Soft Matter

Sonocrystallization of Conjugated Polymers with Ultrasound Fields

Yuyin Xi , David S. Li **, Greg M. Newbloom ®, Wesley K. Tatum ¢, Matthew O’Donnell *,
Christine K. Luscombe °d, and Lilo D. Pozzo

a. Department of Chemical Engineering, University of Washington, Seattle, WA 98195
Email: dpozzo@uw.edu

b. Department of Bioengineering, University of Washington, Seattle, WA 98195

c. Department of Materials Science and Engineering, University of Washington, Seattle,
WA 98195

d. Department of Chemistry, University of Washington, Seattle, WA 98195

Abstract

Ultrasound acoustic waves are demonstrated to assemble poly-3-hexylthiophene (P3HT) chains
into nanofibers after they are fully dissolved in what are commonly considered to be ‘good’
solvents. In the absence of ultrasound, the polymer remains fully dissolved and does not self-
assemble for weeks. UV-vis spectroscopy, ultra-small angle x-ray scattering (USAXS) and small
angle neutron scattering (SANS) are used to characterize the induced assembly process and to
quantify the fraction of polymer that forms nanofibers. It is determined that the solvent type,
insonation time, and aging periods are all important factors affecting the structure and final
concentration of fibers. The effect of changing polymer regio-regularity, alkyl chain length, and
side chain to thiophene ratio are also explored. High intensity focused ultrasound (HIFU) fields
of variable intensity are utilized to reveal the physical mechanisms leading to nanofiber
formation, which is strongly correlated to cavitation events in the solvent. This in-situ HIFU cell,
which is designed for simultaneous scattering analysis, is also used to probe for structural
changes occurring over multiple length scales using USAXS and SANS. The proposed acoustic
assembly mechanism suggests that, even when dispersed in ‘good’ solvents such as
bromobenzene, dichlorobenzene and chloroform, P3HT chains are still not in a

thermodynamically stable state. Instead, they are stabilized by local energy barriers that slow
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down and effectively prevent crystallization. Ultrasound fields are found to provide enough
mechanical energy to overcome these barriers, triggering the formation of small crystalline

nuclei that subsequently seed the growth of larger nanofibers.
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Introduction

Conjugated polymers (CPs) have been extensively pursued as candidate materials for use in
organic photovoltaics (OPVs), organic light emitting diodes (OLEDs), and organic field-effect
transistors (OFETs).'” In addition to their (opto)electronic properties, properties such as
flexibility, bio-compatibility, and highly tunable molecular design make them promising
materials for novel sensors and bioelectronic devices.*” Unfortunately, limited electrical
conductivity is still a major hindrance for the effective application of CPs in many applications.
Frequently, amorphous polymer structures lead to inefficient inter-chain charge hopping that
limits charge transport. This is often corrected by initiating the formation of ordered polymer
phases that are driven by stacking m-orbitals orthogonal to the polymer backbone. The resulting
formation of large crystalline structures facilitates inter-chain charge propagation, which enables
transport over much longer distances and improves charge-carrier mobility by several orders of
magnitude.® Recently, much work has also been dedicated to further increasing conductivity by
engineering polymer structures with external forces, including capillary,’ shear,® gravitational,’
and electrostatic forces.'” In this work, the use of acoustic fields at ultrasound frequencies
(>20kHz) is investigated as an effective method to assemble polymer chains into fibers with

long-range order.

In colloid and polymer science, ultrasound is most frequently used in a destructive way to
mechanically break up aggregates, disperse particles, emulsify oils, and even to break up whole

cells in a process known as sonofragmentation.'"*

However, and often counter-intuitively, in
some cases ultrasound is also used to assemble molecules into highly ordered structures in a

process known as sonocrystallization, where the wavelength of the acoustic wave (~cm) is

several orders larger than the size of the molecules. Successful demonstrations of
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sonocrystallization usually involve small molecules, such as adipic acid,15 sulfamerazine,16 and
glucose.'” In the above systems, ultrasound is typically applied to solutions with supersaturation
to induce crystallization. Although the mechanism of crystallization under ultrasound is still
ambiguous, it has been reported that ultrasound can effectively shorten the induction time (i.e.
duration between achievement of supersaturation and appearance of detectable crystals).
Recently, pioneering work provided evidence of the possibilities of inducing sonocrystallization

21-23

on macromolecules including proteins'®*2° and conjugated polymers. It was reported that

poly(3-hexylthiophene) (P3HT) polymers chains can assemble into nanofibers that are

2123 Early investigations of P3HT

micrometers long under ultrasound in chloroform or toluene.
sonication in ‘good’ solvents (i.e. chlorobenzene and 1,2-dichlorobenzene) did not observe
nanofibers formation, but they revealed that the solution’s specific viscosity decreased, which
was hypothesized to correlate to a change in chain conformation. » The higher the concentration
(namely supersaturation), the more obvious the changes are. Furthermore, the formation of
nanofibers was demonstrated to enhance the charge carrier’s mobility by up to one order of
magnitude due to more efficient inter-chain transport.’’ On the other hand, spontaneous
nanofiber formation in conjugated polymers is also routinely achieved by tuning solvent quality
or changing temperature in the absence of any external fields.”*" Therefore, there are still
important questions remaining on the specific effect of ultrasound on polymer chains and how

this relates to spontaneous self-assembly that may occur due to variations in solubility in the

absense of ultrasound.

We hypothesize that the role of ultrasound in sonocrystallization of conjugated polymers, from a
thermodynamics point of view, follows the energy diagram shown in Figure 1. For ideal good

solvents, the dissolved state is supposed to be a global energy minimum within the energy
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landscape, which means once it is dissolved, it should stay in the thermodynamically favored
dissolution state without assembly. However, in reality polymer chains that appear to be fully
dissolved in ‘good’ solvents, are instead confined to a local energy minimum created by an
energy barrrier. This prevents them from achieving crystallization, which is a more energetically
favorable state, in a reasonable time frame. As the solvent quality increases, the energy necessary
to cross this stabilizing barrier is larger. This is analogous to the kinetic stabilization of colloidal
particles that can remain suspended for long periods of time due to electrostatic repulsion.
Although these particles may appear to be in an energetically stable state, the global energy
minima is in the aggregated state, but a significant energy barrier prevents them from achieving

this state in a reasonable time frame.

