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ABSTRACT: Organic mixed ionic electronic conductors (OMIECs) have the
potential to enable diverse new technologies, ranging from biosensors to flexible
energy storage devices and neuromorphic computing platforms. However, a study of
these materials in their operating state, which convolves both passive and potential-
driven solvent, cation, and anion ingress, is extremely difficult, inhibiting rational
material design. In this report, we present a novel approach to the in situ studies of
the electrochemical switching of a prototypical OMIEC based on oligoethylene
glycol (0EG) substitution of semicrystalline regioregular polythiophene via grazing-
incidence X-ray scattering. By studying the crystal lattice both dry and in contact
with the electrolyte while maintaining potential control, we can directly observe the
evolution of the crystalline domains and their relationship to film performance in an
electrochemically gated transistor. Despite the oEG side-chain enabling bulk
electrolyte uptake, we find that the crystalline regions are relatively hydrophobic,
exhibiting little (less than one water per thiophene) swelling of the undoped polymer, suggesting that the amorphous regions
dominate the reported passive swelling behavior. With applied potential, we observe that the 7—x separation in the crystals contracts
while the lamella spacing increases in a balanced fashion, resulting in a negligible change in the crystal volume. The potential-induced
changes in the crystal structure do not clearly correlate to the electrical performance of the film as an organic electrochemical
transistor, suggesting that the transistor performance is strongly influenced by the amorphous regions of the film.

KEYWORDS: organic electrochemical transistors, organic electronics, organic semiconductors, organic mixed ionic electronic conductors,
in situ diffraction, grazing-incidence wide-angle scattering

B INTRODUCTION intergrain transport is facilitated by amorphous cilia or tie
chains.'>'® The two keys of local order and connectivity give
rise to clear correlations between transport and both crystalline
order and molecular mass.

In contrast to TFTs, where the capacitance of the gate
dielectric and dielectric breakdown typically limit carrier
densities to ~10* cm™, OECTs can often achieve carrier
densities approaching 10*! cm™.> Therefore, their behavior is
often correlated to that of chemically doped films, which have
been studied extensively, particularly in the context of
thermoelectrics.'” One of the most extensively studied OSCs,
both field-gated (TFT) and doped, is regioregular poly-3-
hexylthiophene (P3HT). When operated as a TFT, P3HT
devices typically exhibit a mobility, y, of 107°~107% cm?/(V s).
It is notable that, when highly doped, P3HT exhibits a mobility

Organic mixed ionic electronic conductors (OMIECs) have
the potential to enable diverse new technologies,' ™ ranging
from biosensors”” to flexible energy storage devices”” and
neuromorphic computing platforms.”” As an electronic
element, OMIECs enable organic electrochemical transistors
(OECTs), where, unlike in the conventional field-gated thin-
film transistor (TFT), mobile carriers are induced in the bulk
of the semiconductor and compensated by the ingress of
electrolyte counterions. The vast majority of OMIECs
explored to date are based on polymers with semiconducting
backbones where selectively engineered side chains confer the
desired functionality. The backbone structure is often that of
an established organic semiconductor (OSC) such as
regioregular polythiophene,'® polydiketopyrrolopyrrole,"" and
polynapthalene-diimide.'” For the alkyl side-chain versions of
these polymers, the structure—function relationships are well
understood in terms of the hierarchy of order. In general,
intrachain hopping is most facile and rapid charge transport is
associated with a minimal torsional disorder in the conjugated
backbone,"* which can be achieved by either synthesis (rigid

motifs) or crystal packing.'* For semicrystalline materials,
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of >107! cm?/ (v s).18 This increase in mobility with doping
has been attributed to trap filling in variable range hoping
transport'® or a structural transition in the crystalline domains,
driven by counterion insertion.'” Similar high mobilities
(relative to TFT controls) are reported for OECTs.

