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INTRODUCTION

The polyelectrolyte complex of
ethylenedioxythiophene)

Polymer Chemistry:

Influence of the molecular weight and size distribution of PSS on
mixed ionic-electronic transport in PEDOT:PSS

Chun-Yuan Lo,! Yuhang Wu,?Elorm Awuyah, Dilara Meli,® Dan My Nguyen,! Ruiheng Wu,* Bohan
Xu,? Joseph Strzalka,® Jonathan Rivnay,®’ David C. Martin,?® and Laure V. Kayser™?

The commerecially available polyelectrolyte complex poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
is ubiquitous in organic and hybrid electronics. As such, it has often been used as a benchmark material for fundamental
studies and the development of new electronic devices. Yet, most studies on PEDOT:PSS have focused on its electronic
conductivity in dry environments, with less consideration given to its ion transport, coupled ionic-electronic transport, and
charge storage properties in aqueous environments. These properties are essential for applications in bioelectronics
(sensors, actuators), charge storage devices, and electrochromic displays. Importantly, past studies on mixed ionic-electronic
transport in PEDOT:PSS neglected to consider how the molecular structure of PSS affects mixed ionic-electronic transport.
Herein, we therefore investigated the effect of the molecular weight and size distribution of PSS on the electronic properties
and morphology of PEDOT:PSS both in dry and aqueous environments, and overall performance in organic electrochemical
transistors (OECTs). Using reversible addition-fragmentation chain transfer (RAFT) polymerization with two different chain
transfer agents, six PSS samples with monomodal, narrow (P = 1.1) and broad (P = 1.7) size distributions and varying
molecular weights were synthesized and used as matrices for PEDOT. We found that using higher molecular weight of PSS
(M, = 145 kg mol™) and broad dispersity led to OECTs with the highest transconductance (up to 16 mS) and [uC’] values
(~140 F-cm™v-1s71) in PEDOT:PSS, despite having a lower volumetric capacitance (C* = 35 *+ 4 F cm™3). The differences were
best explained by studying the microstructure of the films by atomic force microscopy (AFM). We found that heterogeneities
in the PEDOT:PSS films (interconnected and large PEDOT- and PSS-rich domains) obtained from high molecular weight and
high dispersity PSS led to higher charge mobility (1oecr ~ 4 cm?V-1s72) and hence transconductance. These studies highlight
the importance of considering molecular weight and size distribution in organic mixed ionic-electronic conductor, and could
pave the way to designing high performance organic electronics for biological interfaces.

electrodes,? 7 and thermoelectric materials8 These applications
mostly rely on the electronic conductivity of PEDOT:PSS. But,
poly(3,4- PEDOT:PSS is also a mixed ionic-electronic conductor: it can

and poly(styrene sulfonate) transport both electronic charges (holes) and ions, and exhibits

(PEDOT:PSS), is one of the most commonly used organic charge storage and coupled transport properties. These

conductor because of its high electrical conductivity (over 1000
Scm™! upon secondary doping) and stability as a water

properties expand the utility of PEDOT:PSS to applications
where both transport mechanisms are necessary such as in

dispersion.. 2 Since being first reported in 1988,3 PEDOT:PSS has ~ Patteries® and supercapacitors®, light-emitting electrochemical

been used in a large range of electronic applications including

cells1!, electrochromic windows!?, actuators!3, chemicall4,

R . A i i 15 i i i
antistatic coatings,* hole-conducting interlayers,> 6 transparent biological sensors!>, and organic electrochemical transistors

(OECTs)?*® for sensing and neuromorphic computing.17.18

For most applications, a commercial formulation of

e Department of Chemistry and Biochemistry, University of Delaware, Newark, PEDOT:PSS is used (e.g_' CleviosTM PH 1000, a high Conductivity

Delaware, 19716.

b.pepartment of Materials Science and Engineering, University of Delaware,
Newark, Delaware, 19716.

formulation commercialized by Heraeus) to which additives are
used to achieve the desired electronic properties. These

¢ Department of Materials Science and Engineering, Northwestern University, additives include high boiling, polar solvents such dimethy|

Evanston, lllinois 60208.

