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Abstract: Organic mixed ionic-electronic conductors (OMIECs) have emerged as promising
materials for a wide range of next-generation technologies, including bioelectronics and
neuromorphic computing. The performance of these materials depends on the transport of ions
through the polycrystalline polymer matrix as well as how the distribution of ions and polarons in
crystalline and amorphous regions impacts electronic transport. However, it is often challenging
to distinguish whether ions enter crystalline or amorphous regions. In this work, we use steady-
state and time-resolved photoluminescence (PL) spectroelectrochemistry to probe initial ion
insertion in crystaline and amorphous regions of the OMIEC material poly(3-[2-[2-(2-
methoxyethoxy)ethoxylethyl]thiophene -2,5-diyl) (P3MEEET) as a function of applied voltage. We
find that PL spectroelectrochemistry reports on the initial stages of electrochemical doping through
the quenching of PL emission. By distinguishing between amorphous and crystalline contributions
to the PL spectrum, we track ion insertion in crystalline and amorphous regions as a function of
voltage. We find that PL spectroelectrochemistry is much more sensitive to the initial injection of
ions than complementary methods, highlighting its potential as a sensitive tool for interrogating

ion injection in OMIECs.




1. INTRODUCTION

Organic mixed ionic-electronic conductors (OMIECs) are typically semiconducting polymers
with conjugated backbones that facilitate electron transport and side chains that promote ion
mobility.l" This family of materials has drawn considerable interest for applications that leverage
mixed conduction, including bioelectronics,?® biosensors,* neuromorphic computing,’®" and
energy storage.’®® These technologies rely on electrochemical doping, in which electronic charge
carriers are injected into the OMIEC from an underlying electrode, and ions from the adjacent
electrolyte enter the polymer matrix to achieve charge neutrality, forming ion-polaron pairs.
Electrochemical doping is reversible, as reversing the applied bias can return the OMIEC to its

neutral state.

Because OMIECs operate in a liquid environment, traditional techniques established to probe
structural, electronic, and chemical properties of unhydrated conjugated polymer thin films are
insufficient for studying structure-property relationships in OMIECs. Therefore, developing new
methods that probe OMIECs in a liquid electrolyte is critical to elucidating OMIEC operation and
developing new design principles for more efficient devices.['%""! Wu et al. summarized operando
methods for probing OMIECs in a recent review article.'® These methods include optical
spectroelectrochemistry,['>-'%! X-ray and neutron scattering,!'®'"! electrochemical quartz crystal
microbalance (EQCM),['® magnetic resonance spectroscopies,['%2% and various scanning probe
imaging methods.?'-24" Although numerous methods exist to probe OMIECs in situ, these
methods can be challenging to implement and often require custom in situ sample cells.
Additionally, many of these methods are not sensitive to the initial insertion of ions and cannot

distinguish between doping in amorphous versus crystalline regions.

Of the operando methods used to interrogate OMIECs, UV-Vis absorption
spectroelectrochemistry is one of the most widely used. In its neutral state, the absorption

spectrum of p-type OMIECs typically features a single absorption peak from the m-11* electronic
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transition. The intensity of the -1 peak decreases upon electrochemical doping, and new
redshifted absorption peaks appear due to polaron and bipolaron formation.['225261 Qther
operando spectroelectrochemistry approaches, such as Raman spectroscopy,['327-29 transient
absorption spectroscopy,'*3°-%2 and terahertz (THz) spectroscopy!’® have been used to
interrogate ion injection in OMIECs. The structural, chemical, and spectral resolution of these
tools has been crucial to fundamental studies of doping processes in OMIECs; however, these
techniques respond to changes in the material due to the inclusion of a large number of ions. To
understand the earliest stages of doping, it is necessary to employ a probe that is highly
responsive, with a low background and a robust output that encodes structurally-specific
signatures; moreover, for its widespread application, a simple and low-cost instrument would be
desirable. The strong dependence of charge transport on the microstructure of polymer films has
long been established in traditional conjugated polymer applications;®*34 however, the optimal
balance between ordered and disordered components in OMIECs is a matter of debate. Thus, a
simple technique capable of detecting early doping in a structurally-sensitive manner would prove

useful to the field and expand the reach of operando structure-property studies.

Photoluminescence (PL) spectroelectrochemistry is a promising approach to probe the initial
stages of ion injection in OMIECs and differentiate between doping in amorphous versus
crystalline regions. Previous investigations of the PL emission of conjugated polymers show that
dopants serve as trap sites for photogenerated excitons and suppress radiative
recombination.’®>3¢! Because excitons migrate within the polymer matrix, a single dopant can
quench exciton emission from a large area.”! For instance, in polythiophene films doped with
0.06 CIO4 per monomer, Hayashi et al. showed that the 1T-11* absorption peak intensity decreases
by only 15%. In comparison, the PL intensity decreases by a much larger amount (i.e. 95%
compared to that of an undoped film),®® indicating the sensitivity of PL emission to low dopant

densities. PL spectroscopy has also been used to characterize organic field effect transistors



