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ABSTRACT: Fluid flow is an inherent aspect of solution _——>

processing of conjugated polymers. Much of the existing work _
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and measurable quantities of the conformation or alignment of the
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conjugated polymers in solution. Furthermore, while aggregation — —
of conjugated polymers in solution has been demonstrated to En » w5 €

result in highly aligned thin films, there are few studies that probe

the interplay between the structures that form during aggregation

and flow-induced alignment during processing. Here, we explore in detail the influence of flow type, solution aggregation, and
concentration on the flow-induced alignment of conjugated polymers. We apply a microfluidic platform to systematically subject the
conjugated polymer solution to large and controllable shear and extensional strain rates and use flow-induced retardance
(birefringence) measurements to characterize the degree of alignment. By using flow-induced retardance in combination with small-
angle X-ray scattering (SAXS) and electron microscopy of freeze-dried solutions, we can determine the solution state structure and
clearly demonstrate the interplay between solution aggregation and fluid flow. We determine the overall relaxation time of the
material and the strengths of shear and extensional flows required to align conjugated polymer aggregates. Furthermore, we find that
although enhanced aggregation can facilitate flow-induced alignment, the type of aggregation and the presence of interparticle
interactions at higher concentrations can diminish the effectiveness of flow. The results here demonstrate that there is a complex
interplay between the conjugated polymer solution state and fluid flow and that simply increasing the conjugated polymer’s
aggregation, concentration, or the strength of flow does not necessarily lead to better or more effective alignment in solution. A
careful understanding of the synergy between these two aspects can help to establish design rules in solution processing for
improving conjugated polymer film morphology.

investigating the effect of flow has been phenomenological, lacking %
a direct and quantitative connection between the flow gradients /5\/ -p

Bl INTRODUCTION toward the synergistic effects of solution aggregation and flow
during solution processing to enhance orientational order in
printed films. For example, Choi et al.’ studied the combined
effects of solution shearing and aggregation on solutions of
P3HT nanowires formed through UV irradiation and solution
aging. Separately, the solution shearing and nanowire
aggregation led to improved alignment and mobility in the
printed films compared to pristine solutions and spin-coated
films, while a combination of both led to the highest
improvement overall. Additionally, Wang and Reichmanis et
al.” employed UV irradiation during solution coating with
microstructured blades that induce strong local shear and
extension. They found the combined effect led to enhanced

Solution processability is a key advantage of conjugated
polymers because it enables the production of organic
optoelectronic devices in a high-throughput and energy-
efficient manner. In solution processing, conjugated polymers
traverse a complex assembly pathway from the initial ink
solution all the way to the solid film. The multiscale assembly
throughout this process must be carefully controlled to
improve thin film morphology and device performance. It is
then important to understand what is the initial state of the
conjugated polymer solution and how the solution processing
directs further assembly. Many studies have focused on tuning
the solution state of conjugated polymers prior to processing.
The use of solution aggregation through methods such as
applyin§ UV light,'™ ultrasonication,”” tuning solvent Received: July 1, 2022 Hacromolecy
quality,”” or forming liquid crystalline mesophases® has Revised:  October 1, 2022
been shown to promote the formation of fibrillar or rodlike Published: November 8, 2022
aggregates. The formation of these initial aggregates enhances

alignment and directs further aggregation of the conjugated

polymers as they form thin films."”"" These works have hinted
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crystallization and alignment of P3HT. These results highlight
the fact that the conjugated polymer solution state, fluid flow
during processing, and their interplay can be harnessed to
improve the effectiveness of solution processing.

Despite the fact that fluid flow is ubiquitous to all solution
processing methods, the effect of flow gradients on controlling
the alignment and assembly of conjugated polymers is not well
understood. Much of the work regarding the flow effect on
conjugated polymers has been phenomenological, such as
correlating the effect of printing speed'”"” or the use of a novel
printing head”'*™'® with ex situ characterizations of film
morphology. These works have alluded to the importance of
flow during solution processing as it can direct the alignment
and crystallization of conjugated polymers.'”"* However, only
a few works have performed a more mechanistic study of the
effect of flow gradients on alignment. Wie and Mackay et al."’
have shown that the continuous application of steady shear to
concentrated P3HT solutions can promote the growth of long,
crystalline fibrils. In our prior work,” we used finite element
simulation and experiments to show how the flow field and
shear rate in the meniscus dictates conjugated polymer
assembly and subsequent morphological transitions during
printing, such as highly aligned films produced at intermediate
printing speeds. These results have highlighted the importance
of fluid flow during solution processing, but it remains to be
seen how the flow type and strength directly impact the
conjugated polymer solution state conformation or alignment
in a quantifiable manner.

In this work, we study flow-induced alignment in conjugated
polymer solutions by systemically subjecting the solution to
controlled amounts of shear and extensional strain rates. To
quantify the alignment, we measure the flow-induced
retardance (birefringence) of the conjugated polymer solution
as it flows through the shear and extensional microchannels.
This technique has been used to characterize the deformation
of polymers as they are subjected to flow.”'** Modern
applications of this technique have combined flow birefrin-
gence with microfluidics.””™*" In particular, the works of
Haward®* ™" with Odell,**** McI(inle)7,34_36 and Shen*™**
have demonstrated that flow birefringence can be used to
understand properties including relaxation time, polymer
extension, and flow instabilities for a variety of complex fluids
such as synovial fluid, wormlike micelles, atactic polystyrene,
and cellulose nanocrystal rods. However, this technique has
not been applied to conjugated polymer solutions.