In sonocrystallization, ultrasound provides enough energy to allow molecules and polymers to
overcome the stabilizing barrier resulting in the formation of crystalline nuclei that facilitate
further crystallization. Still, a persistent question is by what mechanism is ultrasound triggering
the crystallization process. We hypothesize that cavitation induces sonocrystallization by
modifying the conformation of polymer chains to facilitate the formation of crystal nuclei for
continued growth. In this process, the formation of cavitation events is strongly dependent on
the applied acoustic field frequency and pressure. In order to quantitatively relate the acoustic
field to the nucleation process, to shed light on the mechanism of conjugated polymer

sonocrystallization, it is essential to use well-characterized acoustic fields to probe the system.

To accurately describe an acoustic wave, its pressure and frequency are typically utilized.”
When the pressure of the acoustic wave is lower than ambient pressure (i.e. in the so called
negative pressure phase), it exerts a tension on the surrounding liquid medium that could induce

the formation of a cavity if its magnitude is above a certain threshold.” Cavitation is defined by
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Neppiras as the creation of new surface or cavity within the liquid.*® Cavitation thresholds
depend on several factors including the frequency of the acoustic wave, the pressure amplitude,
the surface tension, temperature and boiling point. At higher frequencies, larger pressure

amplitudes are required to induce cavitation.’'

The formation of a cavity favors growth under
acoustic waves because of rectified diffusion. During expansion (negative pressure), liquid
molecules diffuse into vapor bubbles to form a larger gaseous phase. In contrast, vapors
condense into the liquid in response to the compression force that is induced at the positive
pressure stage of the wave.’! Importantly, the transport into and out of the cavity is not balanced
because the bubble surface area during the expansion stage is much larger than that during
compression. This results in the growth of the cavity or bubble under continued insonation.
When a bubble grows to a critical size, it will eventually resonate with the acoustic wave and this
will lead to an abrupt collapse producing localized extreme conditions (i.e. temperature up to
5000 K and pressure up to 1000 atm) and ejecting high-speed jets (100-400 m/s) that
mechanically act on the surrounding fluid and container.*>* Subsequently, rapid cooling (10’-
10" K/s) occurs and shock waves are generated.’® The extreme effects of thousands of these

local cavitation events are largely responsible for the cleaning action and sample manipulation

(e.g. emulsification) that makes ultrasound a valuable tool in the laboratory.
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Figure 1. Schematic of energy diagram of the thermodynamic process from polymers in a fully
dissolved state to the formation of crystalline structures under ultrasound.

In this work, we provide a detailed mechanistic and structural analysis of the processes involved
in the formation of organized crystalline domains (i.e. nanofibers) during the ultrasound
activation of conjugated polymers dissolved in what are considered to be ‘good’ solvents for
these materials. We use carefully characterized acoustic waves and perform cavitation and

structural analyses to properly inform the mechanisms of fiber formation.

Experimental
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Materials:

All chemicals were used as received. Poly(3-alkylthiophene) (P3AT), including regio-regular,
regio-random poly(3-hexylthiophene) (P3HT), and Poly(3-dodecylthiophene) (P3DDT) were
purchased from Rieke Metals (Lincoln, NE, USA). Poly(3,3’’’-didodecylquarterthiophene)
(PQT-12) was purchased from Solaris Chem (Montreal, Quebec, Canada). Two lots of regio-
regular P3HT with the same degree of polymerization, dispersity, and regioregularity were
utilized: RMI-001E, lot# PTL14-85 and Ilot# BS 23-49 (Mw=69 k, D=2.3, and
regioregularity=96%). Lot#14-85 was used to collect most of the data with the exception of
samples analyzed with in-situ neutron scattering during ultrasound. The molecular weights and
lot numbers of other conjugated polymers are summarized in Table S1 in Supporting
Information. Hydrogenated solvents: chloroform (99.9%) and chlorobenzene were purchased
from Fisher Scientific (Waltham, MA, USA). 1,2-dichlorobenzene (99%) were purchased from
Sigma-Aldrich (St. louis, MO, USA). Deuterated solvents: d-chloroform (D, 99.8%), d5-
chlorobenzene (D, 99%), d4-1,2-dichlorobenzene (D, 99%), and d5-bromobenzene (D, 99%)

were purchased from Cambridge Isotope Laboratories (Cambridge, MA, USA).

Transmission Electron Microscopy:

An FEI (Tecnai G2 F20, FEI company, Hillsboro, OR, USA) transmission electron microscope
(TEM) was used in scanning mode to take images of conjugated polymer samples. Before
analysis, solutions were diluted by 20 times (chloroform) or 40 times (dichlorobenzene) in the
same solvent as that was used for sample preparation. The polymer samples were drop-cast onto
a pure carbon grid (200 mesh Cu, Ted Pella Inc., Redding, CA, USA) placed on top of a filter

paper and dried for at least a day in air.

UV-Vis spectroscopy:
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A Thermo (Evolution 300, Thermo Fisher Scientific Inc., Waltham, MA, USA) UV-Vis
spectrometer was utilized to measure the absorbance spectra of polymer solutions between
wavelength of 350 and 700 nm. A glass cuvette with a pathlength of 1 cm was used. After
treatment with ultrasound, samples were diluted by ~ 500 times to measure time-dependent
absorbance after aging over several days. The spectrum of reference samples that were not
exposed to ultrasound were also recorded over the same aging time for comparison. All the
spectra were normalized by concentration. The concentration was determined by using the

absorption peak of the same polymer solution sample after re-heating and fully re-dissolving it.
Small angle neutron scattering (SANS):

Small angle neutron scattering (SANS) experiment were conducted at NIST center for Neutron
Research (NCNR) on NGB 30. Three standard detector positions were used to cover a q-range of
0.003 A'< q < 0.45 A", Part of the scattering data was also collected in the GP-SANS
instrument at Oak Ridge national laboratories with a configuration achieving a similar g-range.
Standard sample cells with quartz windows and a 1 mm pathlength were used for samples that
were insonated outside of the neutron beam in Branson (3510, 40 kHz, 160W, Danbury, CT,
USA) sonication bath. The SANS data was reduced by using standard Igor reduction protocols,

