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ABSTRACT: Even as strategies for encapsulating organic
electronic devices have become more sophisticated and accessible,
resulting in impressive and encouraging long-term stabilities being
reported, photodegradation of conjugated polymers continues to
occur even under oxygen- and moisture-free conditions. To further
enhance the photostability of conjugated materials, it is important
to understand fundamental and system-independent photo-
degradation pathways and the structure—property relationships
impacting photostability. As a means to address this, we measure
the photostability of thin films under oxygen-free conditions of a
family of dialkoxy-functionalized thiophene polymers and evaluate
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potential degradation pathways. This approach is enabled by varying the nature and placement of solubilizing groups to pinpoint
structural elements and motifs that are particularly susceptible to irreversible photodegradation. Using a combination of UV—vis—
NIR spectroscopy, X-ray photoelectron spectroscopy, size exclusion chromatography, nuclear magnetic resonance, and cyclic
voltammetry, we evaluate if and how defects such as crosslinking, chain scission, and/or chemical changes affecting the conjugated
backbone impact the rate of photodegradation and how they are affected by the placement, design, and branching point of the side
chains. We are able to demonstrate that crosslinking through the alkyl side chains is the main degradation pathway under oxygen-free
conditions, and that backbone twisting plays an important role in the rate of photodegradation. Based on these findings, we propose
that moving away from tertiary carbon branched side chains toward either quaternary carbon branches or linear chains, and/or
moving the branching point further from the conjugated backbone, are all promising and relatively straightforward strategies for

enhancing photostability in conjugated polymers.

B INTRODUCTION

In considering the practical use of conjugated polymers in
organic electronic devices, one critical property that impacts
many figures-of-merit is their photostability. Most conjugated
materials undergo rapid photodegradation and complete loss in
performance within days under ambient light exposure as a
result of both oxidation and hydrolysis. This limits their
potential application to devices fully encapsulated under an
inert atmosphere, which can be expensive, restrictive, and still
prone to degradation, or to disposable and single-use electronic
devices with a shorter shelf-life, which prevents their adoption
in areas where industrial standards demand years of stability
(e.g., architectural windows, environmental sensors, and solar
panels). Compared with the large body of work on structure—
property relationships impacting many practical figures-of-
merit (power conversion efficiency, electrochromic contrast,
charge mobility, and capacitance, to name a few), there are
relatively few studies on the specific structure—property
relationships that directly impact photostability. Being able
to pinpoint specific design motifs or structural elements that
are particularly susceptible to irreversible photodegradation
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will allow the field to more rapidly remove these weak links
and incorporate conjugated polymers into real-world device
platforms through simple structural changes.

To date, the majority of photodegradation studies on
conjugated polymers are performed in the presence of oxygen
to probe photooxidation, whereas photodegradation studies in
the absence of oxygen and moisture remain relatively few.' ™
The main areas of focus have been on investigating the
chemical changes occurring upon photooxidation, the impact
of photodegradation on photophysical and material properties,
the role that processing and morphology have on photo-
oxidative degradation, the role of triplet vs singlet oxygen, and
the impact of quenchers and antioxidants as additives. Most
notably, it has been shown that photodegradation, with and
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Figure 1. Repeat unit structures of evaluated polymers; B stands for the branched side chain, while the L stands for the linear side chain.

without oxygen present, can be initiated both along the
solubilizing side chains and along the conjugated backbone
itselt®” However, it has also become clear that many
degradation mechanisms are system-dependent, and also
dependent on whether solutions or thin films are being
evaluated, especially when it comes to how oxygen interacts
with the polymer. For example, the role of singlet oxygen®™ "
has been debated, with reports showing both its active role in
the degradation process (such as photobleaching via a Diels—
Alder reaction with thiophene)®®'' as well as arguments
against singlet oxygen’s involvement.”'* The current consensus
is that while singlet oxygen may play a large role in solution
photodegradation, it is not a major contributor to thin film
photooxidation in systems with low triplet quantum yields,
which leads to the formation of singlet oxygen.”” Related to
this, the effects of additives such as singlet oxygen quenchers,
triplet quenchers, antioxidants, “light screens”,”> and full-
erenes”'* have been explored and shown to improve short-
term photostability, though this often requires using large
amounts of additives (>10%).">'® For applications where
oxygen cannot be completely excluded, it is necessary to study
the fundamental photophysical properties as characteristics
unique to each polymer, which will then dictate the role that
singlet oxygen plays in the degradation process. It has also
been suggested that the degree of crystallinity in a film may
play a role in determining a material’s photooxidative
stability.A screening of conjugated polymers, oligomers, and
small molecules used in organic photovoltaics found a
correlation between enhanced photostability with higher
degrees of crystallinity and film density, where the authors
postulated that crystalline domains can inhibit diffusion of
gases and other reactants.'” However, there is also contra-
dictory evidence from annealing and reaction kinetic studies
suggesting that the degree of crystallinity and differences in
oxygen diffusion rates alone cannot account for enhanced
photostability.” While questions about how oxygen interacts
with conjugated materials are important, as strategies for
encapsulating materials and devices in oxygen and moisture-
free atmospheres become more sophisticated and accessible, it
is also necessary to focus on fundamental and system-
independent photodegradation pathways that occur under
oxygen-free environments. Understanding these photodegra-
dation pathways will allow researchers to gain a deeper
understanding of the structure—property relationships impact-
ing photostability.