(OFETs)®% and light-emitting electrochemical cells (LECs).%4% Holt et al. studied changes in the
PL of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and determined
that the PL was fully quenched 0.15 V before any color changes occurred within the polymer.
They attributed the sensitivity of PL spectra to the ability of a single dopant to quench an entire
polymer chain.*" PL quenching has also been utilized to visualize and quantify the
electrochemical doping front of p-type and n-type doping in LECs.%243 |n addition to steady-state
PL measurements, time-resolved PL (TRPL) has been used to understand how crystallinity
impacts the exciton lifetime of conjugated polymers.*445 Compared to crystalline regions,
amorphous regions have a shorter exciton diffusion length and an increased exciton lifetime.
Another advantage of PL spectroscopy is its ability to distinguish between emission from
amorphous and crystalline regions of conjugated polymer thin films. Spano et al. showed that
aggregated and unaggregated regions of poly(3-hexylthiophene) (P3HT) exhibit different

absorption and PL spectral signatures.647]

One significant challenge to developing efficient OMIEC-based devices is determining where
the ions and polarons reside. Although many previous studies have investigated the location of
ions and polarons in OMIEC materials, a consensus has yet to emerge. For example, separate
studies using different approaches have independently concluded that ions enter amorphous
regions of conjugated polymers,? polarons reside in crystalline regions and ions initially reside
in the boundary between amorphous and crystalline regions,® and that ions and polarons are
colocalized in crystalline regions.['>#°! Determining the location of electronic and ionic species in
OMIECs and how the arrangement of these species impacts charge transport remains a

challenge that requires the development of new in situ methods.

Here, we establish steady-state PL and TRPL spectroelectrochemistry as methods to probe
electrochemical doping and dedoping in crystalline and amorphous regions of OMIECs. We focus

on poly(3-[2-(2-[2-methoxyethoxy]ethoxy)ethyl]thiophene-2,5-diyl) (P3MEEET), a conjugated



polymer OMIEC with a thiophene backbone and oligioglycol side chains that has emerged as a
prototypical OMIEC material that exhibits relatively high performance when incorporated in an
organic electrochemical transistor (OECT).5%%" By acquiring PL spectra of P3BMEEET as a
function of voltage and decomposing the PL spectra into contributions from the amorphous and
crystalline regions, we find that crystalline regions of the polymer are doped first, followed by the
amorphous regions. We also find that PL lifetime is altered at higher doping levels than those
required to observe a response in PL intensity. Furthermore, we compare PL emission intensity
versus applied voltage with established in situ methods that probe ion intercalation in OMIECs.
We find that PL intensity is significantly more sensitive to the very initial injection of ions than
these established methods. Last, we show that PL spectroelectrochemistry reports on irreversible
changes in OMIEC materials upon repeated electrochemical cycling that are not detected by
absorption spectroelectrochemistry. Overall, we establish steady-state PL and TRPL
spectroelectrochemistry as methods that are highly sensitive to the initial steps of electrochemical

doping and that can distinguish between doping in amorphous and crystalline regions.
1. RESULTS AND DISCUSSION

Figure 1A shows a cyclic voltammogram (CV) of a P3MEEET thin film on an indium tin oxide
(ITO) coated glass substrate in 100 mM KCI. The inset shows the chemical structure of PSMEEET,
which has a polythiophene backbone and oligoglycol side chains. The CV shows that the oxidation
or electrochemical doping onset of PSMEEET occurs around 0.1 V followed by an increase in the
current. The oxidation of PBMEEET is reversible, as the CV also shows the subsequent reduction
or electrochemical dedoping upon decreasing the voltage. Figure 1B depicts the normalized
absorption and PL spectra of a P3MEEET thin film. In both the absorption and PL emission
spectra, we observe clear vibronic peaks, indicating that PBMEEET thin films have a high degree
of crystalline content. We confirm the polycrystallinity of PSMEEET by acquiring a GIWAXS

pattern (Figure $1), which shows the characteristic lamellar and 1r-1r stacking peaks typical of



polythiophenes.®? We note that we observe both a disordered -1 stacking peak reminiscent of
regiorandom poly(3-hexylthiophene) (P3HT) and an ordered 11-11 stacking peak similar to that of
regioregular P3HT.5354 We also use atomic force microscopy (AFM) to confirm that the spin
coated P3MEEET thin films are uniform with a surface roughness of 1.2 nm (Figure S2) and a

thickness of 64 = 7 nm.

To benchmark the PL spectroelectrochemistry to a more established method, we initially
perform UV-Vis spectroelectrochemistry. We perform 10 CVs (-0.2 V to 0.6 V at 0.1 V/s) to
acclimate the polymer to the aqueous electrolyte, and we then collect absorption spectra of
P3MEEET as a function of voltage in 100 mM KCI. For the absorption spectra, we initially observe
a T-r* absorption peak centered at 510 nm that decreases in intensity as we increase the voltage
from -0.2 Vt0 0.6 V in 0.04 V steps (Figure 1C). As the 1-17* peak decreases in intensity, a new
redshifted peak centered at 750 nm emerges that corresponds to the formation of polarons in the
P3MEEET matrix. As we decrease the voltage, electrochemical dedoping occurs and we observe
a decrease in the absorption intensity of the polaron peak back to the baseline and an increase

in the absorption intensity of the -1 back to its original intensity (Figure 1D).
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Figure 1. Electrochemical, optical, and spectroelectrochemical properties of PSMEEET in 100 mM KCI. A) Cyclic
voltammograms (CVs) of a P3MEEET thin film with an inset showing the molecular structure of P3MEEET. B)
Absorption (blue) and PL (purple) spectra of a PSMEEET thin film. Absorption spectra as a function of voltage during



C) electrochemical doping and D) dedoping normalized to the undoped absorption spectrum. PL spectra as a function
of voltage during E) electrochemical doping and F) dedoping normalized to the initial undoped PL spectrum.