Here, we present, for the first time, a systematic study of the
effect of flow type and strength on aligning fibril aggregates of a
high-performance donor—acceptor conjugated polymer. We
use a isoindigo-bithiophene-based polymer (PII-2T) which has
demonstrated applications in organic field effect transistors””*”
and solar cells.””"" PII-2T derivatives also have further
applications in chemical sensors, thermoelectrics, bioimaging,
and so on.*” Furthermore, the equilibrium solution aggregation
state of PII-2T has been studied in our previous work.”> To
achieve flow-induced alignment, we developed microfluidic
devices to access very high shear (~10° s™') and extensional
(~10° s7!) strain rates that have not been accessed before in
prior microfluidic flow birefringence studies. Such high strain
rates are necessitated by the rapid relaxation of conjugated
polymer aggregates in solution. Using microfluidics in
combination with in situ retardance measurements, we can
directly quantify the dependence of alignment on varying flow
conditions. Furthermore, to study the effect of the solution

state on flow-induced alignment, we varied the concentration
and also tuned the solution aggregation by adding a poor, polar
solvent, resulting in longer and more rigid fibril aggregates as
determined by freeze-dried imaging and small-angle X-ray
scattering (SAXS). Our study reveals the complex interplay
between fluid flow and the conjugated polymer aggregation
and its effect on flow-induced alignment, finding that simply
increasing flow strength or aggregation does not necessarily
lead to improved alignment. The results here can be used to
inform design rules for solution processing to leverage
potential synergies and improve film morphology in an
efficient manner.

B EXPERIMENTAL SECTION

Materials and Molecular Weight. The isoindigo-bithiophene-
based polymer (PII-2T) was synthesized as previously reported.*
The molecular weight (M, = 19883, M,, = 61700, PDI = 3.1) was
characterized using high-temperature gel permeation chromatography
at 150 °C in trichlorobenzene. The polymer solutions were prepared
by dissolving the polymer in either chlorobenzene (anhydrous, 99.8%;
Sigma-Aldrich Inc.) or a mixture of chlorobenzene and 10% v/v
dimethylformamide (99.9%; Fisher Scientific). The solutions were
then stirred at 80 °C for at least 12 h prior to use. After heating, the
solutions were removed to room temperature for 15 min prior to
being used in all experiments.

Microfluidic Device Fabrication. We developed microfluidic
devices to test small volumes (<100 uL) of conjugated polymer
solution containing harsh organic solvents at high strain rates and
pressure while maintaining device rigidity and optical transparency.
For shear experiments, we use narrow microchannels that are 28 um
wide and 25 pm tall. To minimize pressure drop, this narrow region is
only 250 um long and connects to large microchannels 500 pm wide
on both sides. To minimize extensional flow resulting from the 500 to
28 pm contraction, the channel walls follow a hyperbolic shape which
maintains a lower maximal extensional strain rate compared to an
abrupt or linear contraction. For extensional flow experiments, we use
a cross-slot design with microchannels 42 ym wide and 25 pym tall.
Linear contractions were used to allow for wider channels (500 ym
wide) before and after the cross slot to reduce the device’s pressure
drop. The device was fabricated using 1 mm thick glass slides (for
retardance experiments) or thin glass coverslips (for microparticle
tracking velocimetry) for the top and bottom surfaces. Inlet and outlet
holes were drilled into the top glass surface, and then both glass
surfaces were functionalized with 3-(trimethoxysilyl)propyl meth-
acrylate silane (98%; Sigma-Aldrich Inc.). A perfluoropolyether
(PFPE) with urethane methacrylate end groups (Fluorolink
MD700) was used to define the microchannel. Two different
fabrication processes were used depending on whether the top and
bottom surfaces were thick 1 mm glass slides or thin coverslips
(Figures S1 and S2). The thick 1 mm glass slides and chemical
bonding of the solvent resistant PFPE to methacrylate-functionalized
glass were necessary to allow for a microfluidic device that could
withstand both the high pressure and organic solvent swelling while
maintaining optical transparency and preventing stress-induced
birefringence of the glass windows. To make fluidic connections, 30
gauge polytetrafluoroethylene tubing (0.012 in. ID X 0.030 in.) was
flanged and clamped against the drilled inlet/outlet ports using a
Viton O-ring (Dash no. 001, Square profile). For more information
about the microfluidic device fabrication see Section S1 of the
Supporting Information.

High-Speed Microparticle Tracking Velocimetry (u-PTV). u-
PTV was used to measure the maximum extension and shear rates
inside the cross-slot and narrow microfluidic channels, respectively,
for flow rates of 1-20 uL/min. Cross-linked polystyrene tracer
particles (Spherotech PPX-10-10) of diameter 1 ym were mixed with
the samples corresponding to a mean interparticle separation of 10
pm. Brightfield imaging with a 20X magnification lens (Nikon Plan
Fluor) and a depth of field 2.5—4.5 um was used along with a high-
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speed camera (Edgertronic SC2+) of 2 maximum frame rate of 31000
fps and a minimum exposure time of 10 ys. The resulting resolution is
0.67 pm/pixel, and the maximum particle displacement per frame is
17 pym/frame at 20 yL/min as compared to a field of view that spans
170 X 68 um?* at 31000 fps. A custom-built MATLAB code that
incorporates topological constraints and symmetries in the flow field
was used for accurate tracking at these extreme flow conditions.
Higher flow rates could not be used due to the limitations on the field
of view and frame rate inherent to the camera.

In Situ Retardance Measurements. The retardance of the PII-
2T polymer solution was measured as it flowed through the
microfluidic device. The retardance was measured using white light
in an optical microscope (Nikon Ci-POL) equipped with two
opposite-handed circular polarizers facing each other and oriented
orthogonally to each other with the microfluidic device placed in
between them, a configuration also known as a circular polariscope.
The retardance § is proportional to the birefringence An through