37 and SASView software was used to fit to appropriate models.*®

Ultra-small angle x-ray scattering (USAXS):

Ultra-small angle x-ray scattering (USAXS) experiments were conducted at sector 9-ID-C

beamline in Advanced Photon Source (APS) of Argonne National Laboratory.39 Standard

configuration was used to cover the range of 0.0001 A'< q < 0.3 A". The energy of x-ray beam
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was 21 keV (A=0.5904 A). In-situ acoustic sample environment that allows in-situ scattering
experiment under ultrasound is mounted along the beam path. The detailed description of the
customized sample environment is described in the ultrasound insonation section below. The raw
USAXS data was collected with Bonse-Hart camera and the Irena macro based on Igor Pro

package was used to reduce the USAXS data. *°
Ultrasound Insonation:

Polymers were fully dissolved in good solvents at elevated temperatures (~ 60 °C for chloroform
samples and above 80 °C for those in 1,2-dichlorobenzne) until a homogeneous orange solution
was formed. The solutions were then allowed to cool down to room temperature before use.
These solutions were then used in sequential characterization with either ex-situ or in-situ

application of ultrasound.

For ex-situ experiment using a sonication bath, fully dissolved samples were then divided to
explore different ultrasound conditions. This reduces any error that may be introduced by
variations in concentration during preparations of different batches. Moreover, it ensures that
aging conditions (i.e. time and temperature) for ultrasound treated and reference samples (i.e.
without sonication) are the same. Data for samples in a sonication bath were collected with a

Branson 5000 (40 kHz, 160W, Danbury, CT, USA) sonication bath.

For in-situ experiments, the polymer solutions were injected into a customized sample
environment that allows simultaneous application of High Intensity Focused Ultrasound (HIFU).
The acoustic sample environment consisted of a central sample holder, two coaxially aligned
transmitting focused transducers, and one broadband receiving transducer (Figure 2). Windows

were formed from 100 pm thick Kapton films for both acoustic and neutron beam transmission.
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Two 1.24 MHz spherically focused transducers (H-102, 68 mm diameter, 63 mm focal length, f-
number 0.95, Sonic-Concepts Inc., Bothell, WA, USA) coaxially aligned to the left and right of
the sample environment were used to sonicate the sample under highly controlled fields in the
absence of large reflections. The transducers, which were held in a degassed water chamber that
was used as a coupling medium, were able to transmit up to 7.2 MPa of peak negative acoustic
pressure. The transducer chambers were designed with angled walls to minimize shadowing of
the scattered neutron beam while also accommodating the focusing beam geometry of the
transducers. The transducer chamber dimensions ensured that the acoustic beam focus was
within the sample holder. The bottom of the sample holder held a custom wide-band
polyvinylidene difluoride (PVDF) transducer (28 pum thick) with a nearly constant bandwidth
sensitivity at frequencies up to 40 MHz. Medical ultrasound gel was used to facilitate acoustic

contact between all transducers and the sample environment.

£ X-ray/ Neutron Beam Path
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Figure 2. In-situ acoustic sample environment for simultaneous scattering measurement.

During SANS, the scattering volume was defined by cadmium slits to form a 1 mm by 8§ mm
rectangle that matched the focal volume of the HIFU transducers. For USAXS, slits were not
necessary because the beam size (<1 mm) was smaller than the ultrasound focal volume. The
ultrasound focal volume was approximately 1.6 mm in the radial direction and 13.2 mm in the
axial direction. The beam profiles of the ultrasound transducers were obtained using a needle
hydrophone (HNC-1000, Onda Corp., Sunnvale, CA, USA) while the pressure output was

calibrated using a fiber optic hydrophone (FOPH 2000, RPI Acoustics, Germany).

A laptop was used to control and acquire acoustic data from the acoustic sample environment
using MATLAB (Mathworks Inc., Watham, MA, USA). The transducers were driven using
short N-cycle sine-wave bursts generated from a two-channel arbitrary waveform generator
(4154, BK Precision) amplified by 55 dB through a power RF amplifier (A150, ENI). The
transducers were activated in an alternating configuration using a custom relay circuit, to avoid
sonophoresis from a single transducer (i.e. sample depletion from acoustic radiation force) or
sample enrichment at acoustic standing wave antinodes (i.e. during simultaneous transducer
activation). The acoustic pressure amplitude, pulse duration, pulse repetition frequency, and
transducer switching frequency could be controlled using the laptop through the arbitrary
function generator. In general, the acoustic sample environment was driven using peak negative
pressure amplitudes ranging from 0 to 7.2 MPa, a pulse duration of 40 cycles (32.3 us pulse
length), pulse repetition frequency of 6.2 KHz, and switching between each transducer at a rate
of 1 Hz. The scattered acoustic data received from the PVDF transducer, which was used for
cavitation detection, was preconditioned using a preamplifier (Precision Acoustics, Dorchester,

UK). The cavitation signal was a differential ultrasound signal obtained by comparing the
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received signal to a background measurement. A 40 us window starting from 43 ps after the
transducer was fired, which was the one-way time of flight from transducer face to its focal
point, was used for cavitation analysis. When the acoustic signal captured by the PVDF
transducer was above a threshold value (in this study it is 9 times above the background noise),
this was categorized as a cavitation event. The cavitation probability was then simply calculated
from the total number of cavitation events that were generated from a given number of incident
ultrasound pulses. This value is dependent on the solvent (lower boiling point solvents cavitate
more readily) and also on the properties of the acoustic pulse (e.g. pressure, frequency). The
acoustic waveforms were collected by a digital oscilloscope (2190D, BK Precision) and stored
on a laptop for cavitation analysis. All acoustic data was time-stamped for possible co-

registration with changes observed in scattering profiles.

Since ultrasound introduces energy into the system, the temperature of samples could also
change depending on the ultrasound conditions and history. To control this, all experiments were
conducted at room temperature and the duty cycle (on/off ratio) of the incident ultrasound was
controlled to allow for heat dissipation to keep the temperature nearly constant. For samples
sonicated in a water bath, the change in temperature is negligible due to the high heat capacity of
water and the large volume of the bath. Increases in temperature of up to ~ 20 °C were observed
towards the end of long experiments performed with the in-situ sample environment, which does
not currently have active cooling capabilities, but these effects were minimized by controlling
the duty cycle. Work is currently in progress to implement active cooling and temperature

control schemes into the sample environment for future experiments.