9. Department of Chemistry, Northwestern University, Evanston, lllinois 60208.
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sulfoxide (DMSO0),1 20 surfactants such as Triton X-100,21-22 and
sulfuric acid?>-2> which effectively enhance the electronic

f Department of Biomedical Engineering, Northwestern University, Evanston, conductivity.26-2° This enhancement, also coined secondary
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doping, is primarily due to changes in the film morphology of
PEDOT:PSS. Without additives, PEDOT:PSS films exhibit
PEDOT:PSS rich domains dispersed in a PSS matrix.30 With

* Author to whom correspondence should be addressed: Ikayser@udel.edu additives, the morphology changes to a more fibrillar
Electronic Supplementary Information (ESI) available: [details of any microstructure, with more closely interconnected PEDOT
supplementary information available should be included here]. See domains that facilitate hole transport. Studies have also found
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that the morphology, and therefore electronic conductivity, is
also related to the molecular structure of PEDOT:PSS. Fan et al.
compared two commercial formulations of PEDOT:PSS, Clevios
P and Clevios PH 1000.3! They found that the conductivity of
PH 1000 was approximately one order of magnitude higher
than Clevios P after secondary doping. Based on the size
distribution of PEDOT:PSS gel particles in solution, the authors
hypothesized that this increase in conductivity was due to the
higher molecular weight of PEDOT in PH 1000. What leads to
this higher molecular weight PEDOT, however, was not clear
and has not been disclosed by the manufacturer. A possible
explanation could be that a higher molecular weight of PSS
results in the formation of larger gel particles of PEDOT:PSS, and
potentially higher molecular weight of PEDOT. However, Kim et
al. found that PSS samples synthesized by atom-transfer radical
polymerization (ATRP) at lower molecular weights led to
PEDOT:PSS films with higher conductivities (422 S cm~! for PSS
with My, = 33 kg mol?, & = 1.21, versus 325 S cm~! for M, = 58 kg
molt, ©=1.65).32 A similar trend was observed for PSS
synthesized by free radical polymerization with a multimodal
size distribution and D over 2.3. Interestingly, the PSS samples
with low dispersity, synthesized by ATRP, resulted in higher
conductivity for PEDOT:PSS (15-30 % increase) due to higher
degrees of film crystallinity. Overall, it remains unclear how the
molecular weight and distribution of PSS is connected to that
PEDOT. But, these past studies highlight the importance of
controlling the molecular structure and film morphology of
PEDOT:PSS to achieve high electrical conductivity.

While the connection between molecular structure, film
morphology, and electrical conductivity of PEDOT:PSS has been
extensively studied,2® similar structure-property relationships
for mixed ionic-electronic transport remain relatively
underexplored. Rivnay et al. studied the effect of ethylene
glycol (EG) additives on commercial PEDOT:PSS. This additive,
however, led to a significant decrease in the ionic mobility and
a loss of performance in OECT devices with over 10% of EG.33
They also investigated the influence of crystallinity and
composition of PEDOT:PSS films. Post-treatment with sulfuric
acid of PEDOT:PSS enhanced the crystallinity and nanoporosity
and led to 3.6 times larger volumetric capacitance (113 F-cm™3)
than PEDOT:PSS film with the addition of EG.3* Mecerreyes et
al. introduced divinylsulfone as a crosslinker for commercial
PEDOT:PSS to improve the transconductance value and stability
in OECT devices.3> An understanding of the interplay between
electronic transport, ionic transport, and ionic-electronic
coupling, as they relate to film morphology, is therefore
necessary to optimize device performance. All studies on mixed
transport in PEDOT:PSS, however, have been conducted on its
commercial form for which important molecular parameters,
such as molecular weight and dispersity of PSS, are not
disclosed. As previously discussed, these molecular parameters
have strong effects on the electrical conductivity and film
morphology. As such, we hypothesized that they are also
important to consider for applications where PEDOT:PSS is used
as a mixed ionic-electronic conductor.