5 = 2" \rhere d is the sample thickness and 4 is the wavelength of

light. Birefringence occurs due to the anisotropy of a material’s
refractive index as it becomes aligned. The measured retardance is an
average over the spectral composition of the light source. Additionally,
considering that our microchannels have widths of similar order to its
height, the flow and the subsequent birefringence along a vertical slice
of the microchannel are not uniform, and so the retardance is also an
average over each vertical position in the microchannel. For these
reasons, we do not convert retardance to birefringence. However,
because the light source and the microchannel height are kept
constant for all experiments, we can still accurately compare the
measured retardance values. To accurately measure the retardance, we
modeled the optical system and its output polarization state with
imperfect linear polarizers and an arbitrarily polarized light source
using Mueller matrices. We then developed a procedure where
multiple measurements can be combined to cancel out the
contributions arising from the imperfections in the optical setup.
For more information about the retardance measurement theory and
procedure see Section S2 of the Supporting Information. For shear
flow experiments, the polymer solutions were flowed at volumetric
flow rates of 1—260 yL/min, corresponding to shear strain rates of
5950—1550000 s~*. For extensional flow experiments, the polymer
solutions were flowed at volumetric flow rates of 1—140 xL/min,
corresponding to extensional strain rates of 655—91700 s™'. At flow
rates above 140 yL/min, the presence of birefringent “pipes” can
occur where the centerline birefringence reduces as a result of flow
modification from the polymer which lowers the extensional strain
rate, making it unreliable to quantify at these conditions.**®
Small-Angle X-ray Scattering (SAXS) Experiments. SAXS
experiments were performed at the 12-ID-B beamline of the
Advanced Photon Source at Argonne National Laboratory using an
X-ray beam energy of 13.3 keV. A Pilatus 2M detector was used at
sample-to-detector distances of 3.6 m. The polymer solution SAXS
experiments were performed using a flow cell to prevent beam
damage and enable longer exposure times. The flow cell was
constructed using a 1 mm diameter quartz capillary connected to
PTFE tubing using PTFE heat shrink tubing. One tubing end was
connected to a syringe pump which cycled the polymer solution back
and forth through the capillary at SO yL/min (linear velocity of 1
mm/s) within the capillary while a series of 0.1 s exposures with 3 s
delays were accumulated for a total exposure time of approximately
1-2 s. Each series of 0.1 s exposures were inspected to ensure that
there was no beam damage as characterized by a systematic variation
in the scattering profiles with time. Each polymer solution and its neat
solvent background were scanned successively at the same position of
the same flow cell to ensure that the instrumental “empty cell”
scattering was consistent. Such a procedure was necessary due to the
weak scattering of our conjugated polymer relative to chlorinated
solvent to ensure proper background subtraction. The 2D scattering
patterns were isotropic indicating that the flow in the 1 mm capillary
did not induce alignment of the conjugated polymer materials. The

2D scattering patterns were then reduced, background subtracted, and
averaged using the beamline’s MATLAB package.

Freeze-Drying and Scanning Electron Microscopy (SEM)
Measurements. We use a freeze-drying method to directly capture
the structure of aggregates in solution, which are then imaged using
SEM. For the freeze-drying process 2 uL of polymer solution was
sandwiched between a bare Si substrate and a glass coverslip. The
sandwiched sample is first submerged in liquid mixture of 63%
propane and 37% ethane and then stored in liquid nitrogen. Because
this mixture has a larger heat capacity than liquid nitrogen, it can
quickly freeze the sample without boiling_oﬂr and therefore prevent
aggregation during the cooling process.”” In samples frozen with
liquid nitrogen alone, solvent crystallization is observed whereas
samples frozen in the liquid propane/ethane mixture exhibit
amorphous frozen solvent (as observed under cross-polarized optical
microscopy). The top coverslip is separated while submerged in liquid
nitrogen, and the sample is then quickly transferred to a sealed
Linkam stage chamber (LTS420) which is held at —100 °C in a
nitrogen atmosphere. The temperature is raised to —80 °C (0.5 °C/
min) for chlorobenzene and 90% chlorobenzene/10% dimethylfor-
mamide solutions while a vacuum is applied for ~6 h to fully
sublimate the solvent while preventing melting. The sample is then
imaged by SEM (JEOL JSM-7000F) at 25 kV accelerating voltage.

Viscosity Measurements. Because of the small amounts of
synthesized conjugated polymer material, we measured the viscosity
of polymer solutions using only a few microliters. We used the
method developed by Srivastava and Burns®® where a solution is
drawn into a microchannel by capillarity and its free surface is tracked
to calculate its viscosity. We used a microfluidic glass capillary with a
rectangular channel 200 ym wide and 20 ym high (Microslide S002-
050, Wale Apparatus). The capillaries were placed in a small chamber
saturated with chlorobenzene vapor. Approximately 5—10 uL of
conjugated polymer solution was pipetted onto an open end of the
capillary. A camera was used to record the solution as it flowed into
the microfluidic capillary. Using the procedure from Srivastava and
Burns,* we determined the position L and velocity v of the free
surface over time and calculated the viscosity # of the solution at low
velocities using the equation

ﬂ_hz 1 AP
- <2 T 7
Si+y L (1)

where h is the height of the microchannel, S is a constant that depends
on the aspect ratio of the microchannel cross section, n is the power
law fluid exponent, and AP is the capillary pressure. The factor h2/S
was determined to be 7.5 X 107 m/s using the pure chlorobenzene
solvent. The capillary pressure is determined from the height 4 and
width w of the microchannel as well as the surface tension of the fluid
o and its contact angle 6 according to the equation

AP = 206 cos 9(% + i)

w

)

B RESULTS AND DISCUSSION

Determination of Experimental Shear and Exten-
sional Strain Rates. To investigate the effectiveness of both
shear and extensional flow on the alignment of our conjugated
polymer, we used microfluidic devices to reach shear rates up
to ~10° s7! and extensional strain rates up to ~10° s™' to
observe flow-induced retardance (birefringence) of our
conjugated polymer. Such strain rates are significantly higher
than those explored in prior work on microfluidic flow
birefringence and required microchannels orders of magnitude
smaller. Shear was achieved by flow through narrow straight
channels, and extension was achieved through the use of a
cross-slot geometry with opposing inlets and outlets. For this
work, the term shear rate refers to the shear rate at the walls of
the straight channel, and the term extensional strain rate refers

https://doi.org/10.1021/acs.macromol.2c01359
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Figure 1. Schematic and p-PTV results for shear and extensional microchannels and retardance imaging setup. Dimensions of straight channel for
shear (A) and cross-slot channel for extension (B). Both types of microchannels have heights of 25 ym. Experimental shear rates at the channel wall
(C) and extensional strain rates at the cross-slot stagnation point (D) for PII-2T CB and CB/DMTF solutions determined by y-PTV. The expected
theoretical shear and extensional strain rates are shown by the black line, showing good agreement.

to the extensional strain rate at the stagnation point of the
cross-slot. Schematics of the shear and extensional micro-
channels used are shown in Figures 1A and 1B, respectively.
To verify the true experimental shear and extensional strain
rates produced in the microfluidic device, we used high-speed
microparticle tracking velocimetry (¢-PTV). An accurate
measure of the strain rates is necessary to accurately quantify
the relaxation time of the material. Because of the extremely
high velocities, we were only able to characterize the shear
rates at flow rates up to 20 yL/min instead of the full range up
to 260 pL/min used in the retardance experiments. We
emphasize that even with the use of a high-speed camera, we
were limited by the frame rate (31000 fps) due to the
extremely high velocities and strain rates. For a Newtonian