The operational state of an OECT differs from a dry TFT
due to direct contact with an electrolyte, which enables solvent
(swelling),” anion,”" and cation®” ingress. These species can
stress/modify the structure in both the crystalline and
amorphous regions of the film. A number of recent reports
highlight the importance of both passive and active (bias-
driven) swelling to both the device performance and cycling
stability.”” > Most of these studies have been limited to
probing the bulk film swelling via a quartz-crystal microbalance
(QCM) due to difficulty in the interrogation of the crystal
lattice in contact with the electrolyte. Many OECT studies
show the effect of ex situ doping via grazing-incidence wide-
angle X-ray scattering (GIWAXS), but dry OMIECs do not
always map well to the real operating conditions.”® This
discrepancy has two origins. First, the lack of an electrolyte
obscures the real operational state. Second, there are time-
dependent relaxation effects after the bias is removed and films
are removed from the solution, especially for n-type materials
but also relevant for p-type materials. Thus, it is critical to
rational material design that in situ/in operando techniques be
developed to characterize OMIECs in contact with the
electrolyte and with active potential application.”’

In situ X-ray scattering of electrified interfaces, under
potential control and in contact with the electrolyte, has an
extensive history for hard X-ray scattering of inorganic
interfaces.”® Typical designs are of a plunger”” or inflatable
window design.”’~>* The key tradeoff in the design of in situ
X-ray scattering cells involves having adequate solution access
to the interface of interest to enable electrochemical switching
(by minimizing series resistance) while reducing the electrolyte
path length to minimize the interference from the amorphous
halo of the (typically aqueous) electrolyte. To effectively study
doping in semicrystalline polymer materials, it is critical to be
able to access the 7— stacking feature, typically at ~#1.7 A™,
and the lamella scattering feature, typically ~0.3 A~ at device-
relevant thicknesses (~100 nm) while in contact with the
electrolyte. Unfortunately, the 7—x feature often lies directly in
the region of water scattering. Here, we highlight recent
designs for in situ X-ray studies of OMIECs. All designs are
based on grazing-incidence configurations due to the weak
scattering by the thin polymer films. Bischak et al. designed an
inverted geometry where the X-ray probes through a thin gold
substrate in contact with the electrolyte on the far side. This
provided potential control and electrolyte contact, but the
unwanted scattering/absorption of the Kapton/gold obscured
access to the 7—x feature.”” Paulsen et al. presented a “cone
cell” that radially limits the extent of the electrolyte (and thus
the path length); however, clear observation of the film 7—x
stacking required film thickness similar to the X-ray beam
height (um) for clear contrast. Recently, a cell based on a
porous (frit) substrate has been presented that allows free X-
ray access to all peaks of interest by allowing direct contact
with the electrolyte only from the bottom of the film.”* The frit
design is conceptually simple but requires humidity control on
the nonelectrolyte film face and transfer of the films from
nonporous substrates and exhibits electrochemical non-
idealities from the stainless steel frit. Similar to the frit design,
studies have been performed with films on top of polymeric

electrolytes'” in a reflection configuration, eliminating electro-
lyte swelling but allowing potential-controlled doping. Each of
these represents a valuable contribution to the field but suffers
certain limitations including a lack of access to the 7—x
scattering feature, a requirement of unusually thick films
(~pm), difficult/abnormal film preparation, or ill-defined
potential.

In this report, we present an approach for in situ studies of
OMIEC films based on a simple modification of a low-angle
blade coater, commonly used for real-time studies of film
formation from a solution.”> We apply it to the study of the
electrochemical doping of poly(3-{[2-(2-methoxyethoxy)-
ethoxy]methyl}thiophene-2,5-diyl) (P3MEEMT, see Figure
1A), a recently introduced semicrystalline polymeric OMIEC,
based on the regioregular polythiophene backbone of P3HT,
distinguished by the presence of hydrophilic oligoethylene
oxide (0EG) side chains. In earlier studies,' P3MEEMT
exhibits a material ﬁgure36 of merit, uC*, where C* is the
volumetric capacitance, of 49 F/(cm V s) in KCl, on par with
ethylene glycol-treated poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate), PEDOT:PSS.*® To
achieve high doping levels, we focus on hexafluorophosphate
(PF¢") as the counterion'”*"*” but complement the study
with the more biologically relevant CI™.