Herein, we study the effect of the molecular weight and size
distribution of PSS on mixed ionic-electronic transport in
PEDOT:PSS and OECT performance. Using reversible addition-
fragmentation chain transfer (RAFT) polymerization, we
synthesized a series of PSS with varying molecular weights, with

2| J. Name., 2012, 00, 1-3

both narrow and broad size distributions by careful choice of
the chain transfer agent. This approach, inspired by the work of
Anastasaki and coworkers with polystyrene,3¢ provides a simple
strategy to precisely synthesize PSS with varying molecular
weights while maintaining a monomodal size distribution. We
studied the effect of the molecular weight and dispersity of PSS
on the electronic conductivity (with and without secondary
doping) of PEDOT:PSS, its volumetric capacitance, impedance
behavior, and performance and stability in OECTs. To establish
structure-property relationships, we determined the film
composition and morphology by X-ray photoelectron
spectroscopy (XPS), grazing-incidence wide-angle X-ray
scattering (GIWAXS), and atomic force microscopy (AFM). We
found that, unlike in previous studies,32 the dispersity of PSS
(monomodal size distribution) had little effect on the electrical
conductivity under dry conditions. However, heterogeneities in
the PEDOT:PSS films at high dispersity of PSS are responsible for
their superior OECT performance in the presence of an
electrolyte. Our study highlights the importance of considering
the molecular structure of PSS to control the morphology of
PEDOT:PSS, and ultimately enhance mixed ionic-electronic
transport.

RESULTS AND DISCUSSION

Polymerization of PSS with narrow and broad dispersity using
different RAFT chain transfer agents and preparation of PEDOT:PSS.

To study the effect of the molecular weight and size
distribution of PSS on the properties of PEDOT:PSS, we first
needed to establish a synthetic approach that would allow us to
precisely control each parameter without affecting the shape of
the distribution. As the shape of the molecular weight
distribution has been previously shown to affect the rheological
and mechanical properties of polymers,35 we decided to focus
our efforts on monomodal distributions. To obtain narrow and
monomodal D of PSS, controlled radical polymerizations such as
RAFT and atom transfer radical polymerization (ATRP)37’ B of
sodium styrene sulfonate (NaSS) under aqueous conditions
have been well-established.>® In particular, the chain transfer
agent CTA1 (Scheme 1) under RAFT polymerization conditions
was previously shown to lead to dispersity around 1.1.3% 3°
Using CTA1l, we synthesized PSSNa with three different
molecular weights (33, 58, and 145 kg mol-1) and narrow
dispersity (P = 1.1) as confirmed by size exclusion
chromatography (SEC) (Table 1 and Figure 1).

To obtain PSS with a broad molecular weight distribution
while maintaining a monomodal shape, however, is more
challenging. The use of a conventional free radical
polymerization leads to a broad dispersity (£ = 2.3), but the SEC
trace is clearly multimodal.32 Whitfield et al. previously showed that
the molecular weight distribution of polystyrene can remain
monomodal and be precisely tuned from low to high dispersity (~1.1
to 2.1) by mixing RAFT chain transfer agents with different chain-
transfer activity.3® In particular, when CTA2 (Scheme 1) was used as
the sole chain-transfer agent, a dispersity of 2.1 was obtained for
polystyrene. The presence of pyridine on CTA2 deactivated the C=S
bond thereby destabilizing the radical intermediate. Thus, CTA2
leads to a poor control over the polymerization with highly activated
monomers such as styrene and high dispersity of the molecular
weight distribution.38 42 We therefore evaluated the use of CTA2 to

This journal is © The Royal Society of Chemistry 20xx
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obtain PSSNa with a broad dispersity. When high molecular weights
were targeted (58 and 145 kg mol1), the use of 100% CTA2 resulted
in the formation of PSSNa with = 1.7 (PSS 58k-1.7 and PSS 144k-
1.7) (Figure 1b, c). At lower targeted molecular weights, however, a
bimodal distribution was obtained with a much broader dispersity
than expected (PSS 35k-2.3, Figure 1a). To address this problem, we
used a 1:1 mixture of CTA1 and CTA2. By using this combination of
chain-transfer agents, PSS 32k-1.7 was obtained with a monomodal
size distribution shape and a broader dispersity (P = 1.7) than
PSS 33k-1.1 (Figure 1a). As shown in Figure 1, we were able to
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prepare PSS samples with well controlled molecular weights and
monomodal size distributions. Importantly, the maxima of the
distributions and number average molecular weight remain the same
for the narrow and broad dispersity samples. This level of control
over PSS allows us to directly study the effect of PSS dispersity on
mixed ionic-electronic transport in PEDOT:PSS. Six different samples
of PEDOT:PSS were therefore prepared from these PSS polymers,
with a monomodal distribution, using an established oxidative
polymerization procedure (Scheme 1).