Studies on P3HT have provided a foundational under-
standing of the role of common structural motifs in
photodegradation both in the presence and absence of oxygen,
where prevalent degradation pathways are shown in Figure S1.
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In the solid state, the primary site where photodegradation
readily begins occurs through the hexyl side chains, which are
ubiquitously used as solubilizing groups in conjugated
polymers. In particular, the C—H bond on the benzylic-like
CH, attached directly to the conjugated backbone is
particularly prone to homolytic cleavage, as the radical formed
can be stabilized through delocalization into the thiophene
ring. This then cascades into many complex degradation
pathways that depend on the presence of oxygen or lack
thereof, such as fragmentation of the alkyl chains as well as
ketone or alcohol formation.”'*™* Trace metal impurities in
the polymer, such as iron from an oxidative polymerization or
impurities introduced during monomer synthesis, were
implicated in initiating radical formation at the CH, sites,
highlighting the importance of rigorous purification and a
possible reason for lab-to-lab/batch-to-batch reproducibility
issues.”!" Additionally, while chain scission has mainly been
observed in the presence of oxygen, crosslinking can occur
even in the absence of oxygen. Both processes proceed, in
P3HT at least, through a free-radical mechanism that is not
initiated by oxygen, but rather through trace metal impurities
as described above.'"'**'™** Finally, under ambient con-
ditions, oxidation of the thiophene sulfur is also observed.
Despite all of these possible degradation pathways, P3HT
nevertheless remains one of the most photostable conjugated
polymers. In a study that rigorously excluded oxygen, P3HT
displayed a negligible drop in absorbance after 1000 h of
irradiation in a SEPAP 12/24 unit using mercury lamps, and a
20% loss in absorbance over 10,000 h of irradiation.” While
impressive and encouraging, this clearly shows photodegrada-
tion continues to occur, and at a rate that is problematic for
applications requiring years of photostability. This again
highlights the importance of studying the photodegradation
mechanisms that continue to persist even in the absence of
oxygen, and to devise strategies and structural design rules that
suppress these pathways.

Here, we report on how the choice of side chain branching
and placement impacts solid-state photostability by studying a
family of dialkoxy-functionalized thiophene polymer thin films
irradiated under AM 1.0 at 1 sun irradiance level in an inert
atmosphere. Importantly, through a combination of UV—vis
absorbance spectroscopy that quantifies the photostability of
the chromophore, X-ray photoelectron spectroscopy (XPS)
that provides information about chemical changes occurring
during irradiation, and size exclusion chromatography (SEC)
that can elucidate the role of chain scission and crosslinking,
we gain a more complete picture of photodegradation in the
studied materials and propose design rules that are
straightforward to adopt and should lead to enhanced
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photostability. We have chosen building blocks that have been
extensively studied for use in organic electronics and also allow
for straightforward modulation of side chain properties in
terms of placement, design, and branching points. Finally, we
investigate the electrochemical performance of irradiated films
to gain a complete picture of how photodegradation impacts
material properties. Importantly, we show how crosslinking
compromises electroactivity to an extent not readily evident
from other results. From these findings, we believe that moving
away from tertiary carbon branched side chains toward either
quaternary carbon branches or linear chains and/or moving the
branching point further from the conjugated backbone will all
be strategies to enhance the photostability of conjugated

polymers.

B EXPERIMENTAL SECTION

Materials. The repeat unit structures for the studied polymers are
shown in Figure 1. P3HT was purchased from Rieke Metals [4002-E;
rr > 90%; manufacturer specifications = My; 50—70k; measured M, =
21.8 kg/mol, B = 2.3]. All other polymers—3,3-bis(2-ethylhexylox-
ymethyl)-3,4-dihydro-2H-thieno[3,4-b][ 1,4]dioxepine (P(ProDOT)-
B), M, = 114 kg/mol, B = 16),”* 3,4-bis((2-ethylhexyl)oxy)-
thiophene (P(DOT)-B), M, = 56 kg/mol, B = 5.4),7% 3,4
bis(hexyloxy)thiophene (P(DOT)-L), M, = 15 kg/mol, P = 2.2),”
and 3,3-bis(((2-ethylhexyl)oxy)methyl)-6-(3,3',4,4’-tetrakis((2-
ethylhexyl)oxy)-[2,2’-bithiophen]-5-yl)-3,4-dihydro-2 H-thieno[ 3,4-
b][1,4]dioxepine (P(DOT)-B-co-(DOT)-B), M,, = 11.8 kg/mol, D =
2.2)*°—were synthesized using previously reported conditions.
P(DOT)-B was synthesized using oxidative polymerization, while all
other polymers were synthesized using direct arylation polymer-
ization. GPC traces of all polymers are reported in Figure 5 and
Figure S8. Full characterization (NMR, elemental analysis, etc.) can
be found in the citations for each polymer.

