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We demonstrate a protocol to effectively monitor the gelation process of a high concentration solution of conjugated polymer both in the
presence and absence of white light exposure. By instituting a controlled temperature ramp, the gelation of these materials can be precisely
monitored as they proceed through this structural evolution, which effectively mirrors the conditions experienced during the solution deposition
phase of organic electronic device fabrication. Using small angle neutron scattering (SANS) and ultra-small angle neutron scattering (USANS)
along with appropriate fitting protocols we quantify the evolution of select structural parameters throughout this process. Thorough analysis
indicates that continued light exposure throughout the gelation process significantly alters the structure of the ultimately formed gel. Specifically,
the aggregation process of poly(3-hexylthiophene-2,5-diyl) (P3HT) nano-scale aggregates is negatively affected by the presence of illumination,
ultimately resulting in the retardation of growth in conjugated polymer microstructures and the formation of smaller scale macro-aggregate
clusters.

Video Link

The video component of this article can be found at https://www.jove.com/video/56163/

Introduction

Conjugated polymers promise functional materials that can be utilized in a broad range of devices, such as organic light emitting diodes, organic
semiconductors, chemical sensors, and organic photovoltaics.1'2’3'4'5’6 A crucial aspect of the performance in these devices is the ordering and
packing of the conjugated polymer in the solid state in the active Iayer.7'8’9'1°’11'12’1 " This morphology is largely pre-determined by both the
conformation of the polymer chain in solution as well as the structures that evolve as these solutions are cast unto a substrate and the solvent

is removed. By studying the structures present throughout a typical sol-gel transition of a model optoelectronic polymer in a suitable solvent,
these sys}gqgsﬂc%q gbz% effectively modeled and a quantitative glimpse into the self-assembly that occurs during material deposition can be
obtained. ™ ™"

Specifically, we examine the conjugated polymer benchmark P3HT in the solvent deuterated ortho-dichlorobenzene (ODCB), aspolymer-solvent
system which has seen extensive use due to its suitability for a variety of organic electronic device fabrication techniques.zs’z“'2 In this given
solvent environment, P3HT chains begin to aggregate upon an appropriate environmental stimuli, such as temperature decrease or loss of
solvent quality. The exact mechanism for this assembly process is under investigation, with one of the leading proposed pathways believed to
be a gradual process where individual P3HT molecules 1-stack to form lamellar nano-aggregates known as nanofibrils, which then themselves
agglomerate to form larger micron scale macro-aggregates.24 Understanding these pathways and the resultant structures formed is key to
properly predicting and influencing the formation of optimal device active layer morphologies.

Towards this ultimate goal of more precisely directing the formation of these active layer architectures, there exists a need to develop additional
experimental and industrial methods to non-destructively alter conjugated polymer morphology in-situ. One relatively new methodology centers
around the use of light exposure as an inexpensive means for altering polymer chain morphology, with both computational and experimental
results pointing towards its feasibility.zg”ze‘27 Recent work by our laboratory has indicated the existence of a light induced alteration of the
conjugated polymer-solvent interaction in a dilute solution, leading to a notable change in polymer chain size upon illumination.®** Here, we
present a protocol to continue this work by effectively monitoring the effects of exposing a much more concentrated conjugated polymer solution
to direct light throughout a gelation process that is directed by a thermostat-controlled temperature ramp. We employ neutron scattering as it
allows robust analysis of structural parameters of the polymer-solvent sol-gel system on Ien%th scales from angstroms to microns, an ability not
possible through other more common rheological or spectroscopic instrumental methods.'®"3%%" Thus, by comparing the properly analyzed
small and ultra-small angle neutron data for the assembly of gels formed under illumination to identical data collected in complete darkness,
structural differences brought on by illumination-driven effects can be comprehensively identified and quantified.
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All handling of chemicals should be carried out with proper personal protective equipment and within a safety hood. All samples exposed to
ionizing radiation should be handled under the supervision of the facilities radioactive control technicians. This protocol was performed by
individuals who had completed appropriate radiation safety training.

1. Preparation of P3HT in d-ODCB Solutions

1. Sample Acquisition

1.
2.

Purchase 1 g of high regioregularity (>90%) P3HT in the molecular weight range 15 - 40 K.
Purchase 5 g of high purity (>90 atom% deuterated) d-4 1,2-ODCB.