We next measure PL emission spectra as a function of voltage upon electrochemical doping
0-experimental setup. Figure 1E shows PL emission spectra as a function of increasing voltage
under the same conditions as the absorption spectra displayed in Figure 1C (-0.2 V to 0.6 V in
0.04 V steps). As we increase the voltage, the PL emission spectrum decreases in intensity,
indicating quenching of photogenerated excitons in P3MEEET, as observed previously in
conjugated polymers upon doping.536:3841 Upon decreasing the applied voltage and dedoping
the PBMEEET thin film (Figure 1F), we observe a recovery of the PL emission peak. Unlike the
full recovery of the absorption spectrum upon doping and dedoping, the PL spectrum acquired
after cycling returns to approximately 90% of its initial intensity. We conclude that this slight
irreversibility of the PL intensity is due to either irreversible changes in the polymer morphology
or irreversible quenching due to trapped ions in the film upon doping and dedoping rather than
photobleaching, as PL spectra taken before and after an experiment where no other light was
shone on the sample does not show a significant decrease in the PL emission intensity (Figure

s4).

To separate the PL spectrum into its amorphous and crystalline components, we fit each PL
spectrum using a method first described by Spano et al.*¢4"1 We fit the disordered component of
the PL spectrum to a single Gaussian and we fit the crystalline component of the PL emission to
a normalized Franck-Condon progression. Figure 2A-D shows examples of these fits at different
doping levels. To achieve these fits, the unaggregated or disordered component was modeled as

a simple Gaussian (Equation 1):

(hv—Eg)?
G(hv)=e 250 (1)

where G(hv) is the PL emission from amorphous regions of the polymer film, hv is the photon

energy in eV, E; is the center wavelength of the Gaussian in eV, and S, is the Gaussian width in

7



eV. We note that the spectral component that we assign to the disordered region closely matches
the PL spectrum of PSMEEET dissolved in chloroform (0.01 mg/mL) (Figure S5). The PL emission
that corresponds to the crystalline regions was modeled by a normalized Franck-Condon

progression (Equation 2):

_(hv—Eo—nEp)2

6 -S
Sn 20-2
FC(hv) = Z ¢ ¢ (2)
n=0

n! . o
where FC(hv) is the PL emission for crystalline regions of the polymer film, S is the Huang-Rhys
factor, o is the width in eV of each transition, E, is the vertical transition line, and E, is the phonon

energy. Summing together Equation 1 and Equation 2 gives a model of the PL spectra at all

doping levels (Equation 3):

I(hv) =a-G(hv) + ¢ FC(hv) (3)
where I(hv) is the total PL intensity, hv is the photon energy in eV, c is a coefficient representing
the contribution of PL from the crystalline regions, and a is a coefficient representing the
contribution of PL from the amorphous regions. We employ a least-squares regression to
determine the best fits using Equation 3. By using this fit, we decompose the contributions to the
PL emission spectra at each voltage into its amorphous and crystalline contributions. Figure 2E
shows the integrated PL from crystalline regions and Figure 2F shows the integrated PL emission

from amorphous regions as a function of voltage.
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Figure 2. Voltage-dependent PL spectra and decomposition into crystalline and amorphous components. A-D) Overlays
of the acquired PL spectra and fits of the PL spectra at different voltages using the sum of a single Gaussian fit for the
PL from amorphous regions and a Franck-Condon progression for the PL from crystalline domains. E) PL emission
from crystalline regions of PSMEEET as a function of voltage vs. Ag/AgCI. F) PL emission from amorphous regions of
P3MEEET as a function of voltage vs. Ag/AgCl. G) Peak wavelength of the PL from amorphous regions of PSMEEET
as a function of voltage vs. Ag/AgCI. The black and gray dotted lines correspond to the onset of PL quenching from
crystalline and amorphous regions, respectively.

By decomposing the PL emission contributions of the crystalline and amorphous regions of
the OMIEC, we observe that the most crystalline regions dope first followed by the amorphous
regions. This is presumably due to the lower oxidation onset or more shallow HOMO level of the
crystalline regions, which is consistent with prior studies.!'>48) We indicate the onset of quenching
of crystalline and amorphous regions in Figure 2 with black and gray dotted lines, respectively.
We additionally track the maximum of the Gaussian fit of the amorphous PL emission as a function
of voltage to determine how the amorphous regions of PBMEEET dope (Figure 2G). We find that
the peak wavelength shifts from ~640 nm to ~590 nm and then plateaus as we increase the
voltage. We interpret this shift in the peak PL emission wavelength as doping amorphous regions
with progressively deep HOMO levels. The plateau in the wavelength versus voltage as well as
the amorphous PL intensity versus voltage at higher doping potentials indicates that some regions
with relatively low HOMO levels are not capable of doping perhaps due to the low electron

mobilities of these regions.



