragg peaks, but some HCP features remain at
40°C. At 60°C and above, the semicrystalline structure of P123 has become disorganized (Fig.
4a). Blends at 0°C show correlated micelles that have not yet organized into a lyotropic liquid
crystal but show strong interaction. The blends then exhibit an HCP structure between 10-20°C.
At 30-60°C, the SAXS data exhibits hexagonal cylinder Bragg peaks, 10 degrees lower than their
neat P123 counterpart. Similarly to their neat P123 counterparts, the semicrystalline structure of
P123 has become disorganized at 60°C and above (Fig. 4b).

Peaks of 1D SAXS profiles for neat P123 shift to lower q with increasing temperature,
which corresponds to an increase in micelle size (Fig 4a). P123 blends with PPBT also shifts to
lower q with increasing temperature (Fig 4b). The micelle diameter of neat 35 wt% P123 is 17.2
nm for both FCC and HCP at 10°C and gradually increases with temperature until reaching 20.4
nm for HEX at 50°C. The micelles of the blends at 10°C have a diameter of 17.3 nm for both FCC
and HCP and increases to 20.4 nm for HEX at 50°C. This increase in micelle size alludes to
conformational changes of the polymers due to temperature-related desolvatation?®?%1. In addition,
the swelling of micelles with increasing PPBT concentration agrees with previously observed

behavior of blends.
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Figure 4. 1D SAXS profiles of (a) 35 wt% neat P123 and (b) a blend of 35 wt% P123 and 1wt%

PPBT at varying temperature. The scattering intensities are shifted vertically for visual clarity.

A phase map was also automatically generated using autophasemap with five template
functions and an interpolated probability threshold of 0.3 for neat P123 as a function of
temperature. The design space is partitioned into phase regions with the concentration of P123 on
the x-axis (ranging from 0-40 wt%) and temperature on the y-axis (ranging from 0-85°C) (Fig. 5).
The template functions of neat P123 roughly correspond to micelles in solution (Fig. Sa),
disordered (Fig. 5b), FCC (Fig. 5¢), a mixed phase of HCP and HEX (Fig. 5d), and HEX with a
degree of disorder (Fig. Se). ‘Disordered’ refers to a phase in which micelles have no long-range
order as evidenced by a lack of sharp peaks in their SAXS curve. Representative SAXS curves are

shown for each phase in Fig. S3. The phase transition depicted on the phase map closely
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corresponds to the SAXS intensities observed for 35wt% P123 (Fig. 4a), with the sample
progressing from correlated micelles, a cubic structure containing FCC, a hexagonal structure, and

finally to disordered. A phase map of manually analyzed SAXS data is provided in Fig S8a for

comparison.

a) L b) |1
1

lq normalized
lq normalized
lq normalized

©
(O]
N
© Non-
£ \
5 cry_stalllne
N 101 micelles
-1 -1 Q
10 10 20 25 30 35 40
q q P123 (wt%)

Figure 5. A phase map learned with 5 templates for samples of 20-40 wt% neat P123 from 0-
100°C. (a-e) 1D SAXS profiles (grey) assigned to each learned template (color). The inserts depict
the corresponding region of SAXS profiles in the composition space, with the x-axis representing
P123 wt% and y-axis representing temperature. (f) A phase map obtained by determining regions

of similarity between SAXS profile and template. Each phase region corresponds to the template

of the same color.

A phase map was generated for a 35 wt% P123 and 1 wt% PPBT blend similar to the
previous one with seven template functions and a threshold of 0.3. The design space was also
partitioned into phase regions with the concentration of P123 on the x-axis (ranging from 0-40
wt%) and temperature on the y-axis (ranging from 0-85°C) (Fig. 6). A notable difference of these

template functions in comparison to the ones for neat P123 is the negative slope at low q due to
18