To prepare the films, P(DOT)-B, P(ProDOT)-B-co-(DOT)-B, and
P(ProDOT)-B were dissolved in toluene; P3HT and P(DOT)-L were
dissolved in CHCl;. For spray-coated films, 4—5 mg/mL solutions
were prepared and stirred overnight. Films were sprayed using an
Iwata-Eclipse HP-BS spray gun, using 20 psi nitrogen or argon as the
carrier gas, while maintaining an approximate distance of ca. 10—15
cm from the substrate. All sprayed films were cast to an optical density
of 1.0 + 0.1. It has been shown that in order to compare the
photostability of different films, materials should be coated to
comparable absorbances.'* For most samples tested, different
polymers were sprayed side by side and encapsulated on the same
glass slide to ensure that irradiation results occurred in the same
encapsulated environment. For drop-casting, 20—30 mg/mL polymer
solutions were prepared and stirred overnight. Films were then
prepared by depositing 5 mg on glass microscope slides in 100 uL
aliquots using a micropipette. Afterward, a film was also spray-coated
on the same slide next to the drop-cast film to an optical density
between 0.5 and 1; the absorption spectrum of the sprayed film could
then be monitored to verify how well the cell was encapsulated since
the drop-cast film is too thick to easily monitor using spectroscopic
techniques. Films that were evaluated using X-ray photoelectron
spectroscopy (XPS) were spray-coated onto glass slides, whereas films
that were evaluated using size-exclusion chromatography (SEC) or
nuclear magnetic resonance (NMR) were drop-cast on glass to obtain
enough material (ca. S mg) for analysis. Finally, films that were
evaluated electrochemically were spray-coated on ITO/glass (Delta
Technologies, 8—12 ohm/sq) and tested in an electrolyte solution
consisting of 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPFq, purified by recrystallization from hot ethanol) dissolved
in propylene carbonate (PC), using a Pt flag as a counter electrode
and a Ag/AgCl as the reference electrode (calibrated vs Fc/Fc*, E, ), =
0.40V). SEC of all polymers was measured in CHCl, vs polystyrene at
40 °C.

Sample Encapsulation. A schematic of the encapsulated cell and
accompanying photographs are shown in Figure S2. After coating, the
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films were placed under vacuum (107 Torr) for at least 1 h before
bringing them into a glovebox (O, < 50 ppm; H,O = 0.5 ppm). A 0.5
mm-thick ADCO polyisobutylene edge sealant gasket, at least 2 mm
wide, was applied around the edge of the substrate and a glass
microscope slide placed on top to seal the film. ADCO strips should
be placed so that each one is flush against the other and without
overlapping one another. To activate the sealant, the cell was placed
on a hotplate (100—110 °C) for ca. 1—2 min followed by pressing the
cell firmly between the fingertips. The sealant noticeably deformed,
and minimal air bubbles should be observed between the sealant and
the glass. The cell was turned over and placed back on the hotplate
and the heating/pressing procedure repeated two more times to
ensure good encapsulation. The procedure and conditions were
designed to be reproducibly and rigorously sealed to allow accurate
comparisons of samples to be made.

Sample Testing. Cells were irradiated using an Atlas XLS+
Suntest solar simulator, equipped with a 1700 W xenon arc lamp and
a daylight filter operating at 1000 W/m?* (55 W/m? between 300 and
400 nm). The temperature inside the chamber was 35 °C as measured
at the chamber floor by a thermocouple, and 55 °C at a black standard
temperature sensor throughout the test. The cells were taken out
periodically to measure their absorbance spectra using an Ocean
Optics USB 2000+ spectrophotometer. For all optical measurements,
the spectra were blanked vs a cell consisting of either glass/ADCO/
glass or glass/ADCO/ITO/glass. After irradiation, cells were
disassembled and the films were evaluated by cyclic voltammetry
and XPS. Samples for SEC and NMR were prepared by immersing the
films in a vial containing the appropriate solvent (chloroform and
CDCI, for SEC and NMR, respectively) for dissolving the polymer
samples prior to further analysis. More details on the experimental
conditions and instrumentation can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Structural Considerations for Photostable Materials.
The family of dioxythiophene polymers evaluated in this study,
shown in Figure 1, was selected with two key structural motifs
in mind: the first was to examine structures with oxygen atoms
adjacent to the conjugated backbone, and the second was to
study a family of materials with different degrees of twisting
along the backbone. As the main photodegradation pathway in
P3HT starts with H-abstraction at the @-carbon on the alkyl
side chains, strategies to improve photostability have focused
on eliminating this weak point altogether, such as by designing
polymers with thermally cleavable side chains, or electro-
polymerizing subunits with no side chains.""'***** A less
explored approach is to use alkoxy instead of alkyl side chains,
as attaching an oxygen to the aromatic ring can prevent radicals
formed on the alkyl chain from delocalizing into the
conjugated backbone.”'??****! Furthermore, the bond
dissociation energy of the C,—H bond in an alkoxy chain
(i.e., the carbon adjacent the oxygen) is 7—8 kcal/mol higher
than that of the C,—H bond in an alkyl chain (i.e., the carbon
adjacent the aromatic ring), making the homolytic cleavage
along alkoxy chains less energetically favorable.”