ﬂliid the theoretical wall shear rate ¥ for a rectilinear channel
is

5 2 2
}} — _ﬂ_z Q h 2'|' w

3 (hw)*(h + w) (3)
where Q is the volumetric flow rate, w is the channel width,
and h is the channel height. The p-PTV shear experiments
were performed using the highest concentration in this work
(10 mg/mL) to check for rheology-induced instabilities or
modifications to the flow profile. The experimental and
theoretical shear rates are shown in Figure 1C for PII-2T
solutions in both chlorobenzene (CB) and 90% chloroben-
zene/10% dimethylformamide (CB/DMF), which exhibit
different aggregation states. From our prior work,™ the
solution state of PII-2T in pure CB consists of elongated,
semiflexible fibril aggregates in addition to a separate
population of dispersed polymer chains. As will be discussed
later, the solution state in CB/DMF is similar but consists of
fibril aggregates that are more rigid, have improved lamellar

10156

order, and also form large agglomerates. For both 10 mg/mL
solutions, the experimental shear rate agrees well with the
theoretical Newtonian shear rate for the accessible flow rates.
We therefore use this relation to determine the shear rates for
the retardance experiments over the full flow rate range.
Likewise, we used p-PTV to determine the experimental
extensional strain rates in the cross-slot microchannels for flow
rates up to 35 yL/min (full range up to 140 yL/min). For a
Newtonian fluid, the extensional strain rate at the cross-slot’s
stagnation point ¢ has been shown to follow™

. 17Q

Tt

(4)

where Q refers to the total volumetric flow rate of both
opposed inlets. The extensional strain rate was measured over
the concentration range used in this work at 1, 3, and 10 mg/
mL for both PII-2T in CB and CB/DMEF solutions. The
experimental and theoretical extensional strain rates are shown
in Figure 1D. Although there is some variation due to frame
rate limitations at the higher flow rates, the deviations are not
systematic in terms of either the concentration or the flow rate,
and they do not vary exponentially as would be expected for
instabilities or strong modifications to the flow structure. While
the frame rate limitations of our high-speed camera make it
difficult to accurately measure the higher strain rates, the
experimental and theoretical Newtonian strain rates agree well
at low flow rates so we use eq 4 to determine the extensional
strain rates for the retardance experiments.

Flow-Induced Retardance of PII-2T Aggregates in
Shear and Extensional Flow. Having characterized the
strain rates generated by our microfluidic devices, we next use
retardance imaging to quantify the degree of alignment in our
PII-2T solutions as a function of shear and extensional strain
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Figure 2. Comparison of PII-2T/CB 10 mg/mL flow-induced retardance under shear and extensional flow. (A) Retardance imaging setup
consisting of opposing, orthogonally aligned right- and left-handed circular polarizers placed before and after the microfluidic channel, respectively.
The calculated strain rate profile throughout the channel is shown for the straight channel (B) and the cross-slot channel (C). Examples of the 2D
retardance throughout the channels at varying strain rates for shear (D) and extension (E). Scale bar is S0 ym. The retardance near the walls and at
the stagnation point are plotted against the strain rate in (F) with a zoom-in of the extensional data (dashed box) in (G).

rate for different aggregation types and concentrations. A
schematic of the retardance imaging experimental setup is
shown in Figure 2A. More information about the retardance
imaging setup and procedure can be found in the Experimental
Section and in Supporting Information Section S2.

Using retardance imaging, we first compare the polymer
solution state response to shear and extensional flow. Solutions
of PII-22T in CB at 10 mg/mL were flowed through the
microchannels to measure flow-induced retardance resulting
from the shear and extensional strain rate. Figure 2B,C depicts
the expected strain rate in the microchannels, which
corresponds to the magnitude of the rate-of-strain tensor,

|[El = 2E: E, as calculated using COMSOL. The maximum
shear and extensional strain rate occur at the walls and at the
stagnation point, respectively, where the retardance is
measured. Experimental retardance imaging throughout the
channel is shown for several different strain rates for the
narrow (shear) and cross-slot (extensional) microchannels in
Figure 2D,E. The retardance intensity correlates well with
regions of high strain rate for both cases. Specifically, for the
cross-slot flow, the retardance correlates to regions of
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extension where the fluid exits the stagnation point as opposed
to regions of compression where the fluid enters the stagnation
point. The retardance for both shear and extensional flow is
plotted against the strain rate in Figure 2F with a zoomed-in
plot of the extensional data (dashed box) shown in Figure 2G.
It can clearly be seen that extensional flow is significantly more
effective at aligning and/or stretching the conjugated polymer
fibrils compared to shear, requiring 3—6 times less strain rate
to achieve the same retardance. The rate of increase of
alignment per unit increase in strain rate is also much larger.
Considering shear contains both extensional deformation and
rotation motion, it is likely that the rotational component of
shear diminishes its effectiveness to achieve high alignment
compared to pure extension, which completely lacks rotation.
Such behavior qualitatively matches previous work demon-
strating extension to be more effective at aligning rods
compared to shear.”® A more recent example of this has
been demonstrated by Calabrese, Haward, and Shen®® where
they used flow-induced birefringence to characterize the
alignment of cellulose nanocrystal rods undergoing Brownian
rotational diffusion, finding an extensional strain rate to induce
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Figure 3. Solution aggregation of PII-2T in CB and CB/DMF. SEM imaging of freeze-dried PII-2T samples from CB (A) and CB/DMF (B). Scale
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aggregation in both CB and CB/DMF. The aggregation of PII-2T in CB/DMF consists of fibrils that are more rigid and have higher lamellar order

than those in pure CB.

a 4 times higher degree of alignment compared to shear around
the onset of flow-induced birefringence.