We also use TRPL to probe the photoluminescence decay of the crystalline and amorphous
regions of PSMEEET. Here, we used a 530 nm excitation source to excite the crystalline regions
of the polymer and a 400 nm excitation source to excite both crystalline and amorphous regions
of the PBMEEET film. Examples of TRPL traces using the 530 nm and 400 nm excitation
wavelengths are depicted in Figure 3A and Figure 3B, respectively. A background PL decay
curve was also collected from the ITO with no PSMEEET coating, the cuvette, and the 100 mM
KCI aqueous electrolyte solution. The background was collected with an integration time of 1200
seconds for the 530 nm excitation and 1000 seconds for the 400 nm excitation, which was

subtracted from the acquired TRPL traces of the P3MEEET thin films.
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Figure 3. Voltage-dependent TRPL lifetimes of PSMEEET in 100 mM KCI. A) A series of TRPL traces using a 530 nm
excitation source to probe changes in PL lifetime in crystalline regions with increased doping levels. B) TRPL traces
using a 400 nm excitation source, showing corresponding changes in PL lifetime in amorphous regions. C) TRPL
lifetimes for the amorphous and crystalline regions of PSMEEET as a function of applied voltage vs. Ag/AgCI. The red
marks indicate where the representative TRPL traces lie on this plot. The black, gray, and red dotted lines correspond
to the onset of PL intensity quenching from crystalline regions, the onset of PL intensity quenching from amorphous
regions, and the onset of the PL lifetime decrease from amorphous regions, respectively.

Because both the amplitudes and lifetimes of the PL decay curves change with voltage, we fit
the decay curves with exponential functions to extract amplitudes and lifetimes as a function of
voltage. In the case of the 530 nm excitation, a sum of two exponential decay functions (Equation
4) was used to fit the decay trace plus a constant value to account for the dark counts (dark counts
were determined by taking the average of the PL intensity counts after they decayed to the

baseline, Figure S6):

t t
IA(t) - ace Tc + aIRFe TIRF + B (4)
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where tis the delay in nanoseconds, a. is the amplitude of the crystalline component, ajrr is the
amplitude of the instrument response function (IRF), and B is the baseline. Further discussion of
the origin of the IRF is included in the Supporting Information. The value for tjrr is 44.5 £ 0.7 ps,
and 7. is the PL lifetime due solely to emission from the crystalline regions of the polymer. The .,
ac, and ajrr values were determined using a least-squares regression of the voltage-dependent
TRPL traces. The calculated values of ac and asrr as a function of voltage vs. Ag/AgCl are depicted
in Figure S7. The value of Tirr was calculated using a least-squares regression of the initial TRPL
trace taken at -0.2 V—before any doping had occurred—and was kept constant from that point

forward.

The value determined for 7. from the measurement with an excitation wavelength of 530 nm
was then used in a tri-exponential function (Equation 5) to fit the PL decay traces collected with

400 nm excitation:

t t t
Ig(t) =aze Ta+ace Tc+appe TIRF+ B (®)

where t is the delay in nanoseconds, 7, is the PL lifetime due to emission from the amorphous
regions of the polymer, a, is the amplitude of the exponential corresponding to the amorphous
regions of the polymer, ac is the amplitude of the exponential corresponding to the crystalline
regions of the polymer, airr is the amplitude of the IRF, and B is the baseline. The t,, a,, ac, and
airr values were then calculated using a least-squares regression, with a 7/rF set at 57 + 2 ps.
The calculated values of a,, ac, and arr as a function of voltage (vs. Ag/AgCl) are depicted in
Figure S8. Figure 3C shows 1, and t. as a function of voltage (vs. Ag/AgCl). A gap in the
calculated values for 7. is present because the PL signal from crystalline regions decays
dramatically and becomes negligible at these doping levels. When there was no value to input for
7c in Equation 5, a. was assumed to be zero, essentially changing the triexponential function to a

biexponential function similar to Equation 4.
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When exciting the crystalline regions of PSMEEET, we find that the PL lifetime of PSMEEET
remains constant at ~0.3 ns as we increase the voltage from -0.2 to 0.32 V (vs. Ag/AgCl). At 0.32
V, the PL signal decreases significantly, and we are no longer able to fit a PL decay (Figure S8).
The amplitude of the PL decay curve recovers upon dedoping at 0.32 V and the PL lifetime again
plateaus at ~0.3 ns. The PL lifetime of the amorphous regions plateaus at approximately 0.8 ns
and then decreases at 0.32 V. The PL lifetime then recovers back to its original lifetime of
approximately 0.8 ns at 0.32 V. The observed decrease in PL lifetime of the amorphous regions
is not only caused by the large structural and electrochemical changes that alter chromophore
properties as a result of inserting a substantial amount of ions into the polymer film, but also report
on the properties of a subpopulation of chromophores that is not quenched. As mentioned earlier,
this incomplete PL quenching of the amorphous regions may be due to low electronic mobility in
those parts of the film.