Results
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Scanning transmission electron microscopy (sTEM) was used to directly visualize the structural
change induced by acoustic wave after 1 day of aging time in Figure 3. Regio-regular poly (3-
hexylthiophene) (RR-P3HT) was fully dissolved in commonly used good solvents: chloroform
(CF) (Figure 3(a) and (b)), and 1,2-dichlorobenzene (DCB) (Figure 3(c) and (d)). Acoustic
insonation was then applied by placing the polymer solution vials in a commercial sonication
bath for 10 min for the sample in CF (Figure 3(a)) and 30 min for that in DCB (Figure 3(c)).
Fibers are formed in both solutions after sonication. It is interesting to note that the sample
prepared in CF (Figure 3(a)) showed relatively short fibril lengths (< 1 um), whereas DCB
produces fibers that are tens of micrometers long (Figure 3(c)). The inset images are taken with
higher magnification and the width of the nanofibers cross-sections are ~30 nm. In contrast, the
sample without sonication does not show fiber formation (Figure 3(b)) in CF. In DCB, very
different fibril structures with low contrast are observed for samples without ultrasound
irradiation (Figure 3 (d)), which also appears faintly in the background of the sonicated samples
(Figure 3 (c)). This effect could originate be from the slow drying process of DCB that is used
for sample preparation. STEM provides representative information on the nanofiber’s shape.
However, due to the limit in STEM sample preparation procedure, it cannot determine the overall
fraction of fibers formed in the polymer solution. Also, it could be possible that drying, which is
required for sTEM, could also induce supersaturation and crystallization. Therefore, in-situ
techniques that can directly characterize the fiber formation processes in solution would be

highly complementary to sSTEM.
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Figure 3. sTEM images of RR-P3HT samples with acoustic waves applied in the following
conditions: 4 mg/ml in CF (a) sonicated for 10 min and (b) without sonication. 10 mg/ml in DCB
(c) sonicated for 30 min and (d) without sonication. The inset figures are the same sample with
higher magnification.

UV-vis spectroscopy was used to quantify the amount of RR-P3HT aggregates in solutions based
on distinct absorption peaks of crystalline structures due to various vibrational states.*' Visually,
solutions of fully dissolved polymers show a transparent orange color. In contrast, the formation
of even small numbers of aggregates results in a very dark solution. Figure S1 in the Supporting
Information shows an example of ultrasound induced color change of RR-P3HT solutions.
Spectra are recorded in Figure 4 as a function of aging time after sonication of polymer solutions

in both CF and DCB. In Figure 4(a), two new peaks at 566 and 618 nm start to emerge right after
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sonication in chloroform, which indicates formation of aggregates. The intensity of the two
absorption peaks keeps increasing and they stay relatively constant after 6 hrs of aging. In
contrast, the reference sample without acoustic treatment does not show aggregate formation
even after 97 hrs of aging (Figure 4(b)). By switching solvent to DCB (Figure 4(c)), 10 min
insonation does not result in any instantly observable change to the spectrum. Longer sonication
time (30 min) induces a small peak at 607 nm for the initial spectrum after sonication (Figure
4(e)). Compared to CF, more absorption peaks emerge and more dramatic shifts in absorption
peak positions are observed in DCB. Three distinct peaks at 512, 552, and 600 nm develop
during this process. The major absorption peak also shows a red shift from 465 nm in the original
spectra to 479 nm after 97 hrs of aging. Similar to samples in CF, RR-P3HT in DCB without
ultrasound treatment does not exhibit any optical change due to aging (Figure 4(d)). Amorphous
and aggregated peak absorption areas are used to convert the absorption spectrum to polymer
aggregates fractions by considering the differences in extinction coefficient of fully dissolved

442 The spectra after subtraction of the dissolved polymer fraction

polymers in those two forms.
are shown in Figure S2 in the Supporting Information, where the peaks of lowest energy 0-0
transition (Ag) and 0-1 first vibronic absorption transition (Ao.;) are labeled. The relative

43 1t is interesting to

strength of Ag.oand Ay.; can be used to determine the type of aggregates.
note that polymers form J-like aggregates (Ag.o/ Ao-1>1) in CF, whereas H-like aggregates (Ag.o/
Ap.1<l) are produced in DCB. This implies that intrachain coupling is stronger in CF and
interchain coupling signal dominates in DCB. The aggregate fraction is plotted as a function of
aging time in Figure 4(f). It is clear that the polymer fraction that forms aggregates quickly

reaches steady-state at 9% in CF. In contrast, no sign of the stabilization of aggregate

concentrations is observed for DCB even after 97 hrs in solution. The fraction of polymer chains
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in aggregates can be as high as ~ 17% with 30 min sonication time after 97 hrs of aging in DCB.

Longer sonication times also results in sharper increases of the polymer fiber fraction.
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Figure 4. Evolution of UV-vis spectra of P3HT aging time with and without 10 min sonication
in (a), (b) chloroform and in (c), (d) 1,2- dichlorobenzene, respectively. (¢) shows the spectra of
a sample under 30 min sonication time in 1,2-dichlorobenzene with various aging times. The
corresponding aggregate fraction in different solvents under various sonication conditions is
plotted in (f) as a function of aging time.