2. Sample Preparation

1.
2.

o0k w

N

S©0®

Filter all d-ODCB solution with 0.45 pm sieve into a glass vial.

Combine 0.34 g of P3HT in 1.66 g of d-ODCB in a 5 g glass vial with foil lined cap.

NOTE: Throughout the sample creation and transfer process, minimize the ambient light intensity to which the sample is exposed at all
times.

Add a magnetic stir bar to the vial, secure the cap, and seal with parafilm.

Wrap vial entirely in aluminum foil to prevent any light exposure to solution.

Place sample on hot plate at 70 °C for 1 - 3 h with the magnetic stir bar enabled.

Remove from heat and stirring once solution is completely homogeneous (preferably leaving the sample heating/stirring overnight to
ensure complete dispersion).

Transfer solution from vial to a properly cleaned (with separate rinses of acetone and water) 1 or 2 mm thick quartz banjo cell using a
glass pipette.

NOTE: Heating the glass pipette in a heating oven to 70 °C immediately before transfer greatly simplifies this process.

Affix banjo cell cap and seal with parafilm.

Place banjo cell in complete darkness (i.e. inside a sealed box or wrapped in aluminum foil).

. In a similar fashion assemble a sample which contains only d-ODCB (filled to capacity) and an empty banjo cell, to act as the solvent

background and empty cell, respectively, for the scattering experiments.

2. Neutron Scattering Experiments

1. SANS Experiments in the "dark" environment

1.

2.
3.

With assistance from the instrument scientist, ensure a sample stage is affixed with the required temperature controls capable of
directing a temperature ramp from 70 - 20 °C.

Place the banjo cells in the appropriately sized holding blocks, secure, and label.

Wrap entire block with 0.1 mm thick aluminum foil to ensure no ambient light is incident to the sample. Minimize deformations of the foil
to ensure proper fitting of the wrapped block in the sample stage. Place this wrapped block and sample within the sample stage.

With assistance from the instrument scientist, complete the proper instrument alignment and calibration using the appropriate standard
measurements. Set the detector distance close to its maximum setting? (for instance at 18 m) to ensure access to the lowest Q region
(~0.001 A'1), ultimately allowing a full Q range of roughly 0.001-0.1 A™". This will allow probing of length scales up to ~500 nm.

With the assistance of the instrument scientist, collect count rates for the P3HT and solvent samples and perform calculations to
determine the amount of scattering time required to achieve total detector counts per sample of roughly 500,000 to 1,000,000, ensuring
good statistical quality in the data.

With this information, create a sample script which will direct the 70-20 °C temperature ramp and data collection process. Choose a
range of discrete temperature points to best cover the entire range within the given time restraints, for instance every 2 °C. For every
point on the ramp make 3 separate entries in the script: a change to the desired temperature, a wait period (~15 minutes) to allow the
system to thermally equilibrate before scattering is collected, and the scattering measurement itself conducted over the appropriate
time duration to achieve the required detector counts

Once the instrument and script are prepared, execute the script and begin the experiment. Be sure to collect data for the solvent

and empty cell as well (without temperature ramp). Additionally, collect transmission data for each sample and a blocked beam
measurement.

2. SANS Experiments in the "light" environment

1.

2.

3.

Upon completion of the "dark" experiment, move the samples from the stage, place on a secure benchtop, and remove all aluminum
foil while observing radiation safety protocols.

Position an optical illuminator featuring a halogen light source near the sample stage such that the leads effectively illuminate the
sample slot in the stage associated with the scattering collection position.

Using a calibrated light meter, record the light intensity provided by the illuminator at maximum intensity at the position where the
sample will sit. Intensity values will vary with illuminator and sample stage configuration, however, illumination intensity of at least 5,000
lux is desired.

Once this illumination setup is properly assembled, return the samples to the stage, ensure the illuminator is properly lighting the active
sample, heat again to 70 °C, allow proper equilibration, and repeat the data collection procedure performed on the dark samples, with
the optical illuminator providing uninterrupted direct light exposure thorough the entire duration of this step.

3. USANS Experiments
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1. Prepare USANS samples in a similar fashion using quartz banjo cells and place in copper or titanium blocks within a temperature
controlled sample stage.

2. With the help of the instrument scientist, align and calibrate the |nstrument employing the requisite number of buffers at the given
neutron wavelength to allow analysis of Q values from roughly 10°-102 A" , allowing length scales on the order of microns to be
probed.