Solution State Aggregation of PII-2T in CB and CB/
DMF. Next, we compare how different types of solution
aggregation can affect the alignment response to shear and
extensional flow. While the effects of poor solvents and
solution aggregation on conjugated polymer film morphology
have been previously studied and were found to enhance
alignment in printed films,”*"** few works have directly
probed how conjugated polymers or their aggregates are
influenced by flow gradients in solution. To examine this, we
add 10% v/v DMF to PII-2T/CB 10 mg/mL solutions to alter
and enhance the aggregation of the conjugated polymer, which
was also confirmed by the presence of large aggregates seen by
optical microscopy (Figure S3). To understand in greater
detail how the addition of DMF changes the aggregation state,
we performed freeze-dried SEM imaging as well as SAXS. The
freeze-drying method was validated in our previous work™
where the dimensions of freeze-dried aggregates imaged by
SEM and AFM were found to agree with dimensions of
aggregates in solution determined by SAXS. Freeze-dried SEM
images of the PII-2T solution state structure in CB and CB/
DMEF are shown in Figures 3A and 3B, respectively. Imaging of
PII-2T in pure CB reveals elongated, semiflexible fibril
aggregates with diameters on the order of 10 nm and lengths
ranging broadly from ~100 nm to several micrometers. Fibril
aggregates are also present with the addition of 10% DMF and
have similar diameters. However, these fibrils have more

rodlike conformations, indicating higher rigidity. Furthermore,
some larger scale agglomerates of rodlike fibrils can also be
seen with lengths >1 ym (Figure S4).

The SAXS profiles of PII-2T in CB and CB/DMF are shown
in Figure 3C. As discussed in our previous work, ™ the
scattering profiles can be described by a combination of
scattering from fibril aggregates, dispersed polymer chains, and
a lamellar structure factor peak. The profiles in CB and CB/
DMEF are nearly identical with similar features, such as the
Guinier knee at g = 0.02 A™! corresponding to the fibril radius.
Additionally, both scattering profiles indicate the presence of
aggregates by the power law region extending into low g as well
as the lamellar structure factor peak at high q (g ~ 0.22 A™").
However, there are two key differences that the aggregation
state in CB/DMF exhibits compared to that in pure CB. The
first is the presence of a sharper structure factor peak at 0.22
A™" which indicates a higher degree of lamellar order within
the aggregates formed in CB/DMF compared to CB. The next
key difference is the change in slope at low q in the region
preceding the fibril cross-sectional Guinier knee at g < 0.02 A™!
which is affected by the persistence length of the fibril
aggregate. For PII-2T in CB, the fibril aggregate has a slope of
—1.6 while for PII-2T in CB/DMEF the slope is —1.3, indicating
a higher degree of rigidity. To quantitatively extract the
features of the fibril aggregates, we fit using the two
semiflexible cylinder (2SFC) model as described in our
previous work,” with the addition of a second pseudo-Voigt
peak for PII-2T in CB/DMF. As the scattering is largely
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insensitive to the polymer contour length L, and persistence
length [, due to the overshadowing fibril contribution, we fix
them to the values of 100 and 7.5 nm from our previous work.
We also again find that the pseudo-Voigt peak Lorentzian
fraction tended to 1 in both cases during fitting, signifying
paracrystalline disorder within the aggregates. The fitting
results for PII-2T in CB match our previous results, indicating
the presence of fibrillar aggregates with mean diameters of 2Ry
= 10 nm and persistence length |, = 17 nm as well as an
additional population of dispersed polymer chains which have
diameters of 2R, = 32 A, slightly larger than the lamellar
stacking distance. The lamellar peak, fitted with the pseudo-
Voigt contribution, is centered at g, = 0.21 A™' (d-spacing of
30 A) and exhibits a FWHM of w = 0.21 A7, leading to a
disorder-associated coherence length of I, = 3.0 nm. While
this length is the same as the d spacing, this disorder-associated
coherence length ultimately stems from the convolution of
both size and disorder effects.”*>* For PII-2T in CB/DMF, the
fibril aggregates also have mean diameters of 2R; = 10 nm but
are more rigid with a persistence length [, = 32 nm, in
agreement with the shallower slope at q¢ < 0.02 A™'. The
polymer chains have diameters of 2R, = 32 A, matching the CB
solution as expected since the cross section of individual
polymers chains in solution should not change much with
solvent quality. Additionally, we found it necessary to use two
pseudo-Voigt peaks to capture the high-g region as it contains
both a sharp peak and broad tails which cannot be captured by
a single peak. This indicates that while there is highly ordered
lamellar stacking, weak ordering still exists. The broad peak is
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centered at q,, = 0.20 A™" with a FWHM of w, = 0.18 A™" (I,
= 3.5 nm). The sharp peak is centered at g, = 0.22 A™" with a
FWHM of w, = 0.013 A7}, leading to a much larger lamellar
coherence length of I, = 50 nm. The more rigid fibril
aggregation in CB/DMF compared to that in CB is
corroborated by the more rodlike structures seen by freeze-
dried SEM imaging. Using the SAXS and imaging results, we
then illustrate a scheme of the PII-2T solution state in both CB
and CB/DMF in Figure 3D.

Interplay between Solution State Aggregation and
Flow-Induced Alignment. To understand the implications
of how this change in solution aggregation can influence flow-
induced alignment, we performed similar retardance imaging of
PII-2T in CB/DMEF at 10 mg/mL for shear and extensional
flow. Figures 4A and 4B show the shear and extensional
retardance images of the CB/DMF solutions (bottom) in
comparison to the pure CB case (top) at the highest
corresponding strain rates. The spatial profiles are surprisingly
different, with the CB/DMF aggregates being more easily
aligned due to having slower orientational relaxation. This is
clearly shown in Figure 4B where the retardance streak persists
throughout the outlet channels for the CB/DMEF solution
while it decays quickly outside the stagnation point in the pure
CB solution. On the other hand, the CB/DMF solution
reaches a lower degree of alignment compared to the CB
solution at higher strain rates. This can also be seen in Figure
4A,B where the retardance at the walls for shear and at the
stagnation point for extension is lower for CB/DMF compared
to CB. Figure 4C,D further demonstrates this as the retardance
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versus strain rate is compared between the two solutions for
shear and extensional flow. In both shear and extension cases
the retardance of the CB/DMEF solution is higher at lower
strain rates. However, as the strain rate increases, the
retardance of the pure CB solution becomes higher.