Regarding the second design motif, a previous survey of
oligomers and polymers observed that materials with larger
dihedral angles along the conjugated backbone were notably
less photostable than their planar analogs.”*'”** To probe the
relationship between the dihedral angle and photostability
further, all the polymers in this study possess the same
dioxythiophene core, but the degree of backbone twisting is
tuned through the choice of side chains. This allows the trend
in dihedral angles to be inferred from the optical properties of
the polymers, where the more twisted systems would have the
most blue-shifted absorbance spectra and the more planar
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Figure 2. (a) Gas-phase DFT-derived ball-and-stick structures of the four-ring model compounds representing the polymers in this study. (b)
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Figure 3. Evolution of absorbance over 15 days of irradiation for the family of polymers outlined in Figure 1: (a) P(DOT)-L, (b) P(DOT)-B, (c)
P(ProDOT)-B, and (d) P(ProDOT)-B-co-(DOT)-B. At least five samples of each polymer were spray-coated to 1.0 + 0.1 au on glass,
encapsulated, and irradiated; a representative absorbance spectrum for each polymer is shown here. The dashed line serves as a visual guide for how

the peak position evolves during irradiation.

systems would have the most red-shifted spectra. We further
confirmed this trend using gas-phase DFT calculations on
oligomers consisting of four monomer units (Figure 2 and
Figures S3 and S4). From these calculations, we find that the
DOT-L oligomer containing linear side chains has a notably
smaller degree of twisting (avg. 167°, where 180° is the planar
structure with the S atoms of the thiophene rings anti to one
another) than its branched analog DOT-B (avg. 139°). Ball-
and-stick models in Figure 2 and Figure S4 show that in spite
of the size of the linear alkyl chain, they are able to extend
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outward without inducing significant torsional strain. Interest-
ingly, moving the branched side chain further from the
conjugated backbone and placing it on an sp’ hybridized
carbon lead to a highly planar ProDOT-B oligomer (avg.
179°), where the branching point can extend out of the plane
of the backbone to minimize its disruption on backbone
planarity. The ProDOT-DOT-DOT-ProDOT oligomer, which
models the behavior of the copolymer, appears dominated by
the DOT-B subunit, giving rise to large dihedral angles and a
loss of anti-orientation of the thiophenes. These trends are
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relatively well reflected in the absorption spectra of the
polymer thin films in Figure 3. Notably, the spectra of
P(DOT)-L and P(ProDOT)-B are similar both in terms of the
onset of absorption and A,,,,, suggesting that the polymers have
a comparable degree of planarity in the solid state. Similarly,
the copolymer’s onset of absorption and 4, are in between
those of P(DOT)-B and both P(DOT)-L and P(ProDOT)-B,
also suggesting that some degree of planarization is induced in
the solid state.