In comparing the PL lifetimes and the steady-state PL intensities as a function of voltage, we
find that the PL intensities are much more sensitive to electrochemical doping at low voltages than
the PL lifetimes. Although significant quenching of the PL intensity occurs at relatively low
voltages, we observe no change in the PL lifetime from the crystalline regions of the PSMEEET
film. Furthermore, the change in lifetime of the amorphous regions of the P3MEEET film occurs
0.20 V higher than the onset of PL quenching of amorphous regions of the film.

To benchmark PL emission to other established methods that interrogate ion insertion in
OMIECs, we perform four correlated in situ measurements as a function of voltage vs. Ag/AgCl.
Figure 4A shows the integrated -1 and polaron absorption intensities as a function of voltage
from the UV-Vis spectroelectrochemistry spectra shown in Figure 1. We observe the
characteristic reversible decrease in the -11* absorption feature and an increase in the polaron
feature. The ion density obtained through chronoamperometry follows a similar trend as the
polaron absorption (Figure 4B and Figure S9) and the change in mass obtained with EQCM
shows a slight initial decrease in mass followed by a large reversible increase (Figure 4C and
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Figure S$10). Last, by using in situ GIWAXS with a frit-based electrochemical cell (Figure $11),*°
we observe a reversible increase of the lamellar spacing as a function of voltage vs. Ag/AgCI
(Figure 4D and Figures S12-8S13). Overall, the initial changes in the T7-1m* and polaron absorption
intensities, ion density, polymer mass, and lamellar spacing occur at approximately the same

voltage of 0.2 V vs. Ag/AgCl.
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Figure 4. Correlated in situ methods for interrogating ion insertion in P3MEEET as a function of voltage. A) Integrated
m-1m* and polaron absorption. B) lon density measured with chronoamperometry. C) Mass changes measured via
EQCM. Each measurement was replicated on three different PSMEEET thin film samples with error bars representing
a 95% confidence interval. D) Lamellar spacing of PSMEEET measured using in-situ GIWAXS. Error bars represent a
95% confidence interval of the Gaussian fit of the (300) peak corresponding to the lamellar spacing of PSMEEET. The
black, gray, and red dotted lines correspond to the onset of PL quenching from crystalline regions, the onset of PL
quenching from amorphous regions, and the onset of the PL lifetime decrease from amorphous regions, respectively.

By comparing changes in the four in situ methods in Figure 4 to the changes in PL intensity
and TRPL lifetime, we find that PL intensities are most sensitive to the onset of electrochemical
doping. Specifically, quenching of the PL from crystalline and amorphous regions of PSMEEET
occurs approximately 0.16 V and 0.04 V before changes in absorption, ion density, mass, and
lamellar spacing. Yet, the change in the TRPL lifetime occurs at higher applied voltage than the

in situ methods depicted in Figure 4. Overall, by comparing PL intensity and TRPL lifetimes to
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other established methods that probe ion injection in OMIECs, we find that changes in PL intensity
are most sensitive to electrochemical doping, while TRPL lifetimes are only sensitive to much
higher doping levels.

To demonstrate that PL spectroelectrochemistry is a general tool for probing initial ion injection
in crystalline and amorphous regions of OMIEC conjugated polymers, we acquired PL emission
and absorption spectra as a function of voltage for two additional OMIECs, poly(3-[2-(2-
methoxyethoxy)ethoxy]methylthiophene-2,5-diyl) (P3MEEMT) and poly(3-[4-carboxybutyl]
thiophene-2,5-diyl) (P3CBT) (Figure S14 A-B). The PL spectra for PSMEEMT and P3CBT also
quench as a function of voltage vs. Ag/AgCI (Figure S14 C-F). In comparing the PL emission and
absorption spectroelectrochemistry measurements of both of these polymers, we find that PL
emission is more sensitive to the initial steps of electrochemical doping compared to absorption
spectroelectrochemistry. Furthermore, PL spectra of both PSMEEMT and P3CBT do not show the
obvious separation of amorphous and crystalline regions present in P3MEEET. Therefore, rather
than fitting each PL spectrum to crystalline and amorphous components, we integrate the high
energy and low energy ends of the PL spectra and plot them as a function of voltage vs. Ag/AgClI
(Figure S14 G-H). For both polymers, we find that quenching of the lower energy end of the PL
spectrum occurs more steeply as a function of voltage than the higher energy ends of the spectra,
indicating that ordered regions are doping before amorphous regions. We also find that ordered
regions of these polymers dope more completely, while the disordered component still exhibits

PL emission after the emission plateaus.
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Figure 5. PL and absorption of PBMEEET upon CV cycling. A-C) PL spectra over 60 CV cycles over voltage windows
of-0.2t0 0.4V, -0.21t0 0.6 V, and -0.2 to 0.8 V, respectively. D-F) Corresponding changes in absorption under the same
conditions. G) Normalized PL and H) normalized absorption as a function of the number of CV cycles.