The drastic difference in the flow response can be attributed
to the differing PII-2T fibril aggregation achieved by the two
different solvents with the CB/DMF fibrils being both longer
and more rigid than those in CB as corroborated by the freeze-
dried imaging and SAXS. These long, rigid, and anisotropic
aggregates and agglomerates have significantly longer orienta-
tional relaxation times, especially since this time scales with the
length nearly to the power of 3, making them easier to align at
low strain rates.”>>° In contrast, the fibril aggregates found in
CB are shorter and more flexible, thus having shorter relaxation
times and also requiring a degree of stretching prior to
alignment.”” Despite this, at higher strain rates the fibril
aggregation in CB can achieve a higher degree of flow-induced
retardance compared to that in CB/DMF. Considering that
the aggregates in CB/DMEF are significantly easier to align, the
higher alignment of fibril aggregates formed in pure CB at
higher strain rates may be due to the internal structure of the
aggregates. In other words, despite the CB/DMF aggregates
being easier to align at weaker flows, at stronger flows the
overall orientational order is ultimately limited by the
alignment within the aggregate’s internal structure. This then
suggests that the internal structure of fibril aggregates in CB is
more susceptible to reconformation by flow compared to that
in CB/DMEF. This process of aligning and/or ordering the
aggregate’s internal polymer structure can be described by
another characteristic relaxation time scale, which should be
much shorter than the orientational relaxation time of the
overall aggregate and thus corresponding to higher strain rates.
Considering that the fibril aggregates in CB are more flexible
and are initially more disordered than fibril aggregates in CB/
DME, it is reasonable to assume that the relaxation time of the
internal polymers within the fibrils in CB is slower than that in
CB/DMF. Thus, the internal structure of the CB fibrils would
be easier to modify and align, resulting in a higher retardance
at higher strain rates. These results highlight the importance of
not only how the exact nature of solution aggregation
influences the structure and ordering of aggregates but also
how the size, shape, rigidity, and internal structure of the
aggregates can drastically alter its response to flow.

Effect of Concentration on Flow-Induced Alignment.
Next, we investigate the effect of concentration on the flow
response of PII-2T/CB and PII-2T/CB/DMF aggregates.
First, we characterized the viscosity of small volumes of PII-
2T/CB solution available using a method where a droplet is
drawn into a microfluidic capillary and the position and
velocity of the free surface is tracked as it flows in.*® The
specific viscosity versus concentration is shown for PII-2T in
CB in Figure S. (The corresponding viscosity of CB/DMF
solutions could not be measured reliably due to agglomerates
approaching a size comparable to the capillary.) At around 10
mg/mL, the concentration scaling exponent changes from of 1
to 1.7. The intrinsic viscosity of the solution can also be
determined from the slope of 77, vs ¢ in the linear regime using
the relation®’ 11, = [11]¢, which yields a value of [57] = 0.11 mL/
mg. This gives another estimation of the overlap concentration
c* ~ 1/[n], which yields a value of 9 mg/mL and is in
agreement with the transition between the scaling regimes.
Conventionally, given a solution of dispersed polymer chains, a
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Figure S. Specific viscosity of PII-2T in CB. At low concentrations the
scaling exponent of the concentration is 1.0. Around 10 mg/mL the
scaling exponent increases to 1.7, indicating the emergence of
interfibril interactions.

scaling exponent of 1 is indicative of the dilute regime where
the polymer chains do not interact.”” At around 10 mg/mL,
the scaling exponent changes to 1.7, indicating the emergence
of polymer interactions at the overlap concentration of ¢* ~ 10
mg/mL.”” While the PII-2T/CB solution contains both fibril
aggregates and dispersed polymer chains, the change in scaling
at ~10 mg/mL is likely due to fibril interactions as opposed to
polymer interactions due to the concentration dependence of
retardance occurring at time scales too slow for individual
polymer relaxation as discussed later.

The retardance profiles for shear and extension were
measured for concentrations ranging from 2 to 10 mg/mL in
both CB and CB/DMEF solutions. The retardance profiles for
each concentration are shown in Figure SS. To compare the
relative degree of alignment across different concentrations, we
normalize the retardance by concentration to get the specific
retardance §/c. This value is proportional to the specific
birefringence®® An/c as well as the birefringence normalized by
the birefringence at full extension An /An, since Any ¢
which has been used to characterize a polymer’s degree of
extension.”*” For shear flow, the specific retardance of PII-2T
in CB and CB/DMF is shown in Figures 6A and 6B,
respectively. For CB, the normalized retardance profiles
overlap from 2 to 4 mg/mL and then begins to decrease
with increasing concentration. For CB/DMF, the specific
retardance decreases throughout, from 2 to 10 mg/mL. The
specific retardance for extensional flow of PII-2T in CB and
CB/DMEF is shown in Figures 6C and 6D, respectively, where
the curves largely overlap for all concentrations in both
systems. Prior work on the flow birefringence of polymer
solutions in extensional flow has shown that the birefringence
increases linearly with concentration for dilute solutions (c <
¢*) but sublinearly for semidilute (¢ > ¢*) range, indicating an
inhibition of flow-induced alignment resulting from polymer
interaction effects.”® More recently, this has also been observed
directly though the tracking of single DNA relaxation dynamics
in extensional flow, where it was found that the fractional
extension of the polymer was reduced in the semidilute
concentration regime compared to the ultradilute regime.*’
For the case of PII-2T in CB, the shear retardance
measurements and the viscometry data support this inference.
The specific retardance overlaps at lower concentrations (2, 3,
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Figure 6. Specific retardance curves vs strain rate. The normalized curves for shear flow of PII-2T in CB (A) and CB/DMF (B) show a reduction in
the degree of alignment with increasing concentration (indicated by arrow). The normalized curves for extensional flow for PII-2T in CB (C) and
CB/DMF (D) do not show significant deviation with the curves collapsing together.

and 4 mg/mL) but begins to decrease at 6 mg/mL and above,
indicating that interactions manifest at 6 mg/mL. This agrees
with the overlap concentration estimate of ~10 mg/mL
obtained from the viscosity measurements. The slight deviation
of the onset of interactions can be reasonably attributed to the
much stronger shear rates encountered inside the microfluidic
device, as compared to the capillary used for viscometry,
resulting in polymer and fibril conformations that are more
extended. Because the concentration dependence of the
specific retardance occurs at strain rates corresponding to
time scales too long for polymer relaxation (discussed later),
the concentration dependence is likely due to interactions
between the large fibril aggregates instead. For the case of PII-
2T in CB/DMF, the reason for the monotonic decrease in
specific retardance across all concentrations is less clear due to
the lack of viscometry data. However, considering that the
fibrils in CB/DMF are longer and more rigid than those in CB,
such interfibril interactions are likely present as well and would
emerge at lower concentrations. Overall, these results indicate
that although increasing the concentration produces a higher
magnitude of retardance, the actual degree of alignment is
inhibited in shear flow as the concentration increases to the
point where fibril aggregate interactions emerge.