Probing Spectral Changes vs Irradiation Time.
Monitoring the change in absorbance as a function of
irradiation time is a widespread approach for assessing the
photostability of conjugated polymers where a loss in the
m—m* absorption is often associated with the degradation of
the chromophore. While UV—Vis—NIR spectroscopy does not
provide insights into degradation pathways, or even serve as a
predictor for how film performance is impacted, it is heavily
relied upon for evaluating photodegradation and it is valuable
as a straightforward first approximation of photodegradation.
In Figure 3, we show the UV—vis—NIR spectra of polymers
encapsulated between glass slides under an inert atmosphere
and demonstrate how the absorption profile changes during 15
days of “accelerated testing” (i.e., 15 days in the irradiation
chamber corresponds to 1S weeks of outdoor Florida Sun).
Over these 15 days, we observed a 91% + 6% retention of the
z—n* absorption in P3HT (used here as a control polymer)
and no shifting in the absorption maximum or in the
absorption peak ratios (Figure SS). Among the dioxythiophene
systems studied here, the polymer that displayed the least
change under these irradiation conditions is the n-octyl
functionalized P(DOT)-L, which retains nearly all its
absorbance (98% =+ 2%, Figure 3a) throughout the duration
of the experiments. In contrast, when branching points are
introduced in the alkyl side chains, P(DOT)-B displays a more
rapid loss of the m—z* absorption (86% =+ 11% retained,
Figure 3b) in addition to a hypsochromic shift, suggesting that
the branched carbon motif is more susceptible to photo-
degradation. Moving the side chains away from the backbone
but maintaining the branching point resulted in a small
enhancement of the average absorption retention with
P(ProDOT)-B performing comparably to P3HT, retaining
91% + 8% of its initial absorbance without undergoing a blue-
shift or affecting the peak ratios (Figure 3c). Finally, the
copolymer (P(ProDOT)-B-co-(DOT)-B) containing branched
dialkoxythiophene units on both units again displays not only a
loss of absorbance (80% =+ 13% retained) but also a
hypsochromic shift and a loss of a long-wavelength shoulder
(Figure 3d). This gives further support to the idea that
branched alkyl chains are linked to increased rates of
photodegradation. Furthermore, in DOT-B-containing poly-
mers with alkyl branching points near the conjugated
backbone, the spectral blue-shift and decrease in long-
wavelength absorption during photodegradation suggest that
a change in the effective conjugation length occurs over the
course of irradiation, either due to changes in intermolecular
interactions, twisting along the backbone, or chain scission. As
will be discussed later, our results suggest that the spectral
changes observed in polymers with branching points close to
the backbone are due to increased twisting induced by polymer
crosslinking. In contrast, polymers with linear side chains or
with side chains not directly adjacent to the backbone show a
uniform loss in absorbance that maintains the same absorbance
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profile, indicating minimal conformational changes during
irradiation.

Probing Functional Group Formation and Fragmen-
tation via XPS. While not as widely used as absorption
spectroscopy or FTIR in irradiation studies, XPS provides
quantitative information regarding the ratios and chemical
state of elements on the surface of the films. In the scope of the
degradation mechanisms shown in Figure S1, this would allow
us to evaluate whether the fragmentation of side chains occurs
as we would observe a change in the ratio of elements, such as
carbon to sulfur atoms. While formation of carbonyls or
oxygen attack at the thiophene sulfur is not expected given the
ppm levels of oxygen present during the construction of our
cells, unanticipated pathways for rearrangement may exist via
the oxygen attached to the heterocycle. Additionally, by
verifying the lack of carbonyl or sulfonyl formation, XPS
confirms that external sources of oxygen remained excluded
throughout the experiment.

In Figure 4, we show an example of the XPS signals arising
from the carbon and sulfur peaks for P(DOT)-B before and

unirradiated
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Figure 4. XPS of P(DOT)-B showing the core level spectra of C(1s)
and S(2p) from an unirradiated film and a film irradiated for 15 days.
These films do not display any of the signature increases from
carbonyl or sulfone groups.

after irradiation to determine whether the changes observed in
the absorbance spectrum in Figure 3b are correlated with any
changes in chemical composition. In the unirradiated sample,
the carbon signal is composed primarily of peaks arising from
carbon—carbon bonds (284.8 eV) and carbon—oxygen bonds
(286.5 eV) as well as trace amounts of oxidized carbon peaks
(C=0, 288 eV and O—C=0, 289 eV) from adventitious
carbon, a thin layer of carbonaceous material arising from
exposure of films to the atmosphere. The sulfur peak shows a
doublet pattern arising from the S(2p,/,) and S(2p;;,)
characteristic of the thiophene sulfur (165 eV). The binding
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Figure 5. SEC traces of (a) P(DOT)-L, (b) P(DOT)-B, (c) P(ProDOT)-B, and (d) P(ProDOT)-B-co-(DOT)-B over 15 days of irradiation.

energies where we would expect to observe signs of attack by
oxygen are marked, specifically carbonyl formation (288—289
eV) and sulfur oxygen double bond formation (168 eV). After
1S days of irradiation, we did not observe any signals at these
binding energies, indicating that these side products were not
being formed to any appreciable extent at the surface in any of
the films. Additionally, the elemental ratios remained nearly
the same before and after irradiation. This not only confirms
that our encapsulation process was rigorous, but also rules out
the presence of any side chain fragmentation or loss of sulfur.
Rearrangements involving the oxygens attached to the
heterocycle were not observed and can also be ruled out.
Importantly, these trends were observed in all polymers
studied (Figure S6, Supporting Information).

Probing Crosslinking through the Alkyl Side Chains
Using Size-Exclusion Chromatography and NMR. From
the XPS results, it is clear that reactions that either change the
chemical state, such as reactions involving oxygen, or change
the ratio of elements, such as side chain fragmentation, are not
occurring in the encapsulated films, and these mechanisms
cannot be invoked to explain the loss, and in some cases blue-
shifting, of the 7—7* absorption. We next investigate whether
crosslinking or chain scission is occurring upon irradiation, as
these are reactions that would be difficult, if not impossible, to
detect via XPS. In order to observe these processes, size-
exclusion chromatography (SEC) was used to measure
retention times and provide qualitative information of the
changes in the hydrodynamic volume of pristine/unirradiated
polymers and samples irradiated under an inert atmosphere for
different amounts of time. If crosslinking were occurring, the
polymer hydrodynamic volume would increase and lead to
samples eluting faster and having a shorter retention time.