In addition to UV-vis measurements, small angle neutron scattering (SANS) was carried out to
quantitatively analyze fiber formation in solution. Moreover, this is a sensitive technique that
probes the system over multi-length scales and can provide information on the cross-sectional
dimensions of these polymer fibers. It is important to note that fiber fractions from SANS
resolves RR-P3HT portions in fibril form, whereas UV-vis probes total aggregate fraction that

may or may not incorporate into fibers. Figure 5 shows the SANS profiles of RR-P3HT solution
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with various sonication times in both CF and DCB after approximately 1 day of aging. After ex-
situ acoustic field irradiation, an increase in intensity at low-q range is observed in both solvents
after sonication. In contrast, reference samples without ultrasonic treatment do not show fiber
formation. The lack of assembly is also observed in the sSTEM images shown in Figure 3. Also,
the longer the insonation time, the more significant the enhancement of the SANS intensity
(Figure 5(b)). A combined model, equation S1 in Supporting Information, is utilized to fit the
scattering profiles to extrapolate the fiber fractions and cross-sectional dimensions. This model
was successfully demonstrated by our group for nanofiber system containing dissolved

26,27,44-46

polymers. Excluded volume effects (Ppgxv (q)) are considered when describing the

dissolved polymers. *"*®

Meanwhile, the nanofibers are modeled by a long parallelepiped form
factor with a rectangular cross-section (Ppp(q)). 430 The details of the model and the

corresponding equations are shown in the Supporting Information.

A schematic representation of the cross-sectional height (a), width (b), and fiber length (c) is
illustrated in the inset schematic drawing of figure 5(b). Both a and b are left as fitting variables
while ¢ is fixed at 1 pm, since it is outside of the g-range SANS is probing and cannot be
determined accurately. However, this length can be justified by the fiber lengths observed from
sTEM images (Figure 3). The fiber fraction for P3HT in chloroform after sonication is 2.79%,
which is less than the fiber fractions obtained from UV-vis measurement (~ 9%). The difference
could be due to the fact that UV-vis is probing the total number of aggregates but some of them
may not be in fiber forms. For samples in DCB, the fiber percentages associated with each
insonation periods are labeled in Figure 5(b). Longer exposure time to ultrasound leads to higher
amounts of fiber formed. The fiber fractions after 10 min and 30 min ultrasound application time

are 0.75% and 3.85%, respectively. The cross-sectional dimensions, ‘a’ and ‘b’, of the nanofibers
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formed in those two solvents, as extracted from SANS fits, are also listed in Table 1. The

nanofiber formed in CF has a similar size to that in DCB, but may be a little thinner. The

dimensions in both solutions are consistent with what is observed from sTEM images in Figure

2. They are also similar in size to P3HT fibers formed using poor solvent induced self-assembly.

26,44,46
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Figure 5. Small angle neutron scattering profiles of (a) 4 mg/ml P3HT in Chloroform with 0 and
10 min sonication durations (b) 10 mg/ml RR-P3HT in 1,2-dichlorobenzene after sonicating for
0, 2, 10, and 30min. The markers represent the experimental data and lines are the fittings based
on combined model of parallelepiped and dissolved polymer model with excluded volume effect.

Table 1. The fixed parameters used in combined model. The dimensions of the parallelepiped
model and polymer excluded volume model for chloroform, chlorobenzene, and 1,2-

dichlorobenzene.
Parallelepiped Dissolved Polymer
Solvents b (nm) Porod Exponent R, (nm)
CF 38.0 1.37 9.1
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DCB 2.7 38.4 1.55 9.7

Acoustic fields can also affect the assembly of other conjugated polymers with different
molecular structures. Side chain engineering is an important strategy in conjugated polymers to
tune their solubility in solutions and molecular packing in films, which plays a critical role in
affecting charge transport. It is also found that the final assembly structure is strongly dependent
on side-chain arrangements. To gain insights into this, three polymers with variable regio-
regularity, side chain length, and alkyl chain to thiophene ratio are chosen: regio-random P3HT
(RRa-P3HT), P3DDT, and PQT-12. The molecular structures are depicted in the inset images in
Figure 6. All the three polymers were dissolved in DCB at the same concentration (10 mg/ml).

The samples are either not treated or exposed to 10 min ultrasound irradiation in the sonication

bath.

The steep slope of the SANS profile in the low-q region of RRa P3HT in Figure 6(a) indicates
the formation of large aggregates after the dissolution of the polymer. sTEM images in the
Supporting Information Figure S3 also clearly show spherical clusters with sizes of several
hundred nanometers are formed. A combined model of spheres, °' describing the aggregates, and
dissolved polymer was used to quantify the polymer fractions in aggregated form. The details of
the model can also be found in the Supporting Information. The model fitting was performed by
varying the radius of the sphere and the fraction of the polymers that form the spherical
structures, while fixing the total concentration of polymers. The results are tabulated in Table 2.
Based on the fits, sonication can break these clusters down to smaller sizes from 441 nm to 57

nm while, at the same time, a little over six times more polymer chains are assembled into these
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aggregated clusters of RRa polymer. It is worth mentioning that a small fraction of the RRa
P3HT polymers form aggregates in solution even before sonication. Considering that the fit has
an estimated uncertainty of + 0.01%, this value is still much smaller than the aggregated polymer

fraction that results after ultrasound.

In comparison, by increasing the side chain length from 6 carbons to 12 carbons (P3DDT), the
scattering profile remains unchanged after sonication (Figure 6(b)). This suggests that P3DDT
may be closer to a thermodynamically stable solution in these solvents due to a higher solubility
imposed by the longer chains. A simple model of dissolved polymer with excluded volume is
used to fit this data. The radius of gyration (Rg) is found to be 5.8 nm with Porod exponent being

1.8.

In contrast, SANS profiles of PQT-12, which has the same side chain length as P3DDT but half
the number of side chains per chain length, shows significant ultrasound effects (Figure 6(c)).
Interestingly, sonication changes the scattering profile by increasing intensity at low-q. sSTEM
images were also utilized to visualize the final structure formed by PQT-12 (Figure S4 in
Supporting Information). Without sonication, PQT-12 itself has a strong tendency to self-
assemble into complex structures. They can form short fibers that are >100 nm long, or
spherulites that can be up to several micro-meters in diameter. After sonication, longer fibers are
observed and the large spherulitic particles become more branched on the perimeter. To quantify
the fraction and cross-sectional sizes of the fibril structure, the parallelepiped model combined
with the dissolved polymer model was used once again. Since the spherulites are large in size,
the SANS results in this g-range characterizes both the free-standing fibers and also the fibril

shapes grouped radially within the spherulites. The fiber cross-sectional dimensions are similar
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in size, but the polymer fraction in fiber form is enhanced by about one order of magnitude from

0.03% to 0.3% after sonication. The fitting results are summarized in Table 3.