For extension, the overlap of all curves for both CB and CB/
DMEF cases suggests that fibril interaction effects are minimal
and that there is no inhibition to flow-induced alignment at the
extensional strain rates considered here. This may be due to
extensional flow lacking the rotational fluid motion that is
present in shear flow. However, considering that the
extensional strain rates are about 1 order of magnitude lower
than the shear rates, it is also possible that the concentration
effects are simply not yet prominent. Nonetheless, extensional
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flow can achieve higher retardance at lower strain rates where
inhibition from interfibril interactions does not occur, making
it more effective than shear at inducing alignment.
Characterization of PII-2T Aggregate Relaxation
Time. Finally, we characterize the relaxation time of the
conjugated polymer solution using the extensional retardance
measurements. Estimating the relaxation time of our materials
is useful as it provides a quantitative measure of the required
strain rate necessary to overcome the relaxation of the material.
This is described by the Weissenberg number, which is a
dimensionless value that compares the extensional strain rate
of a material versus its relaxation time, Wi = 7. If relaxation is
purely orientational, such as for rods, this dimensionless
quantity is also sometimes termed the Péclet number. When
the strain rate overcomes the relaxation of the material (¢ > 1/
7), orientational ordering can occur through extension and/or
alignment. Therefore, a value above the critical value of Wi ~ 1
is necessary to achieve orientational ordering. More precisely,
studies on flow-induced alignment and extension of macro-
molecules have found the critical Wi to range from 0.5 to
12931612 To characterize the critical Wi, we subject the
solution to extensional flow and measure the spatial decay of
the retardance intensity after the polymer solution leaves the
stagnation point and flows out through the straight outlet
channels along the centerline. It is along this centerline in the
outlet channel where both extension and in-plane shear are
negligible and do not affect polymer and fibril conformation or
orientation. Out-of-plane shearing simply produces a constant
retardance baseline along this centerline. Therefore, any
change in retardance along this centerline is due to
orientational relaxation of the fibril aggregates. Using the
centerline velocity, we convert the spatial retardance decay into
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Figure 7. Flow-induced retardance decay. (A) Example of 2D retardance image of PII-2T/CB at 10 mg/mL flowing through the cross-slot
microchannel. A red dashed line indicates the centerline where intensity decay is extracted. (B) Example of spatial decay profiles extracted from PII-
2T/CB at 10 mg/mL for varying flow rates fitted to an exponential decay (black line). The spatial decays are converted to temporal decays using
the centerline velocity. (C) The relaxation time from the temporal decay constant is plotted against the extensional strain rate which closely follows

Wi~ 1.

a temporal decay. Previous work by Haward and McKinley et
al.”* used the spatial birefringence decay along the outlet
centerline (which also follows an exponential decay) to
measure the relaxation time of CPyCl/NaSal wormlike
micelles, finding it to be in agreement with CaBER (capillary
breakup extensional rheometer) experiments. A similar
approach has also been used in the direct visualization of
individual fluorescently stained A-DNA where extensional flow
is first applied to stretch the macromolecule and then it is
stopped while the conformational relaxation is visually tracked
over time, also yielding an exponential decay.”” An example of
the retardance imaging is shown in Figure 7A at ¢ = 3.9 X 10*
s™! for 10 mg/mL PII-2T/CB with a dashed line indicating the
position of the centerline intensity decay. Examples of the
decay profiles are shown in Figure 7B with exponential fits
starting ~10 ym after the solution has already entered the
outlet channel. The relaxation times from the decay constants
are then plotted against the extensional strain rate for all
concentrations in Figure 7C. Interestingly, we find that for all
conditions the relaxation time is not constant but closely
follows the inverse relation 7 = 1/¢&, which indicates a value of
Wi ~ 1 is followed in all cases (as shown by the dashed line
corresponding to exactly 7 = 1/&, or Wi = 1). As the relaxation
time decreases with increasing strain rate, this indicates that
the material becomes more difficult to align at higher
extensional strain rates. This general trend can potentially be
explained by a couple of effects. The first is the presence of
polydispersity in the fibril aggregates’ size. As the extensional
strain rate increases, more and more of the shorter fibrils
become aligned. Because shorter fibrils have shorter relaxation
times, the ensemble average relaxation time measured by the
retardance decreases. The second is related to the orientation
dependence of rotational diffusion related to the tube model
described by Doi,” although the interactions here may be due
to hydrodynamic interactions as opposed to entanglements
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considering the concentrations are just below or at the overlap
concentration. As the fibril aggregates align, they become less
interacting with each other as the volume around a fibril for
which neighboring fibrils do not intersect increases. As a result,
the fibrils are more freely able to rotate and so the rotational
diffusion coefficient becomes a function of the fibrils’
orientation distribution function. Therefore, as fibrils become
more aligned at higher strain rates, the rotational diffusion
coefficient increases and the orientational relaxation time
decreases. This behavior has been observed experimentally by
Hakansson et al.®* where cellulose nanofibrils exhibited a
higher resistance to alignment at stronger extensional flows.
To get an estimate of our material’s overall relaxation time,
we differentiate our retardance versus strain rate curves to yield
a relaxation time distribution. As demonstrated by Haward et
al, >33 the birefringence versus strain rate curves are akin to
a cumulative distribution with the birefringence at a particular
strain rate representing a cumulative amount of polymers being
aligned at that strain rate. In these works, the relaxation time is
taken to be the inverse of the strain rate, and then the
relaxation time is transformed to molecular weight using the
power law relation 7 o« M“ where the exponent a is 1.5 for a
flexible polymer. However, it has been shown that mono-
disperse polymer solutions do not exhibit a sudden sharp
increase in birefringence with increasing strain rate that would
be expected according to this interpretation.’® Furthermore,
direct imaging of DNA in extensional flow has also shown that
monodisperse macromolecules undergo varying relaxation
trajectories with a distribution of relaxation times.”"®> With
this in mind, we differentiate the retardance curves to yield
relaxation time distributions but do not transform them to
molecular weight. From the spatial decay results in Figure 7,
we have confirmed experimentally that at any particular
condition the PII-2T/CB solution exhibits an overall relaxation
time that follows the inverse of the extensional strain rate, 7 ~
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1/&. Thus, we take the relaxation time to be the inverse of the
extensional strain rate after differentiating the retardance
profile to get the relaxation time distribution.