B RESULTS AND DISCUSSION

Figure 1 shows a schematic of our system. Conceptually, it is
similar to a scanning electrochemical cell’® and we refer to it
here as a “rolling drop” electrode. The electrolyte of interest is
trapped between the film (cast on a p++ silicon substrate that
acts as the working electrode) and the blade of a low-angle
blade coater.’ The underside of the glass blade is silver-coated
and converted to Ag/AgCl by exposure to bleach to serve as
both the counter- and quasi-reference in a two-electrode
configuration. Thus, the application of the desired potential
across the film is nominally identical to the conditions of
OECT device testing with standard Ag/AgCl pellet gate
electrodes. A typical measurement cycle consists of placing the
drop-covered sample at the position of the incident beam for a
grazing-incidence wide (or small)-angle scattering measure-
ment. Potential is applied and the system is allowed to achieve
a steady state (typically 60—120 s). While the blade is directly
over the X-ray spot, the shadow of the blade on the detector
prevents out-of-plane X-ray measurements (Figure 1A). This is
addressed by translating the blade laterally away from the
measurement spot (Figure 1B) while continuously collecting
scattering patterns (at 10. Hz in this study), allowing access to
a full 77/2 scattering angle. As the blade translates, the meniscus
of the electrolyte passes over the measurement spot, effectively
tuning the electrolyte thickness in time. In practice, this is done
as a kinetic sweep: the drop is translated completely off the X-
ray measurement spot, going from fully hydrated (in contact
with bulk electrolyte) to nominally dry (in contact with room
relative humidity) (Figure 1C). To date, all materials studied
with this method (more than ten different modified organic
semiconductors) are sufficiently hydrophobic that the drop
stays attached to the receding blade and a wetted film is not
created. However, it does require that the film be stable to the
transit of the air—electrolyte interface. We have found that, in
general, polar side-chain polymer films are prone to
delamination from the substrate, but a moderate (75 °C for
20 min) anneal creates adequate adhesion to perform the
rolling drop measurement. Simultaneously, we collect normal-
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Figure 1. A through C: schematic of the operation of the “rolling
drop” electrode, following the dynamic reduction of the electrolyte
layer thickness after establishing a steady state. Two-dimensional
(2D) images are typical wide-angle X-ray scattering patterns. The
blade angle (~5°) has been exaggerated in the schematic. (A) Initial
condition, the blade shadows the out-of-plane scattering. Inset:
structure of PAMEEMT. (B) Early times, the blade no longer shadows
out-of-plane scattering, but significant electrolyte thickness contrib-
utes an amorphous halo to the scattering. (C) Late times, the
meniscus has completely passed the measurement area and the sample
is dry (in contact with room relative humidity).

incidence visible reflectance data as a direct measurement of
both doping state and swelling.

Using this rolling drop configuration, we comprehensively
examine the swelling of the lattice of PAMEEMT. Figure 2A
shows the 2D GIWAXS pattern for high number-average molar
mass (M, 78 kg/mol) PSMEEMT (dispersity, M,,/M,, 1.47),
annealed at 115 °C. These conditions result in textured films
with a bimodal distribution of predominantly face-on lamellar
crystals with highly ordered (relatively sharp) diffraction
features. While the crystal structure of P3MEEMT is not
known, we will adopt a notation consistent with the reported
P2,/c unit cell for P3HT.* Due to the two chains in the unit
cell, the first nonzero z—x diffraction feature is (020). We note
in passing that for films with the c-axis in-plane (as are formed
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Figure 2. (A) Ex situ GIWAXS pattern from P3MEEMT; in-plane
(h00) series and out-of-plane (020) of the face-on material are
labeled. (B) In-plane and out-of-plane sector cut from select stages of
the drop transit through the X-ray beam. Broad scattering at (~1.8
and ~2.8 A7) is due to water.

here, confirmed by ellipsometry Figure S1), the out-of-plane
(020) has no interference from a possible (001), unlike the
commonly observed in-plane feature for edge-on P3HT." We
will adopt the notation of g, where h, k, and [ are Miller
planes indices, when referring to the g-space position of
diffraction features.