the long PPBT. Template functions of this blend roughly correspond to amorphous micelle
solutions (Fig. 6a), FCC (Fig. 6b), a mixed phase of HCP and HEX (Fig. 6¢), HEX (Fig. 6d), and
a disorganized phase (Fig. 6e). The disorganized phase contains sharp peaks but does not follow
the peak spacing of any crystalline structure. The micellar region encompasses a substantial section
of the phase map and exhibits broad oscillating peaks. However, the features defined by these
broad oscillating peaks are ambiguous. Isotropic micelles, polyelectrolytes, and correlated
micelles are all characterized by broad peaks in SAXS curves (Fig. S5), which makes it difficult
for autophasemap to differentiate these phases. The transition between crystalline phases at 35
wt% P123 also broadly agrees with the SAXS intensities of the blend (Fig. 4b). The sample shows
an HCP structure between 10-20°C, as reflected in the template function (Fig. 6d), but the template
function also includes HEX features. The crystalline structure of the blend subsequently moves to
HEX and eventually a disorganized phase, also indicated by the corresponding template functions.
Phase representative SAXS data is shown in Fig S4 and a phase map of manually analyzed SAXS
data is provided in Fig S8b for comparison. A region of uncertainty exists between the FCC-like
and disorganized phases. At first glance, the FCC and disorganized templates look similar with
two clear high intensity features. However, upon closer inspection, the FCC phase shows two
peaks in each feature (Fig S6a), whereas the disorganized phase only has one peak each (Fig S6b).
We believe this is a limitation of autophasemap stemming from the limited sampling of the FCC

phase that spans along the direction where the data sampling is sparse.
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Figure 6. A phase map learned with 5 templates for blends of 20-40 wt% P123 and 1 wt% PPBT
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representing P123 wt% and y-axis representing temperature. The black arrows point to high-
intensity features of that phase. (f) A phase map obtained by determining regions of similarity

between SAXS profile and template. Each phase region corresponds to the template of the same

color.

Effect of Shear on Polymer blend morphology

Shear alignment can refine the organization of a material into a single crystalline phase,
presenting an opportunity to optimize its overall performance and functionality. Therefore, it is of
interest to demonstrate this alignment in our BCP and CP blend system. Shearing PEO-PPO-PEO
hydrogels is known to induce the annealing of defects and the organization of micelles into single-
crystalline domains. To determine the impact of PPBT on the shear-induced phase behavior of the
polymer system, neat 30wt% P123 and a blend of 30wt% P123 and 1wt% PPBT at various shear

conditions were analyzed. These measurements were first conducted at 35 °C at 0 s™, 10 s, and
20



100 s!. The temperature of each sample is then increased to 45 °C and measured at 0 s™!, 10 s7!,
and 100 s’!. The shear history is retained throughout each condition but does not impede the
conclusion that monolithic crystal structures form through shear.

The 2D SANS profile of P123 at 35 °C shows isotropic concentric rings which are the
signature of powder-like behavior (Fig. 7a). When shear at 10s™! is applied to the hydrogel, Bragg
spots begin to appear in hexagonal rings (Fig. 7b). In the innermost ring the spots at ¢ = 90° and
270° are more intense than the other four spots as seen in the azimuthal average. This anisotropy
is most likely due to the stable coexistence of more than one crystal orientation. At a high shear
rate of 100s! multiple hexagonal rings have become clear and symmetrical (Fig. 7¢), indicating
the micelles have organized into a single-crystalline domain. The hexagonal rings are the signature
of a cubic structure, most likely a mixture of HCP and FCC. The neat P123 sample at 45°C shows
less monolithic structures. The sample without shear still exhibits hexagonal rings but much less
intense (Fig. 7d), which indicates the structure was retained from the single-crystalline cubic
crystal formed at 35 °C. Applying 10 s removes any Bragg spots, but this may be due to a
transition between phases (Fig. 8¢). At 100 s, the 2D profile and azimuthal average shows faint
Bragg spots at ¢ = 90° and 270° (Fig. 7f), portraying a shift to an elongated structure. Based on

the position of the peaks of the sector average at ¢ = 90° (Fig S9), the elongated structure is HEX.
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Figure 7. Neat P123 at 35°C and sheared at (a) 0s™!, (b) 10s™!, and (c) 100 s!. P123 is subsequently
heated to 45°C and sheared at (d) 0 s, (e) 10 s, and (f) 100 s™'. Inserts depict the azimuthal
average between the indicated g-ranges of the innermost Bragg spots. The g-range is represented

by black dotted rings.