1046

Alternatively, if samples were undergoing chain scission, longer
retention times would be expected.

Figure S5 shows how the elution pattern of the polymers
evolves over 15 days of irradiation. Importantly, all polymers
with branched chains—most notably P(DOT)-B as well as
P(ProDOT)-B-co-(DOT)-B and to a small extent P-
(ProDOT)-B—all show the growth of a signal at lower
retention times, indicating a higher molecular weight
component being formed, which suggests that crosslinking is
indeed occurring. Qualitatively, we also observed (Figure S7)
that samples containing the branched dialkoxythiophene
(P(DOT)-B and P(ProDOT)-B-co-(DOT)-B) as well as
P(ProDOT)-B irradiated beyond 1S days were no longer
fully soluble in toluene or chloroform, while unirradiated
samples readily dissolved at concentrations greater than S0
mg/mL. P(DOT)-B displays the most complex degradation
pathway, where the retention time increased after brief
irradiation but then decreased, suggesting that both chain
scission and crosslinking ocurred. A similar combination of
both processes had previously been observed for P3HT
irradiated in a chloroform solution to support this
interpretation.'’ In contrast, both P3HT (Figure S8) and
P(DOT)-L bearing linear side chains showed no changes in
retention time through half a month of irradiation, and also
remained fully soluble in chloroform, giving further support to
the absence of crosslinking in these polymers.

As a final technique to understand the degradation pathway,
"H NMR was performed on the polymer with the poorest
photostability, P(ProDOT)-B-co-(DOT)-B (Figure S9). As the
changes were expected to be subtle, the most photodegraded
polymer would best magnify any peak evolution that occurred
during photodegradation. Two important trends stood out:
first, small changes to relative peak intensities as well as new
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temperature following a heat—cool protocol from room temperature to 80—95 °C and then back again to room temperature.

peaks were observed in the alkyl chain region of the spectrum
(1.0 ppm < & < 1.2 ppm), consistent with the observed
degradation arising from crosslinking through the alkyl side
chains. Second, no changes were observed elsewhere,
indicating that the conjugated backbone remains intact during
photodegradation. From the combined XPS, SEC, and NMR
results, we conclude that crosslinking through the alkyl side
chains is the primary degradation pathway in oxygen-free
photoirradiation of dialkoxythiophene polymers, with
branched chains being particularly susceptible, especially as
the branching point moves closer to the conjugated backbone.

Crosslinking as a Fundamental Oxygen-Free Photo-
degradation Pathway. The findings above raise the
following questions: what fundamental oxygen-free photo-
degradation pathways are consistent with the observed results,
and what structural modifications could suppress these
pathways? How do we explain the change in the absorption
profile if the chromophore itself is not compromised? Finally,
what are the consequences of photodegradation on physical
properties? From the mechanisms outlined in Figure S1, we
see that C—H heterolytic bond cleavage occurs in the absence
of oxygen; this radical in turn is capable of reacting with
neighboring chains, especially when branching points are
present, resulting in the crosslinking that we have demon-
strated in these polymers. This points to fundamental
degradation pathways that could not be suppressed even
through the use of improved oxygen/moisture barrier layers.
These results do suggest, however, that replacing branched
chains with linear chains is a promising strategy for improved
photostability. It may also be possible to use a quaternary
branched groups if branching is needed to induce solubility, as
this would also lead to a functionality without a tertiary
hydrogen. Additionally, moving the branching point further
from the conjugated backbone may also reduce the impact of
crosslinking on the backbone conformation. Finally, we note
that when dialkoxy side chains are utilized as solubilizing
chains, no propagation of radicals from side chains into the
heterocycle are observed, which strongly supports the use of
this side chain motif.

Absorbance Changes Arising from Crosslinking and
Ring Twisting. While the changes in absorbance over
prolonged irradiation serve as the first indication that some
form of degradation is occurring, how does crosslinking explain
the changes we see, specifically a loss in absorbance and a blue-
shifting of the spectra? In the literature, while the mechanism
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of degradation during photoirradiation has been the subject of
much investigation for P3HT, the loss in absorbance in
conjugated polymers has not been as well-understood. A few
explanations have been proposed but are not consistent with
the results in this study. For example, pathways involving loss
of conjugation via ring opening or formation of electron-
withdrawing functional groups have involved oxygen, which is
not present in our systems, nor are the chemical signatures of
these pathways observed.” A loss in film thickness has also
been shown to occur in previous studies; however, this
coincided with the fragmentation of side chains, which we
again do not observe here.'®"”