We first focus on the changes in the polymer upon exposure
to the electrolyte (passive swelling) in the neutral state. We
have performed complementary studies of the bulk volumetric
swelling via spectroscopic ellipsometry in contact with
controlled relative humidity (RH, Figures S2 and S3) and
liquid water (Figure S4). Nominally, 100% RH results in
~10% thickness swelling, while contact with the liquid results
in ~18% swelling, an example of Schroeder’s paradox.’”"’
Liquid swelling is consistent with values previously reported.'
Figure 2B shows the select diffraction sector cuts from the
time-domain evolution of an undoped film during one kinetic
blade passage, highlighting three peaks of interest: the in-plane
lamella (100), the out-of-plane 7 (020), and the broad water
scattering feature. Full kinetic results are shown in Figure SS.
At early times (Figure 1A), the blade obscures the out-of-plane
scattering pattern. As the blade shadow withdraws and the film
is still in direct electrolyte contact (Figure 1B, red trace in
Figure 2B), the in-plane lamellae are easily visible because they
do not overlap with the amorphous halo of water scattering.
However, the broad water scattering feature obscures the
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(020) peak. By choosing a time when the electrolyte is still
present but thin (green trace in Figure 2B), we can analyze the
peak position while the film is in contact with the electrolyte,
but the peak is strong enough above the background to reliably
analyze its position. Finally, as the blade withdraws to its
furthest extent (millimeters beyond the X-ray measurements
spot), we see a “dry” spectrum (Figure 1C, blue in Figure 2B).
Here, the film is in equilibrium with room humidity, which
gives the strongest GIWAXS peaks but loses the electrolyte
effect as seen by the slight contraction in the (100) direction
(see Figure 3B). By careful choice of the time window
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Figure 3. (A) Detail of the out-of-plane (020) feature vs applied
potential (vs Ag/AgCl, uncorrected) in 0.1 mol/L KPF,. Note the
absence of an isosbestic point. (B) Detail of the in-plane (100) feature
vs applied potential. Colors denote films in contact with the
electrolyte (wet); black lines are films with the electrolyte removed
(room RH). Note both the subtle swelling by hydration and by
doping.

averaged, we can extract the swollen lattice parameters with
high fidelity as well as contrast them with the dry state of the
film. We note that, while the rolling drop is removed from the
measurement region in the retracted position, lateral
conductivity in the film appears sufficient to maintain the
nominally dry, doped state. This is confirmed by studies with
0.1 mol/L KCI as the electrolyte. We found that Cl™-doped
films were unstable, spontaneously dedoping in about 5 min, as
observed by a visible color change and both ex situ
ellipsometry and ex situ GIWAXS (Figure S6). However,
clear evidence of the doped state is observed in both white-
light interferometry (Figure S17) and GIWAXS (Figures S15
and S16) in the rolling drop experiment, with the drop a few
millimeters from the measurement region.

Unlike volumetric swelling, there was no significant
difference in g, swelling in ~100% RH (Figure S7 and
Table S1) or liquid water (Figure 2). In both cases, only a 3—
4% expansion of the lattice is observed. Notably for
P3MEEMT, under all conditions (RH, liquid, and doping
level, see below), there is no distinguishable change in the qgy
associated with the presence of the electrolyte, i.e., there is no
detectable electrolyte swelling of the 7—n stacking. Addition-
ally, there is no significant change in crystalline order, as
reflected in either the diffraction widths or amplitudes,
indicating that the electrolyte does not disrupt or enhance
the existing crystal structure. The change in the g,y of 3—4% is
significantly smaller than the film volumetric swelling (10—
18%), clearly establishing that the majority of the volumetric
expansion occurs in the amorphous regions of the film.
Assuming the P2,/c structure with two chains per unit cell
(four thiophenes) proposed for P3HT,*’ and no changes in the
crystal angles upon swelling, the undoped unit cell volume
increases by ~40 A’ in contact with the electrolyte. This
corresponds to ~1/3 of a water molecule (30 A®) per
monomer. Thus, despite the polarity of the side chains, the
crystalline regions are relatively hydrophobic in the neutral
state. We note that the incompressibility assumption may
underestimate the amount of water in the side chains due to
the conformation flexibility of the side chains.