Last, we show that PL spectroelectrochemistry is a sensitive probe of irreversible changes in
the OMIEC upon repeated cycling. We performed 60 CVs of P3BMEEET over three different
voltage ranges, a low range (-0.2 V to 0.4 V), a medium range (-0.2 V to 0.6 V), and a high range
(-0.2 V to 0.8 V), and collected a PL emission spectrum every 3 CVs upon dedoping. Examples
of each of these CVs are depicted in Figure S$15, which shows more significant changes occurring
as the voltage range is increased. Figures 5A-C show examples of the series of PL spectra for
each of the different voltage ranges. After 60 CV cycles were completed, the PL of the low-range
CVs (-0.2 to 0.4 V) decreased on average by 18%, the mid-range (-0.2 to 0.6 V) by 34%, and the
high-range (-0.2 to 0.8 V) by 70% (Figure 5G). We note that the decrease in PL emission intensity
is not due to photobleaching, as each sample was exposed to the same flux regardless of voltage
range and we observe a minimal decrease in PL emission intensity without performing CVs
(Figure S16). We additionally collected absorption spectra over the same three voltage ranges
(Figures 5D-F) and observed little change in the absorption for the low and mid-range voltages.
However, for the high voltage range, the peak absorption intensity of PBMEEET slightly increased
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in intensity by 8% (Figure 5H). These results demonstrate that changes in PL emission may be
more sensitive than changes in absorption to degradation processes or structural transformations

upon repeated doping cycles in OMIECs.

2, CONCLUSIONS

Our work establishes steady-state PL and TRPL spectroelectrochemistry as complementary
techniques that probe photophysical changes in OMIECs in response to electrochemical doping.
We find that steady-state PL spectroelectrochemistry can distinguish between electrochemical
doping of amorphous and crystalline regions of OMIECs, serving as a sensitive indicator of the
initial stages of electrochemical doping. In comparison, TRPL lifetimes remain largely constant at
lower doping levels and only change past a relatively high doping threshold. Furthermore, steady-
state PL intensity is much more sensitive to the initial intercalation of ions than other established
in situ methods that probe ion injection in OMIECs. Steady-state PL emission intensity is also
impacted by changes in the OMIEC upon repeated cycling, and these changes could serve as a
sensitive indicator of degradation mechanisms that are not observed by other methods.

Additionally, compared to more complex in situ methods that probe ion intercalation, such as
in situ GIWAXS and EQCM, acquiring steady-state PL spectra as a function of voltage is relatively
straightforward, requiring only a potentiostat for applying a bias and a PL spectrometer for
recording PL spectra. Overall, PL spectroelectrochemistry offers substantial insights into the
photophysical properties of OMIECs during electrochemical doping. Because PL
spectroelectrochemistry can differentiate between doping in disordered versus crystalline regions
OMIECs, PL studies will aid in creating new design principles for the improvement of OMIEC-
based devices, which may require a balance of disordered and ordered content.

3. EXPERIMENTAL SECTION
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Materials Poly(3-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]thiophene)-2,5-diyl (P3MEEET) was
purchased from Rieke Metals (Lot BLS26-79, Mw = 12,000 g/mol, Pd = 1.6). Poly(3-[2-(2-methoxy
ethoxy)ethoxy]methylthiophene-2,5-diyl) regioregular (P3MEEMT) was purchased from Rieke
Metals (Lot PTL37-15, Mw = 23,000 g/mol, Pd = 2.1). Poly(3-[4-carboxybutyl]thiophene-2,5-diyl)
(P3CBT) was purchased from Rieke Metals (Lot PTL42-45, Mw = 48,000 g/mol, Pd = 2.6).
Potassium chloride (KCI) was purchased from Ward’s Science. Isopropyl alcohol was purchased
from VWR, acetone from Fisher Chemical, chlorobenzene from Sigma-Aldrich, chloroform from

Fisher Chemical, and pyridine from Fisher Chemical.

Preparation of Polymer Solutions All solutions were prepared in an N2 glovebox (LC
Technology Solutions Inc.). P3MEEET and P3MEEMT were dissolved in anhydrous
chlorobenzene in a 3 mL amber vial for a final 20 mg/mL concentration. P3CBT was dissolved in
pyridine in a 3 mL amber vial for a final 20 mg/mL concentration. Polymer solutions were stirred

for 24 hours at 60 °C and filtered through a 0.2 L syringe filter (Acrodisk) before processing.

Preparation of the KCl Aqueous Electrolyte The KCI aqueous electrolyte was prepared using
18.2 MQ water (Millipore Milli-Q Advantage A10) and volumetric glassware to achieve a
concentration of 100 mM. Before each electrochemistry experiment, the KCI electrolyte was

degassed by bubbling N2 for 10 minutes.