We propose that crosslinking leads to increased twisting
between rings in systems where the branching point is close to
the backbone (namely, P(ProDOT)-B-co-(DOT)-B and P-
(DOT)-B), which directly leads to a blue-shifting of the
spectra due to the disruption of conjugation and thus a loss in
optical density. Crosslinking at branching points further from
the backbone (as with P(ProDOT)-B) is far less disruptive. A
previous study on chemically crosslinked conjugated polymers
also noted that crosslinking close to the backbone leads to
distortions in conjugation and, by extension, a blue shifting of
the absorbance spectrum while crosslinking further from the
backbone leads to minimal disruption.”® To demonstrate that
changes to polymer chain organization alone can impact thin
film absorbance, thermochromism of a P(DOT)-B film was
evaluated, as shown in Figure 6a, where we see that the film
can reversibly undergo similar changes to those observed
during irradiation solely as a function of temperature. As we
heat the sample from room temperature to 80 °C, the
spectrum not only loses intensity but also blue-shifts. In
general, these spectral trends point to an increased conforma-
tional disorder, through a combination of ring-twisting, which
blue-shifts, broadens, and decreases the intensity of the
absorbance, and deaggregation, which also would give rise to
a blue-shifted spectrum. Upon cooling, the original spectrum
and chain conformation are recovered. Demonstrating
reversibility is important as it allows us to attribute these
trends to reversible changes in conformation and not to
irreversible chemical side reactions. In the irradiated films
however, these conformational changes are made permanent
by the crosslinks locking chains into more twisted
conformations.

In contrast, when the side chains are moved further away
from the backbone (e.g., P(ProDOT)-B, Figure 3c), a decrease
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days of irradiation.

in absorbance was observed during irradiation without any
corresponding spectral blue-shift. Building on what was
discussed in the previous paragraph, this behavior would
suggest that subtle conformational changes, locked into place
via a small amount of crosslinking as shown in Figure Sc, are
occurring without chemical degradation of the conjugated
backbone during irradiation. This is supported by the
temperature-dependent absorbance in Figure 6b where we
can induce a small and reversible loss in intensity due to
increases in film disorder upon heating but not enough
disorder to induce spectral blue-shifting. This demonstrates
that when the side chains are not directly adjacent to the
backbone, the polymer chain is less likely to undergo large
conformational changes and also supports the idea that moving
the branching point and inducing crosslinking further from the
backbone help to minimize conformational changes to the
conjugated backbone.

Finally, thermochromism of the copolymer containing both
DOT and ProDOT subunits (P(ProDOT)-B-co-(DOT)-B,
Figure S10) showed nearly identical trends to P(DOT)-B,
where a notable decrease in absorbance intensity occurs upon
heating followed by a blue-shift in the peak. Upon cooling, the
original spectrum is once again re-obtained. This demonstrates
that the thermochromic properties of the copolymer are
dominated by the DOT-B subunit, which continues to induce
large conformational changes in spite of the presence of the
ProDOT subunit.

Impact of Photodegradation on Redox Properties.
We have shown how side chain engineering impacts optical
and conformational properties of the conjugated backbone.
However, changes to the polymer absorbance do not tell the
full story of photodegradation, a relationship that is often
implied in many studies. We emphasize the need to look
further toward the impact of irradiation on the properties
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relevant to the specific applications these materials are
intended for. DOTs and ProDOTs have been extensively
explored as redox-active materials, and by analyzing the cyclic
voltammograms (CVs), we can elucidate what impact
crosslinking through the side chains has on the redox
properties. During electrochemical doping, electron transfer
is initiated by biasing the underlying electrode and occurs at
the polymer/electrode interface. At the same time, counter ion
transport is required for charge neutrality as solvents and
electrolytes move in and out of the polymer film. Upon
oxidation, a geometric reorganization of the polymer chain
must occur to accommodate the charge carriers, and some
degree of swelling is necessary to accommodate charge
balancing ions and solvents. In most cases, ion transport is
regarded as the rate-limiting step during the doping process.
The number of redox peaks observed varies from one polymer
to another and is often attributed to the heterogeneous nature
of polymer films where domains with different extents of inter-
and intramolecular coupling give rise to electrochemically
resolvable populations of chromophores.”* ™’

If the steric interactions induced by crosslinking increase
backbone twisting, this would reduce the degree of the -
orbital overlap between repeat units, leading to an increase in
the oxidation potential. In addition, shifts in peak positions can
be indicative of hindered charge transfer between the polymer
and the electrode, or by counter ion transport limitations
through the film, both of which can be expected to be affected
by crosslinking. By integrating the CV, we can extract the film’s
charge capacity, which is composed primarily of Faradaic
current (i.e., current arising from the electron transfer process)
and also a non-negligible amount of capacitive charging. A loss
in charge capacity is often attributed to the degradation of the
polymer backbone but can also be observed if electrolyte
uptake or electron transfer is severely compromised and
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provides a quantitative measure to compare the films’ redox
activity before and after irradiation.