Next, we present the effect of potential on the lattice, as
shown in Figure 3. This is done as subsequent blade passages
with a different potential for each blade passage. We first focus
on the behavior of gy, As is often observed for doped
P3HT,""*** the qgy is observed to increase, indicating a
contraction of 7—m separation above a critical potential/
induced charge density. As there is no evidence for changes in
the (020) due to electrolyte swelling, here, we analyze films

Table 1. Comparison of Characteristic Diffraction Features upon Hydration and Doping with 0.1 mol/L KPFg at —0.5 V

Relative to Ag/AgCl?

dry (/A7) change (%) wet (q/A7")

(100)

undoped 0.331 £ 0.001 -3+1 0.322 + 0.004
% change -3x1 -2+1
doped 0.322 + 0.001 -2 +1 0.314 + 0.001
(020)

undoped 1.683 + 0.002 0x1 1.684 + 0.002
% change 3+1 3x1
doped 1.758 + 0.002 0+1 1.7587 £ 0.002

dry (FWHM/A™) change (%) wet (FWHM/A™)

0.018 0 0.018
0 0
0.018 0 0.018
0.097 1+4 0.098
2+4 1+4
0.095 2+4 0.097

“Uncertainties are 1 standard deviation based on the covariance matrix of the peak fits.
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with minimal electrolyte interference for high quality, as shown
in Figure 3. There is no clear isosbestic point in the data,
implying that at intermediate potentials (—0.30 V vs Ag/AgCl)
the system evolves as a continuous alloy, not as distinct
undoped and doped phases.”” We note that to maintain a
consistent sign convention between the in situ studies and
OECT device studies (see below), we report all potentials
relative to a Ag/AgCl quasi-reference with the film grounded.
From Figure 3A, it is apparent that there are no significant
changes in either relative (020) crystallinity or crystal size
(coherence length) with doping. Diffraction feature widths
from line fits are presented in Table S2. This is in contrast to
reports of enhanced ordering upon doping of regiorandom
P3HT."" The face-on crystals in these films (annealed at 115
°C) exhibit high levels of order as prepared: the (100)
coherence length, I, = 27/FWHM (FWHM = full width at
half-maximum), can exceed 30 nm, while the (020) I. can
exceed 8 nm; therefore, additional ordering may not be
detectable. Unfortunately, studies of unannealed films, with
lower initial orders, were confounded by delamination.

Figure 3B shows the evolution of the (100). In contrast to
the qg,o contraction, a small ~#3% expansion of the lamella is
observed, again at & —0.3 V. This is in addition to the ~3%
expansion due to the electrolyte, such that the doped, swollen
film expands a total of &5%.

Using the rolling drop electrode, we are able to, at the same
exact location of a single film, characterize four distinct
conditions: undoped vs doped, dry (room relative humidity
~35%) vs in contact with the liquid (wet). In Table 1, we
summarize the behavior of the face on crystals (in-plane
lamella (100) and out-of-plane z—z (020)) for these four
states and the relative changes upon doping and swelling. The
prominent observation in lattice spacing is a sharp contraction
of the 7—7 spacing of 3% at —0.2 V, accompanied by a 2—3%
expansion of the lamella separation, d,oy = 27/9,90. The very
small doping-induced change in the q,o, implies that, contrary
to the ~3% change in the undoped unit cell volume upon
hydration, the volume of the unit cell does not change
significantly upon doping; the small additional (100)
expansion is compensated by the (020) contraction. The dry
film expands immeasurably, while the wet film contracts by 25
A3, as compared with a PF,~ ionic volume of 65 A®.

In Figure 4, we compare the structural metrics (‘hoo and
o) as a function of applied potential with device data from
independently characterized OECTs (see Figures S8—S11).
We use normal-incidence white-light-interferometry recorded
simultaneously with in situ GIWAXS and spectroscopic
ellipsometry recorded contemporaneously with the device
measurements to ensure comparison at the same doping level
(Figures S12 and S13). We find that a nominal 0.1 V offset
must be applied to the in situ GIWAXS potential to agree with
the device data. This shift has been applied to the diffraction
data in Figure 4. We attribute this to trace oxidation of the
polymer depending on casting solution age and not to
differences in the Ag/AgCl reference (pellet vs thin film).
While the z—n spacing is invariant with increased doping
above a threshold, the d,y, appears to relax (deswell) at higher
injected charge densities. This deswelling is also observed for
the out-of-plane (100) (see Figure S14), but it is not observed
in KCI (see Figure S15). However, one cannot achieve as high
as injected charge density in KCl. Similar deswelling at high
charging has been reported for PEDOT:PSS*® and might be
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Figure 4. (A) Hydrated/wet (closed) and dry (open) scattering
magnitude for the q,o (blue) and (B) g, (red) features as a function
of gate bias showing the lamellar expansion (decrease in q,4,) and pi
contraction (increase in gg,o) as the film is oxidized. The line is a
sigmoid-fit guide to the eye. (C) Also shown are the linear mobility,
the normalized transconductance [g L/(Wt)] averaged over eight
devices from OECTs with thickness ranging from 74 to 114 nm and
channel length ranging from 82 to 397 um, and the charge-per-unit
volume from chronocoulometry. The GIWAXS potential has been
corrected as described in the text.