3. Develop the experimental script in a similar fashion to the SANS experiments, allowing for thermal equilibration and data collection at
each temperature studied previously.

4. Replicate the SANS experiments again, execute the script once under "dark" conditions and again under ""light" conditions.

3. Data Reduction and Analysis

1. SANS reduction and analysis

1. Using the respective reduction program mput the data files for scattering, background (solvent), empty cell, blocked beam, and
transmission measurements to accomplish proper background subtraction and conversion of scattering data to absolute units of
intensity incm™.

2. With the data appropriately reduced, begin analysis by fitting the experimental scattering data to a model that is the linear addition of
two fitting equations, one representing the nanofibril aggregates through the elliptical cylinder model 3 and another taking into account
the free chains in solution through the polymer excluded volume model. 3435 The equation below describes this combination model
approach:

1(q) = ®psurPeem(Bpecy)*Pecm(q) + dpsur(1— Peem)(Bppev)®Prev(q)

In this equation, ¢p3y7 describes the total volume fraction of P3HT in the solution, q)ECM is the volume fraction of aggregated P3HT
present and modeled as an elliptical cylinder, Ppgy is the free chain excluded volume form factor for P3HT, Pgc), describes the elliptical
cylinder form factor for the aggregates, and ApECM and AppEV are the scattering length density (SLD) contrast between P3HT
aggregates and the solvent and between the free P3HT chains and the solvent, respectively. SLD values for all components of the
system can be calculated with a knowledge of their chemical composition and mass density and the use of an SLD calculator available
as part of most neutron analysis programs or online.

3. Upon proper fitting procedures using NCNR Igor fitting macros”’ or the SASView fi fitting program, acquire values for the key structural
parameters for the gelled system at all temperatures in the light and dark, allowing quantification of the morphological evolution
occurring throughout this process as a function of temperature and light exposure. These structural parameters include the cross-
sectional areas of the nanofibrils, free chain radius of gyration (Rg) and Porod exponent, and a qualitative assessment of the total
amount of material present in the nanofibril phase.

2. USANS reduction and analysis

1. Using the respective reduction program, input the scattering data and background data for each buffer to merge the data into a single
reduced curve in absolute intensity units of cm™.

2. Analyze the data using a Guinier-Porod power law model which allows quantitative assessment of the aggregate scattering patterns
probed by the USANS length scale, and allows acquisition of the aggregate Ry values. 38 Fit using this method through NCNR Igor
fitting macros”’ or the SASView fitting program to allow comparison of macro- aggregate Ry across all temperatures and illumination
conditions.

Representative Results

Through SANS and USANS experiments, the gelation process of P3HT in d-ODCB was effectively monitored from the dispersed solution state
at 70 °C to a fully gelled state at 20 °C. These experiments were conducted in both complete darkness and under white light illumination. Figure
1 displays some example SANS reduced data curves from these experiments, with an example curve fit shown in Figure 2. From this data,

the structural changes occurring as temperature decreases have been effectively captured, denoted by a clear increase in absolute intensity

as temperature falls. Additionally, for each given temperature there is a clear discrepancy between the scattering data of the samples studied

in the dark and those studied in the light as the data plots do not overlap. This indicates that light exposure significantly affects the aggregation
process. Figure 3 displays values for a variety of structural parameters extracted using the combined fit model from the SANS data and
provides structural information on both the nanofibril aggregates and the free chains still in solution. The nanofibril surface area describes the
surface area of the face of the cylindrical nano-scale P3HT aggregates and the ECM scale factor gives a qualitative description of the amount
of P3HT present in the aggregate phase, while the free chain Ry and Porod exponent describe the size and form factor of the P3HT chains