Figure 7 highlights the effect of irradiation and crosslinking
on the redox behavior of the polymers studied. As expected,
P(DOT)-L, which showed no signs of photodegradation by
any technique, exhibits negligible differences in the redox
response in terms of the onset of oxidation, peak positions,
relative peak current, and charge capacity after 15 days of
irradiation (Figure 7a). In contrast, CVs of irradiated
P(DOT)-B (Figure 7b) contain notable differences compared
to the unirradiated films. We observe a shift in the onset of
oxidation and in the oxidation peak to higher potentials. This
supports the understanding that crosslinks formed induce
backbone twisting, as we discussed in conjunction with Figures
3b and 6a, making the polymer more difficult to oxidize. We
also observe a 33% loss in the charge capacity after irradiation.
This is a greater loss in performance than would be expected
from the optical changes observed during irradiation (i.e., ca.
14% decrease in absorbance and a slight blue-shift) and
indicates that the impact of photoinduced crosslinking is not
uniform across different material properties. Because our
previous data shows that irradiation is not degrading the
conjugated backbone, we believe that the decreased charge
capacity is due to charge transfer and/or ion transport being
negatively impacted by crosslinking, which in turn hinders the
ability to access electroactive sites in irradiated films. The
redox response of P(ProDOT)-B-co-(DOT)-B (Figure S11)
closely resembles that of P(DOT)-B, which is not surprising
given the similarities in their structure and changes observed in
their optical properties as a result of photodegradation (blue-
shift and loss of intensity).

Turning to P(ProDOT)-B, we observe a smaller loss of 19%
in charge capacity after irradiation, as shown in Figure 7c,
which is more in line with the optical changes that we
observed. This is also consistent with the smaller amount of
crosslinking in P(ProDOT)-B (as shown in Figure 5) as well as
having crosslinking sites located further away from the
conjugated backbone, both of which would not significantly
hamper ion transport through the film. Finally, we note that
the onset of oxidation is nearly unchanged after irradiation and
supports our understanding that no significant conformational
changes have occurred.

These results first and foremost affirm our observation that
linear alkoxy chains appended onto polythiophenes afford
robust photostability both in terms of chemical stability and in
retaining the polymer’s electrooptical properties. Furthermore,
it supports the motivation to move branched side chains
further from the conjugated backbone in order to decouple the
changes happening at the side chains from impacting the
dioxythiophene core and conjugated backbone. Finally, these
results demonstrate how photoinduced crosslinking can have a
more profound impact on some properties, (such as charge
capacity) than others (such as optical properties), necessitating
a thorough evaluation of materials’ properties to gain a
complete picture of how photoirradiation affects not just the
chemical structure, but also how the polymer interacts with its
environment.

B CONCLUSIONS

Photoirradiation with AM 1.0 light under an inert atmosphere
of a family of dioxythiophene polymers has shed light on the
role of various structural motifs in photodegradation. Under
proper encapsulation and in the absence of oxygen, chemical
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degradation of the conjugated backbone does not occur to any
appreciable extent. The differences in the rate of photo-
degradation observed in the polymers studied here are instead
dependent on differences in side chain design, with the
following structure—property relationships established based
on our results. First and foremost, linear chain alkoxy
functionalized XDOTs exhibit no loss in performance during
irradiation in the absence of oxygen. Second, mechanistically,
hydrogen atom abstraction on the side chain followed by
crosslinking is the fundamental degradation pathway occurring
in the absence of oxygen. Third, alkoxy side chains have the
potential to offer enhanced photostability superior to P3HT in
the case of linear chains. Fourth, while branched alkoxy chains
are more prone to photodegradation than linear chains, there
are design possibilities that can reduce degradation rates, such
as moving the branching point further from the conjugated
backbone. We believe these results offer design guidelines
applicable to the broader conjugated materials community,
motivating the use of linear alkoxy side chains as well as
minimizing the amount of tertiary hydrogen sites. Further
probing of how branching point distance from the backbone
impacts photostability will be necessary to optimize the design
of branched substituents. In addition to informing design, it is
equally important to note that demonstrating absorption loss
during irradiation does not always result from chemical
degradation of the conjugated backbone, but it can be
accounted for by torsional strain locked into place by
photoinduced crosslinking. Finally, we gain a complete picture
of how the chemical and structural consequences of photo-
degradation impact film performance by evaluating the redox
properties of our materials. In our study, changes in optical
properties during photoirradiation only tell part of the story:
photodegradation that only impacts the conjugated backbone
through subtle changes in order and torsional strain, such as
the photoinduced crosslinking occurring in the side chains of
our systems, will have a small impact on optical properties.
However, these changes play a larger role when evaluating and
comparing the redox behavior of these polymers, as electrolyte
flux in and out of the films (and the swelling/deswelling that
accompanies that) is necessary for achieving reversible
electrochemical doping. As we explore novel structures using
the design motifs developed through this study, the experi-
ments laid out here offer a roadmap for holistically evaluating
their performance and suitability for developing photostable
electrochemical devices.
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