10£ 10 mg/m Regiorandom PSHT N DCB| s 10mg/mI P3DDT nDCB | 104 Tomg/mi PQT-12 in DCB
6k Exp. Fit 6 Exp. Fit ) ! 8 [ —— No Sonication
4} O —— No Sonication 4 O —— No Sonication L 4 O —— 10 min Sonication

O —— 10 min Sonication L O —— 10 min Sonication / ¢

Figure 6. SANS profiles for 10 mg/ml (a) RRa P3HT, (b) P3DDT and (c) PQT-12 in 1,2-
dichlorobenzene without and with 10 min sonication. The inset schematics show the molecular
structure of each polymer. The models used for fitting the experimental data are the sphere
model ' combined with dissolved polymer with excluded volume for RRa P3HT and also a
combined model of parallelepipeds **~° with dissolved polymer with excluded volume for PQT-
12. The ic%tering profile of P3DDT is fit with just the dissolved polymer model with excluded
volume. *”

Table 2. The radius and fraction of spheres extrapolated from the scattering profile of regio-
random P3HT by fitting into a combined model.

r (nm) Polymer fraction in

aggregate form (%)
No Sonication 440.7 0.02
10 min Sonication 57.4 0.13

Table 3. The cross-sectional sizes and polymer fractions in fiber form extrapolated from the
scattering profile for 10 mg/ml PQT-12 in dichlorobenzene with and without sonication.

Parallelepiped Dissolved Polymer
Polymer fraction in Porod
a(nm) b (nm) fiber form (%) Exponent Ry (nm)

No Sonication 447 447 0.03 1.55 8.4




Soft Matter

10 min Sonication  14.8 493 0.3

Well-characterized focused acoustic field experiments were also used to quantitatively draw
mechanistic information. Typically, acoustic wave fields in laboratory sonication baths are
chaotic and complex. This means that acoustic pressure distributions vary from place to place
and may also change as a function of time. Moreover, sonication baths only operate at low
frequencies (20-40 kHz) where cavitation is always present and also have poor power level
control to sweep over acoustic pressures. In order to better control the incident acoustic field that
is applied to the polymer solution, spherically focused transducers were utilized to systematically
vary the applied acoustic pressures at the focal point and to reduce the influence of acoustic
reflections. Samples in this setup were also characterized during ultrasound application to more
effectively correlate the process of fiber formation to the acoustic field. Since polymer solutions
in chloroform show instantaneous color change right after ultrasound application (Figure 4), UV-
vis measurement was also used to calculate the aggregate fraction. The normalized UV-vis
spectra are plotted in Figure S5 in the Supporting Information. The cavitation probability, which
is defined as the probability of detecting a cavitation event from each acoustic pulse, for pure
chloroform is shown in Figure 7 as a function of peak negative pressure. The threshold pressure
for cavitation is at ~ 4 MPa, above which the cavitation dominates. Below this pressure, the
sample is still exposed to the acoustic field and its effects, but not to the violent temperature and

flow fluctuations that are induced by bubble cavitation.

Results (Figure 7) show that the cavitation pressure is closely related to the onset for fiber
formation, below which the polymers stay fully dissolved. When the system is exposed to a

pressure above threshold, the longer the irradiation time, the higher the amount of fibers formed.
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Figure S6 in the Supporting Information shows a series of UV-vis spectra collected under 7.2
MPa over different ultrasound durations. This shows that ~100 s of insonation is enough to
induce fiber formation. On the other hand, 1500 s of sonication more than doubled the amount of
fibers compared to that obtained with just 100 s. In contrast, if the peak negative pressure is
below the threshold, 3 MPa for example, even four times longer ultrasound application time
(6000 s) is not enough to result in any observable optical change (Figure S7 in the Supporting

Information).
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Figure 7. Cavitation probability curve of pure chloroform and aggregate percentage of 4 mg/ml
P3HT in chloroform calculated from UV-vis measurements right after ultrasound application as a
function of peak negative pressure.

Compared to solutions in chloroform, the optical change right after ultrasound application in
DCB is not as obvious (Figure 4). In order to probe the instantaneous structural change under
ultrasound, a new sample environment was built to allow for in-situ characterization using

scattering techniques (i.e. SANS, SAXS, USAXS). Figure 2 shows a schematic view of the
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setup. The sample holder is sandwiched between two identical transducers that operate
alternatively to prevent accumulation of materials on either side of the container via
sonophoresis. Thin Kapton films are used as front and back windows of the sample cell to
provide transparent pathways for the x-ray or neutron beam. Figure 8(a) shows scattering profiles
obtained from a combination of USAXS and SANS of RR-P3HT in DCB during sonication.
Similar to ex-situ SANS results for samples exposed to ultrasound in a sonication bath (Figure
5), an increase in intensity is observed at the low-q range (< 0.01 A™) of the data after exposure
to acoustic waves at 7.2 MPa, demonstrating the formation of fiber structures. USAXS allows
probing of a much lower g-range (0.0001 Al < q < 0.001 A™") and it was used to track
simultaneous structural changes for polymer solutions under ultrasound as a function of
insonation time. Figure 8(a) shows a substantial increase of USAXS (i.e. low q) intensity after
just 5 min of ultrasound application. The extension in sonication time lead to increased scattering
intensities and decreased slopes. A power law model (Eqg-1) is used to fit the USAXS data from
0.00014 to 0.0006 A", where both the scale factor (B) and power-law exponents (A) are left as

variables for fitting.
I@)=B-q* Eq-1

Figure 8(b) shows the fit results corresponding to both of the parameters in Eq-1 as a function of
sonication time. The power-law exponent starts at ~3.3 and steadily decreased to ~2.3 at 17 min.
It then plateaus with increased sonication time. The scale factor (B) is proportional to the fiber
volume and the total amount of polymer that is forming assembled structures. This parameter
increases and reaches steady state at the same time as the power-law exponents plateau. By
fitting the SANS data at low-q range (0.003 to 0.01 A™), a similar power-law exponent (2.39)

and scale factor (6.96x10°) as in the USAXS data are obtained showing consistency in the
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results. All fit results are plotted with the corresponding scattering profile in Figure S9 in the

Supporting Information.