Preparation of Polymer Thin Films Glass coated with indium tin oxide (ITO) (MSE Supplies
Inc.) was diced to 0.75 cm x 5 cm as substrates for spectroelectrochemistry measurements. The
substrates were then cleaned in an ultrasonicator for 10 minutes each in a 1% Alconox aqueous
solution (Alconox, Inc.), Milli-Q water, acetone, and isopropyl alcohol. The ITO glass substrates
were dried with N2 and placed in a plasma cleaner (Harrick Basic Plasma Cleaner) on high with
ambient air for 10 minutes before spin-coating. A spin-coater (Ossila) was used to fabricate thin

films on the ITO glass substrates. The polymer samples were prepared using 50 L of solution

17



and spinning at 500 rpm for 5 seconds, then at 1000 rpm for 45 seconds. After spin-coating, the

polymer thin films were annealed on a hotplate at 160 °C for 7 minutes.

Absorption Spectroelectrochemistry Measurements Absorption spectroelectrochemistry
measurements were performed using the Metrohm Autolab PGSTAT302N potentiostat and
Autolab Spectrophotometer UV/Vis/NIR kit. The working electrode was an ITO-coated glass
substrate, the reference electrode was an Ag/AgCl puck electrode (A-M Systems), and the
counter electrode was a Pt mesh (Millipore Sigma). P3MEEET was equilibrated at -0.2 V for 30
seconds, followed by ten cyclic voltammetry cycles from -0.2 to 0.6 V at a scan rate of 0.1 V*s™
for each sample measurement. The sample was then equilibrated for 30 seconds, followed by a
potentiostatic voltage ramp. The ramp used the specified range, with 0.04 V steps. Upon reaching
the highest voltage of the specified range, the ramp was reversed back down to the initial voltage.
Each step was held for 6 seconds, during which steady-state absorption measurements were

collected with the NOVA 2.1.5 program, and the data was processed in MATLAB.°¢]

Photoluminescence Spectroelectrochemistry Measurements Photoluminescence
spectroelectrochemistry measurements were performed using the PalmSens4 potentiostat to
control the electrochemical cell, the Ocean Optics QE65 Pro spectrometer for light detection, and
a 405 nm LED (Thorlabs, M405L4) as the excitation source, using a 405 nm bandpass filter
(Thorlabs) and a 450 nm long pass filter (Thorlabs) (Figure S3). The voltage ranges utilized for
this experiment were -0.2 to 0.6 V for P3MEEET, -0.05 to 0.75 V for PSMEEMT, and -0.5t0 0.3 V
for P3CBT. Samples were equilibrated at the lowest voltage of the selected range for 30 seconds,
followed by ten cyclic voltammetry cycles using the polymer specific range at a scan rate of 0.1
V*s! for each sample measurement. The sample was then equilibrated for 30 seconds, followed
by a potentiostatic voltage ramp. The ramp used the specified range, with 0.04 V steps. Upon
reaching the highest voltage of the specified range, the ramp was reversed back down to the

initial voltage. Each step was held for 6 seconds, 1 second with the excitation source off and 5

18



seconds with the excitation on during the acquisition of the steady-state photoluminescence
spectra. The PL spectrum of dilute P3MEEET dissolved in chloroform used the same apparatus,
with an integration time of 5 seconds and no applied bias. Spectra were collected and processed

in MATLAB.%®]

Time-Resolved Photoluminescence Measurements Time-resolved photoluminescence
measurements were performed using a polarization-resolved epifluorescence setup described in
our previous reports.%”! Briefly, the vertically polarized second harmonic of a pulsed Ti-sapphire
laser (Coherent Chameleon Ultra Il, repetition rate of 80 MHz) was used to excite the sample.
Excitation wavelengths of 400 and 530 nm were used to selectively excite different chromophore
populations in the semicrystalline polymer films. Excitation light was directed to the sample using
a long-pass dichroic mirro—when the excitation was set to 400 nm, a dichroic with a 505 nm
cutoff was employed (Thorlabs DMLP505R); when the excitation was set to 530 nm, a dichroic
with a 562 nm cutoff was used (Thorlabs DMLP567). A 75 mm focal length lens was used to focus
the excitation beam and collect the fluorescence emitted from the sample (epifluorescence
configuration). On average, 90 yW power was used for the excitation beams at the sample
position to avoid photodamaging the sample. When using 400 nm excitation, a 500 nm long-pass
filter (Thorlabs FELH0500) was placed in the collection channel to reduce scattered/reflected light
further. The fluorescence signal was split into horizontal and vertical polarization components with
polarizing beam splitters and detected by matched single-photon avalanche detectors
(Microphoton Devices (MPD)). The detector output was routed and recorded with a Time-
Correlated Single Photon Counting (TCSPC) module (Picoquant PHR800 and Picoharp 300).
Thin films of PBMEEET were placed in a 1 cm quartz cuvette with a 3D-printed sample holder to
ensure consistent and stable sample positioning. The sample cell was loaded with ~3 mL of 100
mM KCI aqueous electrolyte solution—enough to cover the polymer film. Openings on the cuvette