The phase transition from cubic to hexagonal structure for the blend of 30 wt% P123 and
1 wt% PPBT is notably different from its neat P123 counterpart. At 35 °C, the blend also does not
show a single crystalline structure at rest (Fig. 8a). However, unlike the neat P123 sample, the
blend at 10 s! exhibits a clear single crystalline cubic structure as determined by the multiple
hexagonal rings in the 2D profile, and the azimuthal average of the first ring show intense and
uniform peaks (Fig. 8b). Furthermore, at 100 s the hexagonal rings have become disordered and

asymmetrical with the azimuthal average showing slightly more intense Bragg spots at ¢ = 90°
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and 270°, indicating high shear induced anisotropy in the structure (Fig. 8¢). When the blend was
heated to 45 °C the 2D SANS profile only depicts isotropic concentric rings (Fig. 8d). At 10s™,
the structure is starting to shift to hexagonal cylinders as indicated by the faint Bragg spots at ¢ =
90° and 270° and short broad peaks in the azimuthal average (Fig. 8¢). This type of structure did
not occur for neat P123 until sheared at 100 s™'. A single crystalline HEX phase has formed at 100
s'!, highlighted by clear Bragg spots and sharp and intense azimuthal average peaks (Fig. 8f).
Compared to the sample at the initial 35 °C, the structure of the blend became more prominent at
high shear. This would indicate that the rigidity of PPBT at high shear rates is detrimental for

single crystalline cubic structures while enhancing elongated ones.
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Figure 8. Blend of 30 wt% P123 and 1 wt% PPBT at 35 °C and sheared at (a) 05!, (b) 10 5™}, and

(c) 100 s'. P123 is subsequently heated to 45 °C and sheared at (d) 0 s™', (e) 10 s™!, and (f) 100 s
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!, Inserts depict the azimuthal average between the indicated g-ranges of the innermost Bragg

spots. The g-range is represented by black dotted rings.

Conclusion

In this work we report the effects of PPBT on the phase behavior of self-assembling
Pluronic P123. P123 from 5 to 40 wt% in aqueous solutions show a lyotropic phase transition from
isotropic micelles, FCC, HCP, and finally a mixed phase of HCP and HEX. The crystalline
structure of the polymer blend shifts fully to HEX as the concentration of PPBT increased. At high
concentrations, PPBT disrupts the organization of P123 micelles. Aqueous solutions of 35 wt%
P123 from 5 to 80 °C change from correlated micelles, HCP, HEX, to a disordered phase. Blends
with P123 and PPBT exhibit similar crystalline structures but the shift to a hexagonal cylinder
phase is observed at lower temperatures in the presence of PPBT and maintained over broader
temperature ranges. The favoring of elongated nanostructures also occurs shear-induced
monolithic crystal structures. When highly sheared at 35 °C, neat P123 assembles into a single
crystalline cubic structure. At high shear and 45 °C, P123 only shows a still developing single
crystalline HEX phase. The blend of P123 and PPBT showed a single crystalline cubic structure
at low shear and 35 °C, and a fully single crystalline HEX structure at high shear and 45 °C. Co-
assemblies of BCP and CP may provide a scalable and simple fabrication process for novel
materials with long range order without the need of complex polymerizations. If properly
orientated, these anisotropic materials have the potential to enhance applications in optical sensors,
bioelectronic interfaces, flexible electronics, and more. Additional research is needed to establish
the connection between the morphologies and properties of these highly order co-assemblies.
However, this study serves as the groundwork for understanding the use of blends to tune the

structure of semi-crystal forming BCPs and conductive CP.
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