reflective of bipolaron formation, although beam damage of the
highly doped film cannot be excluded.

There have been extensive studies, both ex situ and in situ,
of P3HT doped with either bis(trifluoromethane)sulfonimide,
TESI, or 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane,
F4TCNQ, either by vapor or solvent exchange or with polymer
electrolytes, so effectively “dry.” Common to all studies is a
contraction of the 7—n and expansion of the lamella above
some critical doping/charging level. The work most directly
comparable to the present study is that of Thomas et al.,'” who
used a polymer electrolyte (thus prohibiting electrolyte
swelling) to enable TFSI doping of P3HT. They report a
sharp 4% contraction of (020) at a charge density of &5 X 10*
h/cm® (h = hole) or 95 C/cm?® similar to the ~40 C/cm®
accumulated charge at —0.2 V (corrected), as shown in Figure
4. However, unlike the negligible volumetric swelling observed
with PF,~ in PAMEEMT in the presence of the electrolyte,
TFSI doping results in a 12% expansion of (100) in P3HT and
an ~80 A® increase in the unit cell volume. In the work of
Thomas et al,, the crystal changes (7—7 contraction and (100)
expansion) were attributed to a phase change due to the
ingress of dopant ions above a critical charging density.
Importantly, the crystal structure change is directly correlated
with a steplike increase in film mobility. As discussed in the

https://doi.org/10.1021/acsami.2c06169
ACS Appl. Mater. Interfaces 2022, 14, 29052—29060


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06169/suppl_file/am2c06169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06169/suppl_file/am2c06169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06169/suppl_file/am2c06169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06169/suppl_file/am2c06169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06169/suppl_file/am2c06169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06169/suppl_file/am2c06169_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06169?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c06169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Introduction section, the mobility of polythiophenes generally
increases exponentially with increasing doping levels and
plateaus at charge levels ~5 x 10% h/cm®.*° In Figure 4, it is
clear that, while the crystal morphology changes at a potential
similar to the transistor threshold, the device mobility is still
increasing significantly beyond the saturation of changes in the
crystal structure. This suggests that transport in the
P3MEEMT devices is more influenced by the amorphous
domains, relative to the previous studies of P3HT. We note
that, while PAMEEMT films clearly contain highly oriented
material, GIWAXS does not provide absolute crystallinity.
Thus, the crystal fraction in PSMEEMT may be less than the
typical 50% found in P3HT.*” The evolution of the total film
charge, monotonically increasing throughout the studied
potential range, and the in situ GIWAXS, saturating at
moderate potential, is consistent with the observation of
Thomas et al.'” that doping initially modifies the crystals
(polarons are more stable in the highly ordered material) and
subsequently dopes the amorphous material. Unlike P3HT,
this cannot be confirmed by spectroelectrochemistry, as there
are no distinct features (vibronic progression) attributable to
the crystalline PSMEEMT."’