monomodal
distribution

6 samples with varying molecular
weight and dispersity of PSS

1)H resin
2) Nazszos \ /]
S0,
O [¢]
PEDOT:PSS

Scheme 1. Synthesis of PEDOT:PSS from poly(styrene sulfonate) with varying molecular weight and size distribution prepared by RAFT

polymerization.

Table 1. Summary of sodium poly(styrene sulfonate) polymers obtained by RAFT polymerization.

Polymera RAFT [RAFTJ:MI:[1] Time  Conv.P M theor® Mp,exp® My, exp*
CTA (h) (%) (kg mol-?) (kg mol-?) (kg mol-?)
PSS 33k-1.1 CTAl 1:190:0.2 16 90 34.9 33.7 38.1 1.1
PSS 35k-2.3 CTA2 1:187:0.2 24 83 31.9 354 82.5 2.3d
PSS 32k-1.7 CTA1+2 1:155:0.2¢ 24 97 31.2 31.7 52.6 1.7¢
PSS 58k-1.1 CTAl 1:316:0.2 24 90 58.9 58.0 62.0 1.1
PSS 58k-1.7 CTA2 1:260:0.2 36 97 52.3 57.8 100.7 1.7
PSS 145k-1.1 CTAl 1:710:0.2 24 95 138.9 145.5 166.9 1.1
PSS 144k-1.7 CTA2 1:730:0.3 48 99 150.6 144.2 243.2 1.7

aExample for PSS 33k-1.1 of the naming convention used in this article: 33k refers to 33 kg mol™, the number average molecular weight of
the PSSNa polymer and 1.1 refers to the B. b Obtained by *H NMR in D,0. ¢ Obtained by size exclusion chromatography (SEC) in water
buffer:methanol 80:20 calibrated against PSSNa standards using a refractive index detector. 4 Exhibits a shoulder at low molecular weights.
¢ Monomodal distribution obtained by mixing CTA1 and CTA2 in a 1:1 ratio.

This journal is © The Royal Society of Chemistry 20xx
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used, the conductivity was slightly lower when PSS had a dispersity
of 1.7 instead of B = 1.1. These observations are consistent with
previous reports on the effect of dispersity of PSS on the conductivity
- 32k-2.3 of PEDOT:PSS.32 This effect was most noticeable for lower molecular
weight PSS (33 kg mol1), as the conductivity was almost doubled in
the low dispersity sample.

Q
I
w
«w
o\
-
-

As PEDOT:PSS is most often used in the presence of additives and
co-solvents, we then studied the same materials with additives
relevant to applications in mixed ionic-electronic conductors. To the
PEDOT:PSS dispersions in water, 5 vol% ethylene glycol (EG), 1 vol%
(3-glycidyloxypropyl)trimethoxysilane  (GOPS), and 0.1 vol%
— 58k-1.1 dodecylbenzenesulfonic acid (DBSA) were added, a combination
often used for OECT studies.*35 Interestingly, we found a reverse
trend for the effect of molecular weight on the conductivity
compared with the neat samples (Figure 2b and S2b). The electrical
conductivity of PEDOT:PSS, with these additives, increased from 18 +
1.1Scm™1to 90 £ 7.6 Scm when PSS increases from 33 to 145 kg
mol-1. In the presence of additives, however, changing the dispersity
of PSS only had a small effect on the electronic conductivity. We
found that the conductivity was slightly lower or within error in
samples with a broad PSS distribution. From these experiments, we
can therefore conclude that the secondary doping effect of
PEDOT:PSS outweighs the PSS dispersity considerations (for
— 145k-1.1 monomodal distributions), but molecular weight is an important
-=- 144k-1.7 factor to consider for electronic conductivity under dry conditions. In

Intensity (a.u.)