Consistent with what is observed in P3HT samples in DCB that are insonated with sonication
baths, no optical shift was observed when aging for a short time (10 hrs) (Figure S10(a) in
Supporting Information), in spite of the obvious changes in the scattering profiles. After an
extended time aging (108 days), crystallization is observed for polymer solutions with and
without ultrasound treatment based on new absorption peak formation of UV-vis spectra (Figure
S10(b) in Supporting Information). STEM images also confirm that nanofibers are formed in
both samples that were aged for 108 days. However, without ultrasound treatment the fibers are
thick and short (typically under 500 nm) while nanofibers formed on sonicated samples are

several micro-meters long.

e i 310"
i 10 mg/mI P3HT in DCB @ 7.2 MPa -
1000 Ly USAXS SANS - (b) 1
: -m 5min O Omin 3 _ - 310
[ —@- 8min O 120min { & 35- L
100 11 min 36 ® = " 10°0
E —@- 14 min 1 a o
— —@- 17 min > %
S @ 20 min = 30F o 1107 ¢
10 & [} [ I | N
F E o ® 2
i S & 710° 8
L O 25+ 3
1 3 0. ® * 4 9
F e 310
: m
(U [ ~S—— ! 20 ] ! 1 H 1()'10

1 1
5 10 15 20 25 30 35
Ultrasound Duration (min)

Figure 8. (a) In-situ characterization of assembled structures in DCB under ultrasound using
USAXS and SANS for different g-ranges. The legend indicates the integrated sonication time
corresponding to each scattering profile. (b) The power-law exponents and scale factors
extrapolated by power law fitting as a function of ultrasound application time.
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A question still remains as to whether ultrasound can provide enough energy to induce
crystallization for samples dissolved in even better solvents. To do this we used bromobenzene,
which is a much better solvent for P3HT. Bromobenzene has more than five times higher
solubility than DCB and to the best of our knowledge is currently the best known solvent for
P3HT. ** In addition, deuterated bromobenzene also provides good neutron scattering contrast
for P3HT. The polymer concentration and insonation time are kept the same as samples in DCB.
Figure 9(a) shows SANS profiles of RR-P3HT in bromobenzene before and after ultrasound of
7.2 MPa treated for 2 hrs. Ultrasound induced an increase in scattering profile in low-q range,
indicating the formation of large structures. In contrast, a lower peak negative pressure of 4 MPa,

Figure 9(b), does not show any detectable change by SANS.
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Figure 9. (a) SANS profiles of 10 mg/ml RR-P3HT in bromobenzene before and right after
application of 7.2 MPa ultrasound for 2 hrs. (b) The same concentration of polymer solution
before and right after application of 4 MPa ultrasound for 2 hrs.

Discussion
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Figure 10 summarizes the proposed mechanism of nanofiber formation resulting from cavitation
events based on homogeneous nucleation. Polymers are in a coil conformation after they are

fully dissolved at higher temperatures. 33,54

When the applied acoustic wave exceeds the
cavitation threshold pressure for the solvent, bubbles form. Due to rectified diffusion into and out
of the bubbles, ultrasound oscillation favors bubble growth until the bubbles grow large enough
to resonate with the field and collapse under the positive pressure phase of acoustic waves.”’ The
large pressures generated during the bubble collapse process alters the polymer chains to induce
a more planar configuration that is more favorable for n-n stacking. This is evidenced by the UV-
vis data in Figure 4(a) that improved intrachain coupling is observed right after sonication in CF.
It is possible that strong shear fields, which are produced by ultrasound induced cavitation, are
able to stretch the chains allowing them to form extended conformations. If two extended
polymers get close to each other, they could form larger structures that serve as nucleation sites
for further crystallization into nanofibers. Another possibility is that the formation of a new
bubble-liquid interface may also trigger the assembly of conjugated polymer nanofibers. When
cavitation is generated, polymer chains can accumulate at the interface by adsorption. Since
bubbles undergo a large volume expansion, they sweep through a large region of the solvent.
This increases the opportunity for polymer chains to assemble when the bubble collapses and

they are brought close to each other. Unfortunately, our current data is insufficient to

unequivocally determine the dominating effect.
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Figure 10. Possible mechanism of nucleation sites formation based on bubble collapse under
acoustic field. Nucleation sites serve as seeds for long fiber formation.

To provide evidence of nuclei formation under ultrasound at early stages, in-situ scattering
characterization experiments were performed. USAXS data in figure 8(a) shows that nucleation
sites are formed after very short time of sonication (within 5 min). The high power-law
exponents at the beginning of the sonication process in Figure 8(b) indicates that the initial
structures are highly branched. Those fractal dimensions are typical values that are also observed

194 The decrease of the power-law exponents can be attributed

in P3HT colloidal and gel system.
to the favored growth of fibril structure due to one-dimensional sonocrystallization (Figure 10)
or the breakup of the large aggregates into small anisotropic fibrils. At the same time, the scale
factor of the power law model increased with longer time of sonication. The scale factor is

proportional to the volume fraction of fibers in solution and the increase can be explained by the

integrated energy that is placed into the system by continued ultrasound insonation. An
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equilibrium is eventually established at around 17 min of sonication, which could be a steady-
state process involving the growth of new fibers induced by ultrasound, the mechanical fracture
of larger fibers and the re-dissolution of fibers through dissipated heat. In a much better solvent,
such as in bromobenzene (Figure 9), the initial nucleation is also observed with ultrasound but it
is not as obvious as in 1,2-dichlorobenzene. This could be due to a larger energy barrier for
inducing sonocrystallization. Since bromobenzene is a better solvent, it should be easier to re-
dissolve the nucleation sites and limit the equilibrium concentration of nucleation sites. During
the scattering experiment, the energy input from ultrasound could also potentially raise the
sample temperature and affect the crystallization. However, an increase in temperature would act
in reverse to the process of assembly since it would further increase the solubility of the polymer
in the solvent. Therefore, it is conclusive that the nucleation of fibers that is observed in

scattering experiments originates from ultrasound induced cavitation.