top were used to introduce reference (Ag/AgCl) and counter (Pt) electrodes; contact with the ITO
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working electrode was made on the portion of the substrate not submerged in the electrolyte.
Samples were first put through 10 CV cycles, ranging from -0.20 V to 0.60 V at a scan rate of 0.1
V*s™'. The thin film was then electrochemically equilibrated for 20 seconds before recording
signals, starting at -0.20 V, and going up in 0.04 V increments to 0.60 V, then reversing and going
down to -0.20 V in the same increments. Integration times were optimized depending on the
excitation conditions for each sample (100 seconds for 400 nm excitation and 50 seconds for 530
nm excitation of PSMEEET) and were kept constant throughout doping/dedoping cycles. All data
sets were acquired with the instrument resolution set to 16 ps. Raw data was processed in
MATLAB.D® First, the average background signal (before the steep rise) was subtracted from the
data, and the temporal axis was shifted to account for differences in the optical path and electronic
delay of the signal from each polarization channel. Further, to match the signal collection efficiency
of the two polarization channels, we inserted a factor (g) chosen so that the long-time asymptotic
value of the transient fluorescence anisotropy decayed to zero (assuming complete depolarization

in the amorphous channel).

EQCM Measurements EQCM measurements were performed using a Stanford QCM2000 5 MHz
Quartz Crystal Microbalance and the Metrohm Autolab PGSTAT302N potentiostat. PSMEEET
samples were equilibrated at -0.2 V for 30 seconds, followed by ten cyclic voltammetry cycles
from -0.2 to 0.6 V at a scan rate of 0.1 V*s™ for each sample measurement. The sample was then
equilibrated for 30 seconds, followed by a potentiostatic voltage ramp. The ramp ranged from
-0.2 to 0.6 V, with 0.04 V steps that were held for 6 seconds. Upon reaching the highest voltage
of the specified range, the ramp was reversed back down to the initial voltage. Voltage, frequency
change, current, and charge as a function of time for the P3MEEET films were collected with the
NOVA program. The resulting data was processed in MATLAB,®! using the Sauerbrey equation

to calculate mass changes from the measured changes in frequency.
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Cyclic Voltammetry Cycling Spectroelectrochemistry Experiments Absorption and
photoluminescence CV cycling spectroelectrochemistry experiments were performed using the
same instrumental setup listed in the absorption and photoluminescence spectroelectrochemistry
measurements. The sample of PBMEEET was equilibrated for this experiment at -0.5 V for 30
seconds, and then an initial absorption spectrum was taken. Then, 60 CVs were run on the
sample, with voltage ranges of -0.2t0 0.4V, -0.2t0 0.6 V, and -0.2 to 0.8 V at a scan rate of 0.1
V*s. Every three CV cycles, the sample was again equilibrated at -0.5 V for 30 seconds before

a spectrum was taken. CVs, absorption, and PL data were processed in MATLAB.5¢!

GIWAXS Measurements /n situ GIWAXS measurements were collected at the Advanced Light
source (ALS) at the Lawrence Berkeley National Labs on beamline 7.3.3.58 A frit cell, composed
of Au-coated silicon porous chip and a 3D printed structure, was devised to measure the lamellar
spacing of PBMEEET in situ (Figure $10). P3BMEEET was first spin coated onto a glass slide,
then floated off of the glass slide into Milli-Q water before being lifted onto the Au-coated silicon
chip. After putting the sample into the helium chamber, PSMEEET samples were equilibrated at -
0.2 V for 30 seconds, followed by ten cyclic voltammetry cycles from -0.2 to 0.6 V at a scan rate
of 0.1 V*s™ for each sample measurement. The sample was then equilibrated for 30 seconds,
followed by a potentiostatic voltage ramp. The ramp ranged from -0.2 to 0.6 V, with 0.08 V steps
that were equilibrated for 10 seconds before taking a measurement, followed by an X-ray
exposure time of 5 seconds. Upon reaching the highest voltage of the specified range, the ramp
was reversed back down to the initial voltage. All diffraction images and data reductions were
processed in Igor Pro using the Nika and WAXSTools software packages,®®¢" followed by further

processing in MATLAB.[5¢

UV-Vis-NIR Measurements UV-Vis-NIR measurements were performed on Perkin Elmer
Lambda 950 UV-Vis-NIR with a wavelength range of 300 to 1000 nm, scan rate of 2 nm*s™, and

a slit size of 2 nm. The thin films were prepared by spin coating 50 uL of PBMEEET ona 0.75 x5
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cm quartz substrate (Ted Pella) at a rate of 500 rpm for 5 seconds, then 1000 rpm for 45 seconds.
A blank quartz substrate was used as a background. Absorbance measurements were processed

in MATLAB.*®]

AFM Measurements Topography and thickness measurements were collected using a Molecular
Vista One Atomic Force Microscope (AFM) and Pt/Ir Tip (Molecular Vista). The PBMEEET thin
films were prepared using the same method for spectroelectrochemical measurements.
Topography images were acquired using a scan rate of 0.1 lines*s™ and an image size of 256 x
256 pixels and 10 um x 10 um. Surface roughness was calculated by taking the root mean square
of the AFM image. The thickness of P3MEEET thin films were determined by scratching the thin
film and measuring the average height difference between the film and the substrate. All images

were processed in SurfaceWorks software (Molecular Vista) and MATLAB.[5¢!
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