not yet gelled in the solution. Significant differences in these parameters at each given temperature and between light and dark samples at a
given temperature indicate that the experiment and fitting process have captured the effect of light exposure on this gelation process. Since
they employ a substantially lower Q range, USANS experiments allow the characterization of larger length scales consistent with P3HT macro
aggregates, and by mirroring the same approach used in the SANS experiments, the effect of temperature and light upon the size of these
aggregates is effectively quantified. Figure 4 shows USANS data plotted alongside the SANS data for a single temperature, and Figure 5
displays the Ry data acquired through fitting USANS data with a power law model. This Ry value grows with decreasing temperature as gelation
progresses and individual P3HT nanofibrils themselves aggregate to form large scale microstructures. And as with the SANS data, there exists
clear difference between the light and dark data, specifically showing smaller Ry values with light exposure.
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Figure 1: Small angle neutron scattering data for a 17 wt% sample of P3HT in d-ODCB through 70-20 °C temperature ramp. Data
collected under white light illumination (open symbols) and in complete darkness (closed symbols). Error bars report instrumental error.
Reproduced from reference 28 with permission. Please click here to view a larger version of this figure.
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Figure 2: Example fit using a combination model approach incorporating both the Elliptical Cylinder and Polymer Excluded Volume
Model to 17 wt% P3HT SANS data collected at 34 °C in the presence of white light illumination. Reproduced from reference 28 with
permission. Please click here to view a larger version of this figure.
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Figure 3: Select parameters obtained from the combined model fit for 17 wt% P3HT through a 70 - 20°C temperature ramp, with black traces
indicating samples studied in the dark, and red traces indicating samples studied under illumination: (A): nanofibril surface area, (B): Elliptical
Cylinder Model scale factor, (C): radius of gyration of free chains, and (D): Porod exponent of free chains. Error bars report fit-generated
standard deviation error values. Reproduced from reference 28 with permission. Please click here to view a larger version of this figure.
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Figure 4: Small and ultra-small angle scattering data of 17 wt% P3HT at 24°C for both illuminated (gray) and dark (black) samples. Error bars
report instrumental error. Reproduced from reference 28 with permission. Please click here to view a larger version of this figure.
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Figure 5: Radius of gyration values obtained from 17 wt% P3HT USANS data fit with a Guinier-Porod power law model for both illuminated (red)
and dark (black) samples. Error bars report fit-generated standard deviation error values. Reproduced from reference 28 with permission.
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Figure 6: lllustration of the P3HT assembly process from free chains to final micron-scale aggregates. Reproduced from reference 28 with
permission. Please click here to view a larger version of this figure.

First, looking at the SANS data as a function of temperature, the increase in the Elliptical Cylinder Model scale factor indicates a marked
increase in the amount of P3HT present in the nanofibril phase, which isconsistent with the progression of the gelation process. Simultaneously,
the decrease in free chain Ry paired with an increase in Porod exponent reveals that the deteriorating thermodynamic conditions associated with
temperature decrease are causing a chain collapse in the P3HT chains still present in solution. These results, combined with the USANS data
showing a marked increase in macroaggregate Ry upon temperature decrease, indicate that the scattering experiments have effectively captured
and analyzed the progression of the structural self-assembly process central to the sol-gel transition, a process that is visualized in Figure 6.
Analyzing the results of these experiments as a function of light exposure provides further information related to the effect of illumination on the
gelation process and the ultimate aggregate structures formed. Comparison of all SANS parameters in Figure 2 reveals differences between

the light and dark samples over a range of temperatures, as does the USANS data in Figure 3. Taken together, this information indicates that
light exposure effectively hinders the P3HT aggregation process, resulting in less material aggregating in the nanofibril phase (indicated by the
ECM scale factor results) and smaller micron scale aggregates (given by the USANS Ry values). Thus, this experiment has also emphasized the
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differences between conjugated polymer gelation conducted in the light versus the dark and underlined the importance of illumination conditions
upon the device-relevant active layer morphologies which are formed.

When considering a similar experimental approach to the above method it is important to keep in mind the limitations inherent to the system.
Neutron scattering is a powerful technique for analyzing angstrom to nanometer scale structures in polymer systems, however, length scales that
lie above or below this range are better probed by other techniques. Additionally, if one of the components of the polymer system of interest are
not easily deuterated, it can be difficult to achieve the level of contrast necessary for acceptable results. Also, given the limited amount of neutron
beam time, experiments must be carefully planned with a relatively concentrated focus. It is also important to have an appropriate robust fitting
model pre-determined before the experiments begin to narrow the scope of the analysis process and ensure proper modeling of the system.

Assuming that an experiment meets these conditions, these neutron scattering methods offer a unique tool to unobtrusively monitor the structural
evolution of polymer systems over a range of length scales as a function of multiple environmental stimuli, such as temperature and light
exposure. Harnessing these approaches could allow for the expansion of these methods to a huge variety of polymer-solvent systems to explore
structural changes occurring due to changes in a variety of conditions including (but not limited to) polymer concentration, solvent quality, dopant
addition, and thermal history.

The authors have nothing to disclose.
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