In all the ‘good’ solvents that were investigated in this work, nucleation and growth of fibers still
resulted from application of ultrasound. It is important to note that this suggests that none of the
samples were ‘good’ solvents in a thermodynamic sense (i.e. where the solvated state is a
minimum free energy configuration). Indeed, the crystalline nanofiber state represented a
minimum energy configuration and the polymer samples were only kinetically stabilized (Figure
1). This argument is further supported by the formation of nanofibers from fully dissolved RR-
P3HT in DCB after aging for 108 days (Figure S10 (c) in the Supporting Information). When the
temperature is raised, polymers fully dissolve in a thermodynamic sense but, as the temperature
is lowered to room temperature, the polymer chains are kinetically trapped in a local energy

minimum and crystallization is slowed down. Ultrasound only accelerates the crystallization
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process by providing very high energy locally and in a short time to enable polymers to achieve

other configurations.

Based on the above mechanism, ultrasound serves as the driving force for polymers to assemble
into nucleation sites. At the same time, the high mechanical energy is also likely to break up
larger structures (i.e. sonofragmentation). It is important to note that ultrasound does not break
apart covalent bonds and cause polymer chain scission. This is proved by gel permeation
chromatography (GPC) measurement that no obvious change is observed on P3HT samples
before and after ultrasound application (Table S2 in the Supporting Information). The unaffected
molecular weight by ultrasound is also reported by Amassian’s group. >° For large structures, it
has been demonstrated by kinetics experiment that the primary mechanism for
sonofragmentation is based on shock waves. > The shock wave generated during cavitation
collapse can break assembled nanofibers preventing them from growing too long. In systems
with violent cavitation events, such as chloroform (i.e. low cavitation threshold) under high peak
negative pressures, defects can be generated that are detrimental for producing high quality
nanofibers. UV-vis results in chloroform show that very small amounts of fibers formed right

after sonication (Figure 4) but growth continued after sonication was halted.

SANS data of RRa P3HT (Figure 6 (a)) also reveals that large aggregates are broken into smaller
sizes after sonication while at the same time the total fraction of polymers in aggregate form
increased (Table 2). The decreased size can be attributed to sonofragmentation and the increased
volume fraction of aggregates is due to sonocrystallization. For PQT-12 (Figure 6 (c)), SANS
also confirms that ultrasound assembles the polymer chains into fibers. On the other hand, sSTEM
results in Figure S4 (c¢) and (d) in Supporting Information suggest that smaller fibers are

fragments produced by ultrasound breakup of branched spherulites. Although both processes are
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observed in polymer systems and caused by the ultrasound field, sonocrystallization is the
desirable effect for improving charge transport by producing nanofibers for electronic

applications. Thus, it is important to understand the underlying physics of both processes.

In sonocrystallization, after nucleation sites are initially formed, an aging process without any
additional ultrasound produces larger fibers without an acoustic field to break the fibers (Figure
3). In chloroform, although fiber formation is observed by UV-vis right after sonication, the
majority of the fibers (~ 4 times more) come from aging after cessation of ultrasound. In Figure 4
(f), the quick establishment of a steady-state aggregate concentration in chloroform is due to the
low cavitation threshold of the solvent (Figure S8 in Supporting Information), which results in

more cavitation events and nucleation sites at a given acoustic input.

In contrast, P3HT in DCB has a higher cavitation threshold (Figure S8 in Supporting
Information) and a larger energy barrier to confine polymers in the fully dissolved local
minimum, creating fewer nucleation sites. Therefore, it does not form enough crystallites to
cause optical shifts in UV-vis measurement right after ultrasound application without aging. This
also results in a slower crystallization process, which produces longer fibers (Figure 3(c)). A
longer sonication time in DCB also results in faster fiber growth because more energy input
produces more crystalline nuclei. For this reason, both the UV-vis and SANS data show that

longer sonication times creates more fibers (Figure 4(f) and Figure 5).

It is worth mentioning that the capability of tuning the excitonic coupling could be useful for

4 For

changing the population of different spin states, thus controlling the photophysics.
example, J-like aggregates have been shown to promote triplet formation that leads to stronger

photoluminescence (PL) quenching as compared to H-like aggregates. *' Not many reports exist

on methods to form J-like aggregates. They are often formed in toluene and it requires polymers
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to have high regioregularity or low dispersity. *-®

This work provides an alternative and
simple method to reliably generate J-like aggregates from commercially available P3HT in
chloroform. The aggregate type can also be tuned using different solvents. In Figure 4 (a),
polymers exhibit stronger intrachain coupling in CF (J-like aggregates), which indicates that n-n
stacking is weaker than when compared to fibers formed in DCB (H-like aggregates). The

stronger intrachain coupling in CF could also explain why the fiber length is shorter in CF as

compared to DCB.

During the crystallization process, the interactions between polymer chains can alter the final
assembled structures. This can be achieved by changing the polymer molecular structure, such as
the side chains as shown in Figure 6. RRa-P3HT (Figure 6(a)) is known not to crystallize
because of the steric hindrance imposed by randomly oriented side chains. Still, ultrasound
promotes polymer chains to form aggregates (Table 2 and Figure S3 in Supporting Information).
In contrast, RR polythiophenes with longer side-chains (i.e. 12 carbons in P3DDT) achieve a
high solubility at room temperature so that ultrasound fields are unable to produce any fiber
crystallization or induced-assembly. Interestingly, assembled structures can still be induced by
ultrasound for PQT-12, which also has long side-chains (12 carbons) but fewer chains-per-
monomer resulting in a lower solubility when compared to P3DDT. Therefore, the capacity to

sonocrystallize a conjugated polymer seems to correlate best with its solubility.

Conclusions:

In summary, it is demonstrated that P3HT can be assembled into nanofibers under ultrasound in
solvents that are commonly believed to be ‘good’ solvents in a thermodynamic sense. Our results

suggest that the dissolved state of these polymers is not a global minimum in the free-energy
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landscape. The formation of fiber in solution was quantified by both UV-vis and SANS
measurements with consistent results. Ultrasound was determined to induce the formation of
nucleation sites in the system and continued aging without acoustic insonation is crucial to
achieve high fiber fractions. The molecular structure of the conjugated polymers was also found
to be critical for ultrasound-directed polymer assembly. It was also shown via in-situ
experiments that polymer assembly is strongly correlated to solvent cavitation. The mechanism

of sonocrystallization is proposed to be based on nucleation-and-growth.
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