Ll I
N I

Fi
L

Intensity (a.u.) O

()

‘;‘ the following sections, we study the electronic properties of
© PEDOT:PSS under aqueous conditions with these same additives. In
S particular, GOPS is necessary as a crosslinker to avoid the re-
5 dispersion of PEDOT:PSS in water.
c
Q
=}
£
a) w/o additives b) w/ EG, GOPS and DBSA
L e 3 100
17 18 19 20 21 22 23 24 — mpH=11
Retention time (min) £ T 80} *
o
0 2 ]
Figure 1. SEC traces of PSS prepared by RAFT polymerization with g 60 =
CTA1 (narrow D) and CTA2 (broad D). (a) M, = 33 kg mol, (b) M, = "§ g
58 kg mol-4, and (c) M, = 145 kg mol-1. ‘3 40| 1
|
31 e Iz
Electronic conductivity of PEDOT:PSS as a function of PSS molecular g 20| = =
weight and dispersity. Q i = =
. . . - . . . = [ ]
Prior to studying the mixed ionic-electronic properties of these six 0 0 ] =
PEDOT:PSS samples in a wet environment, we investigated their 33 58 145 33 58 145

electronic conductivity under dry conditions using a four-point M, (PSS) (kg mol™) M, (PSS) (kg mol™)
probe. As seen in Figure 2a and S2a, a lower molecular weight and
lower dispersity (PEDOT:PSS 33k-1.1) results in the highest
conductivity (2.6 £ 0.1 S cm™t) when PEDOT:PSS is spin-coated neat
(without secondary additives). The conductivity decreases to 1.4 +
0.2Scm™land 1.1 £ 0.1 Scm™! when PSS is 58 kg mol-tand 145 kg
mol! (low dispersity), respectively. Only a small effect of the
dispersity was observed. In general, when no secondary dopant was

Figure 2. Effect of the molecular weight and dispersity of PSS on
the electrical conductivity of PEDOT:PSS as measured by four-
point probe. (a) Neat PEDOT:PSS. (b) With 5 vol% EG, 1 vol%
GOPS, and 0.1 vol% DBSA. Error bars correspond to the standard
deviation from the average of three independently-synthesized
samples.
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Effect of PSS molecular weight and dispersity on the volumetric
capacitance and impedance of PEDOT:PSS.

Next, we studied the electrochemical behavior of PEDOT:PSS in
the presence of an aqueous electrolyte as a function of the molecular
weight and dispersity of PSS. To determine the volumetric
capacitance (C*), a measure of the strength of the ionic-electronic
coupling, we performed cyclic voltammetry (CV) on all the
PEDOT:PSS samples at various film thicknesses (Figure S3). The
voltammograms all display a quasi-rectangular shape, similar to
commercial PEDOT:PSS, indicative of a capacitive charge storage.®
47 To determine the volumetric capacitance for each PEDOT:PSS
sample, the following equation® was used:

E

f
. _ fES I(E)dE
2V(Ef—Es)v

1)

In Equation (1), Erand E; are the finishing and starting potential in
the CV scans, respectively. I(E) is the instantaneous current. V and v
are used to represent the volume (WdL;) of the spin-coated
PEDOT:PSS thin films and the scan rate (0.1 V s1), respectively. The
volumetric capacitance obtained for each PEDOT:PSS sample with
varying molecular weights and dispersity are presented in Figure 3.
At low dispersity of PSS (B =1.1), the volumetric capacitance slightly
increases with the molecular weight of PSS: from 41 £ 6.5 F cm™3
(PEDOT:PSS 33k-1.1) to 48 + 7.1 F cm~3 (PEDOT:PSS 145k-1.1). At
higher dispersity of PSS (P =1.7), no clear trend as a function of
molecular was observed. However, at identical molecular weight of
PSS, the higher dispersity samples all showed a lower volumetric
capacitance than the low dispersity ones. This effect is particularly
significant at high molecular weights of PSS (145 kg mol-) where C*
drops to 31 +5.5 F cm=3 when  =1.7. To summarize, having a higher
molecular weight and low dispersity of PSS lead to a higher charge
storage capacitance in PEDOT:PSS (48 £ 7.1 F cm~3), even slightly
higher than the C* for Clevios PH 1000 (~ 39 F cm™3) with identical
additives reported by Rivnay et al.#-50 PEDOT:PSS samples prepared
from broad dispersity PSS have volumetric capacitance values below