Figures S15 and S16 show the comparable data for doping in
0.1 mol/L KCl. Consistent with earlier reports of device
threshold shifts,'’ the KCl-doped crystals change at nominally
200 mV deeper potentials. Except for the potential shift, there
are no significant differences in either the hydration- or
doping-induced structural changes between KPF, and KCl
electrolytes. It is notable that there is no significant difference
in the crystal volumetric swelling between PF,~ (Figures 3 and
S14) and CI". In studies of total mass uptake by QCM, " it was
noted that films took up nominally seven water molecules for
each CI” or an “active swelling” of ~#10% by mass in addition
to the passive swelling of ~20%. There is no evidence for
increased electrolyte uptake for the Cl -doped crystalline
material, emphasizing the relatively hydrophobic nature of the
crystals. Similarly, based on QCM,'® PF,~ is a dehydrating
(hydrophobic) ion, leading to mass loss upon doping due to
water ejection from the passively swollen film.'"” Tt is
unambiguous that the crystalline material, whether doped
with CI” or PF¢~, does not exhibit significant “active” or
additional, bias-driven swelling. This is in dramatic contrast to
the bulk of many OMIEC films that are known to swell up to
100% in response to doping” and frame swelling of OECTs as
a complicated effect that varies widely between the amorphous
and crystalline fractions of films. It is also notable that, unlike
the case of TSFI in P3HT (12% expansion of lamella)'’ or
F4TCNQ in P3HT (11% expansion of the lamella),** there is
little (~3% expansion) change in the lamella upon
incorporation of PF,~, in spite of similar ion volumes and
doping levels. This suggests that the (presumed mostly
amorphous) oEG side chains of PSMEEMT may be more
conformationally forgiving and are capable of accommodating
the strain from both the ion volume and the 3% compression
in the 7—n direction more readily than the shorter alkyl of
P3HT. It is interesting to note that for in-plane g,o, the
swelling of the PFs -doped film by the electrolyte is
undetectable; however, this trend is not reflected in the out-
of-plane q,oy (see Figure S14). Whether this is reflective of
confinement in the face-on crystals or spurious correlation in
the subtle data cannot be determined.

B CONCLUSIONS

In this manuscript, we introduce a novel method for observing
the crystal lattice of OMIECs in direct contact with electrolyte
and potential by modifying a commonly used blade coater.
With each blade passage, we interrogate the electrolyte swollen
crystal lattice and the dry lattice at a given potential. Using this
method, we can extract both the hydrated and dry lattice
parameters, both in- and out-of-plane. By performing kinetic
traces at multiple potentials, we can separate the effect of
electrolyte swelling from that of the bias-driven swelling. For
P3MEEMT, we observe minimal (<5%) crystal swelling
compared to the bulk (~20%) swelling of the film, implying
that the electrolyte predominantly resides in the amorphous
content of the film. The doping-induced changes in the crystal
structure, contraction in the 7—7 direction and expansion of
the lamella separation with negligible change in crystal volume,
saturate well before either the total film charge or device
mobility. Overall, this technique provides unique insights into
the swollen structure of OMIECs and has a valuable role in the
suit of characterization techniques that have been developed.

B EXPERIMENTAL SECTION

Material and Film Deposition. Poly(3-{[2-(2-methoxyethoxy)-
ethoxy]methyl}thiophene-2,5-diyl), PAMEEMT, was synthesized as
described previously.'® Based on high-performance liquid chromatog-
raphy in tetrahydrofuran, the number-average molar mass (M,) was
78 kg/mol and the mass-average molar mass (M,,) was 115 kg/mol,
with dispersity, M, /M,, of 1.47. All electrolyte solutions were
prepared with 18 MQ Millipore water. KCI from Sigma and KPFg
provided by Dr. Thomas Moffat were used as received.

All substrates (p++-doped silicon for X-ray diffraction or
ellipsometry, glass for devices) were cleaned by 10 min ultrasonic
agitation in each of chloroform and isopropyl alcohol, followed by
ultraviolet—ozone treatment for 10 min. PSMEEMT was deposited by
blade coating with a custom, low-angle coater described in ref 39. The
blade height was 200 ym, and the blade speed was nominally 40 mm/
s. The substrate temperature was 30 °C. The blade speed was varied
to produce variable film thicknesses. The solution was 20 mg/mL in
chlorobenzene. The solution was dissolved at S0 °C with stirring and
allowed to cool to room temperature. The typical film thickness was
75 nm.