The results are shown in Figure 8A, where the peak
relaxation time is determined for PII-2T in CB to be 60 us at 3
mg/mL, 68 us at 4 mg/mL, and 97 us at 6 mg/mL. As shown
in Figure 8B for 8 and 10 mg/mlL, the lack of an inflection
point in the retardance profile results in the peak relaxation
time being undeterminable. However, it must be longer than
those at lower concentrations and should therefore be >100 ys.
This is again in agreement with our observations that the
presence of interfibril interactions start to occur as
concentration approaches ~10 mg/mL. We do not determine
the relaxation time distribution for PII-2T in CB/DMF as we
observed alignment and faint birefringence at very weak flows
(~0.02 yL/min), indicating a very long relaxation time which
is to be expected considering the large size of the fibril
agglomeration. Because birefringence was observed below our
lowest flow rate, the relaxation time of the CB/DMF
aggregates must be greater than the corresponding inverse
strain rate, or >1 ms.

We compare the experimental relaxation times against
theoretical relaxation times for a single PII-2T polymer. To
estimate the relaxation time, we use the relation for Zimm
relaxation time””* as well as the rotational diffusion coefficient
for wormlike chains.® The Zimm relaxation time is given by

1 M,

o = LUPVYE
7 U RT (8)

where [#] is the intrinsic viscosity, M,, is the molecular weight,
1, is the solvent viscosity, R is the gas constant, T is the
temperature, and U is the universal ratio of the characteristic
relaxation time to the longest relaxation time. U depends on
the relaxation spectrum of the constitutive model and has
values of 2.39 for theta solvents and 1.8 for good solvents,®’
and so for the purpose of estimation we use a value of 2. For
the rotational diffusion method, we estimate the rotational
diffusion of our polymer using the expression for rods by
Broersma,”” and then we calculate the deviation from this
value using the results of Hagerman and Zimm®® which
depends on the ratio between the contour length and the
persistence length. We find that both methods yield a

relaxation time of approximately 0.1—1 ps for individual PII-
2T polymers (depending on the number-average or weight-
average molecular weight). This would require an extensional
strain rate >10° s™! to align the individual polymer chains,
which is greater than the extensional strain rates explored in
this work. Although we have characterized the radius of the
PII-2T fibril aggregates in CB through SAXS (~10 nm), their
lengths are not determinable from SAXS. Treating the fibrils as
rodlike aggregates with lengths ranging from 100 nm to 1 pm,
as seen from freeze-dried SEM imaging, the orientational
relaxation time then falls within the broad range of ~10 us to
10 ms. However, considering that the estimated relaxation time
for individual polymers is ~0.1 to 1 us and that the
experimental peak relaxation times range from 60 to >100 us
from 3 to 10 mg/mL, it is likely that the flow-induced
alignment and observed retardance stem primarily from
alignment of the fibril aggregates in the CB solution as
opposed to individual polymer chains.

Bl CONCLUSIONS

By accessing high shear and extensional strain rates with our
microfluidic devices and measuring the flow-induced retard-
ance of our conjugated polymer systems, we were able to
quantitatively characterize the dependence of flow-induced
alignment on the flow type as well as the solution state
properties. We have shown that there are several key factors to
consider regarding flow-induced alignment arising from the
combined effect of flow, solution aggregation, and concen-
tration. First, we have shown that extensional flow is
significantly more effective at aligning our conjugated polymer
aggregates compared to shear flow. While the concept of
shearing is commonly used in solution processing, so much so
that blade coating is often termed “solution shearing”, the
incorporation of extensional flow in the deposition process is a
promising method toward leveraging fluid flow to efficiently
align conjugated polymers and aggregates. Second, we have
shown that solution aggregation is an important factor for
achieving flow-induced alignment. Individual, shorter polymer
chains require extremely strong flows to align but the presence
of aggregates makes it more feasible. Furthermore, the precise
nature of the aggregation is of great consequence as forming
larger, more rigid aggregates can make alignment significantly
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easier to achieve. However, the internal structure achieved by
aggregation may potentially limit the degree of orientational
order the material can achieve at high strain rates. Finally, we
have shown that concentration regimes, or more specifically
the emergence of interaggregate interactions, is an important
consideration when designing flow. As interactions between
polymers and/or fibril aggregates emerge with increasing
concentration, the effectiveness of flow to induce alignment
diminishes. In solution processing of conjugated polymers
where solvent evaporation occurs, the concentration rises
drastically as the initial (semi)dilute solution traverses a
complex pathway toward a solid film. It is then important to
consider exactly at what point during this process flow is used
to maximize its effectiveness and potentially alter the multiscale
assembly pathway. Because concentration increases during the
printing process and the initial concentration dictates film
thickness, tuning flow and aggregation present a more
controllable means of influencing alignment and subsequent
morphology. These factors should absolutely be considered
since aggregation is inherent to conjugated polymers and flow
is inherent to solution processing. Therefore, the types of flows
and strain rates during solution processing should be well
understood and designed if possible. Aggregation can then be
tuned by solvent choice or preprocessing to achieve an
aggregate structure that is easy to align yet has an internal
structure that is already highly ordered or can be modified by
flow to achieve high order. These findings give insight toward
designing both the aggregation structure of conjugated
polymers and the fluid flows inherent to solution processing
to produce a synergy that can enhance alignment and the
subsequent electronic performance of conjugated polymer thin
films.
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