55 m D
opb

1
50| 1

A
4

(L

145

Bp N N
33 58
m_ (PSS) (kg mol™)

Figure 3. Volumetric capacitance (C*) of PEDOT:PSS samples as
a function of the molecular weight and dispersity of PSS. The
error bars represent the standard deviation from the average
value of four independently prepared samples. The dashed line
represents the C*of commercial PEDOT:PSS (Clevios PH 1000) as
reported by Rivnay et al.*®

This journal is © The Royal Society of Chemistry 20xx
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those of the commercial sample, whereas the narrow dispersity
samples provide values slightly above average. These results suggest
that the molecular weight of PSS has little influence on the charge
storage capacitance of PEDOT:PSS, while having a lower dispersity
leads to an increase in C* due to a more efficient ionic-electronic
coupling.

To gain further insights into the electrochemical behavior of
PEDOT:PSS, we performed electrochemical impedance spectroscopy
(EIS) on all the samples. The impedance amplitudes of all samples are
presented in Figure S4. As expected, all PEDOT:PSS samples have a
significantly lower impedance than the bare gold electrode.> 5!
Similar impedance behaviors are observed for all the samples, with
minimal deviations in the high- and low-frequency regimes, which
could possibly be due to differences in contact resistance and
capacitance, respectively.3450-52The Nyquist and Bode plots of all the
samples are also similar (representative Nyquist and Bode plots for
PEDOT:PSS at each molecular weight and dispersity of PSS are shown
in Figures 4 and S4, respectively). The EIS data was fitted to an
equivalent circuit model (Figure 4 inset), including a simplified
Randle’s circuit and a generalized finite-length Warburg element.
This equivalent circuit model has been previously reported for
commercial PEDOT:PSS, and the low x? values (<0.01) for all
samples suggest that the proposed model accurately describes the
behavior of our PEDOT:PSS samples.>3-3> The elements present in the
model consist of Rs, the solution and contact resistance, Cy, the
double-layer capacitance, and R. the charge transfer resistance. In
addition, as the slope of data points in the low-frequency regime is
larger than 1, a generalized finite length Warburg element (Z,) was
selected for simulating ion diffusion into the PEDOT:PSS films.>¢ The
tabulated values for these elements for representative samples are
tabulated in Table S1. By normalizing the values for the Warburg
element for geometric factors in the low frequency regime (0.1 Hz),
where capacitance dominates the impedance behavior, we can
estimate the trends in capacitance behavior as a function of PSS
molecular weight and dispersity (Figure S5). We found similar trends
in the capacitance by EIS as with our CV studies, which further
validates our EIS studies.

350 N PEDOT:PSS:
a —=— 33k-1.1
3.0+ R B 32k-1.7
L AN
5 2 Lo
M A= -1.
g I 2 o— 145k-1.1
:—— 2.0_— A &-- 144k-1.7
N
! 1.5 Ca zn
10- Rs °
0.5 R,
0- ; 1 . 1 ! 1 | ; 1
0 05 10 15 20 25 30 35

1
Z' (kQ)
Figure 4. Representative Nyquist plots for PEDOT:PSS samples with
varying molecular weight and dispersity of PSS (symbols: data from
measurements; lines: fitted data from the equivalent circuit model
shown in the inset).
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Figure 5. Performance of PEDOT:PSS samples in OECTs. (a) Output and (b) transfer curves of PEDOT:PSS 145k-1.1. (c) Transconductance
scaling behaviors of PEDOT:PSS 33k-1.1, PEDOT:PSS 145k-1.1, and PEDOT:PSS 144k-1.7. (The star symbol represents the sample

characterized in Figure 5a and 5b)

Effect of PSS molecular weight and dispersity on the performance
of PEDOT:PSS in OECT.