Organic Electrochemical Devices. OECT devices were
prepared on Au bottom contact devices with nominal channel lengths
of 100, 200, 300, or 400 um and channel widths of 1 mm, created by
vapor deposition through a shadow mask on a glass substrate.
Nominally, 50 nm of Au was deposited on a 10 nm Cr adhesion layer.
After deposition of the polymer film, excess material was removed by
manual scrubbing to limit the material to the nominal channel region.
A polydimethylsiloxane well was adhered to the chip and filled with
~350 pL of electrolyte. A Ag/AgCl pellet electrode was used as the
gate. A Keithley 2632 dual-channel source meter was used to record
the gate and drain currents as a function of gate and source potentials.
#C* and Vth were obtained from the saturation characteristics of the
numerically computed transconductance

_ g

Wt
= = uC*—(Vth - v,
d Vi = ( o)

where I, is the drain current, Vg is the gate potential, Vth is the
threshold voltage, C* is the volumetric capacitance, 4 is the mobility,
W is the channel width, t is the film thickness, and L is the channel
length. The film thickness was determined by spectroscopic
ellipsometry (in the dry state) and the channel dimensions were
determined by optical microscopy, for each device.

In the linear regime, the channel current is given by

Wt
I = pp TVDS
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where p is the charge in the channel and Vpq is the applied voltage.
Linear mobilities were extracted from the gate-current-corrected, low-
Vps region of output curves at Vgg > 0.2 V.

Chronocoulometry. The charge density in the film was
determined by integrated chronocoulometry based on measured
film area following the procedures of ref 37.

Grazing-Incidence Wide-Angle X-ray scattering (GIWAXS).
GIWAXS was performed at the 11-BM CMS beamline at NSLS-II. A
beam energy of 13.5 keV was used for all measurements. The sample-
to-detector distance and beam center were determined from a silver
behenate standard. The vertical center was shifted to produce out-of-
plane (h00) series with no extrapolated offset. This empirically
corrects for both the shift in the incident pointing vector due to the
standing wave at grazing-incidence and for the refractive index
correction upon exit. Ex situ data was taken with a Pilatus 800K
detector, with the sample in vacuum. In situ data (both rolling drop
and solvent vapor annealing) was taken in air with a Pilatus 300K
detector. Solvent vapor annealing was done in a custom cell, sealed
with Kapton windows, kindly provided by Dr. Ben Ocko. The cell
allowed up to nine samples to be measured in parallel. Water vapor
was controlled by a mixed stream of pure nitrogen and nitrogen
saturated with water vapor via a bubbler. A very large volume bubbler
was used to limit the evaporative cooling of the liquid water. The
relative humidity was recorded by a sensor in the cell and consistent
with vapor flow mixing rates and 100% saturation.

Rolling drop GIWAXS was performed as described in the main
text. Typically, 300 nm of Ag was deposited on a glass slide (blade)
with a 10 nm Cr adhesion layer and converted to Ag/AgCl by
exposure to 4% bleach for 2 min. The blade—sample gap was typically
300 pm, and nominally, S00 #L of electrolyte was dispensed between
the blade and substrate to form the drop. The blade—sample potential
was controlled by an EG&G PAR 363 potentiostat, under analog
control by custom software developed by NSLS-IL

Spectroscopic Ellipsometry (SE). SE was performed with a JA
Woollam Co M2000-D spectroscopic instrument, nominally spanning
200—1700 nm. A custom cell was used for both vapor exposure and
liquid exposure. The long liquid path length limited the wavelength
range to nominally 300—1000 nm. Water vapor was controlled by a
mixed stream of pure nitrogen and nitrogen saturated with water
vapor via a bubbler. Relative humidity was recorded by a sensor in the
cell and consistent with vapor flow mixing rates and an RH of 98—
99% at saturation. CompleteEase software was used to correct for any
birefringence of the cell windows and for analysis. For SVA, a uniaxial
model was fit to the initial, dry film, and then, all subsequent data
were fitted to an EMA mixture of the dry dielectric function and
water, allowing volume fraction and thickness to independently vary.

White-Light Interferometry (WLI). Concurrent with the rolling
drop GIWAXS measurements, WLI was performed at normal
incidence on the same spot on the sample as the diffraction
measurements when the drop had cleared and there was no
obstruction. This provides immediate feedback on the doping of
the film. The custom system is based on a 6 around 1 fiber bundle for
illumination/collection, a deuterium/quartz-tungsten halogen broad-
band source, and a Si diode-array detector. The reflectance spectra,
corrected by reference to the reflection from a native oxide-covered Si
chip, were analyzed by CompleteEase software.
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