As shown above, the molecular weight and dispersity of PSS affect
the conductivity and the volumetric capacitance of PEDOT:PSS.
These properties are directly related to the transconductance (g.,),
a figure of merit of organic electrochemical transistors (OECTs).34 57,
58 As such, we were interested in evaluating the influence of the
molecular parameters of PSS on the performance of PEDOT:PSS in
OECTs. To narrow the molecular design space, we chose to focus only
on the three samples which showed the strongest differences in
conductivity and volumetric capacitance: (1) a low molecular weight
and low dispersity PSS (PEDOT:PSS 33k-1.1), (2) a high molecular
weight and low dispersity PSS (PEDOT:PSS 145k-1.1), and (3) a high
molecular weight and high dispersity PSS (PEDOT:PSS 144k-1.7).
OECT devices were fabricated with varying PEDOT:PSS channel
dimensions (W, d, L.) from these three samples (Figure S1), and
output and transfer curves were collected. Examples for these curves
are shown in Figure 5a and 5b, respectively, for PEDOT:PSS 145k-1.1.
These OECT devices, similar to commercial PEDOT:PSS, operate in
depletion mode as seen by the decrease in drain current (Ip) with
increasing gate voltages (V;).>® As previously described, the peak
transconductance (g) scales linearly with Wd Lz (Vyy, — V)4 We
therefore plotted the g, of the selected PEDOT:PSS samples with
varying film thickness and channel width samples as a function of
WdL (Vg — Vi) (Figure 5¢). Each PEDOT:PSS sample follows this
linear trend (RZ > 0.9) with the slope of the fitting line representing
the product of the mobility and volumetric capacitance [uC*], a
figure of merit for mixed ionic-electronic conductors.%° The values of
9m, [UC*], and pogcr measured and calculated from these device
studies are tabulated in Table S2. The nearly overlapped fitted lines
of PEDOT:PSS 33k-1.1 and PEDOT:PSS 145k-1.1 imply that for an
identical dispersity (P =1.1), the molecular weight of PSS does not
influence the OECT performance. Their [uC*] are identical within
error at 31.7+13.9 and 32.2+6.8 F cmVisl, respectively.
However, because C* was slightly lower for PEDOT:PSS 33k-1.1, its
Uogcr is slightly higher, up to 1.17 cm?V-1s71 versus 0.92 cm?V-1s!
for PEDOT:PSS 145k-1.1. Conversely, the dispersity of the PSS has a
strong influence on performance. We found that PEDOT:PSS 144k-
1.7 exhibits the highest OECT performance with transconductance
values up to 16.1 mS and [uC*] of 142.4 + 27.3 F cm'V-1s%, over 4
times higher than those of a low dispersity sample of identical
molecular weight. This result is particularly surprising because
PEDOT:PSS 144k-1.7 had the lowest volumetric capacitance (C*) of
all samples. By calculating ppgcr, we found that this low capacitance
is compensated by a ~ 6 times higher charge mobility in high

6 | J. Name., 2012, 00, 1-3

dispersity PSS (uogcr ~ 4.17 vs. 0.77 cm?V-1s71). Overall, we found
that higher molecular weight and dispersity of PSS in PEDOT:PSS
samples leads to enhanced mixed ionic-electronic transport. Unlike
previous reports on the effect of the size distribution of PSS on the
electronic properties of PEDOT:PSS in a dry state,32 we found that a
broad distribution of PSS is necessary to promote higher charge
mobility under hydrated conditions, but has a detrimental effect on
the ionic-electronic coupling (i.e., decreased volumetric
capacitance).

To rationalize these findings, we characterized the PEDOT:PSS
films for their composition and morphology. First, to explain the
differences in electrical conductivity observed in the dry state as a
function of molecular weight, we used X-ray photoelectron
spectroscopy (XPS) to determine the film composition, in particular
the surface ratio of PSS to PEDOT. While all the PEDOT:PSS samples
were prepared using the same PSS/PEDOT molar ratio (1.9),
differences in surface composition were observed by XPS. As
previously established,5! the PSS/PEDOT ratio can be determined by
analyzing the S(2p) signals on the XPS. Signals between 167 and 172
eV are indicative of the sulfur binding energy in PSS while those
between 162 and 167 eV are attributed to the sulfur in PEDOT
(Figure 6a).52 The area ratio of the S(2p) peaks can therefore be used
to estimate the relative composition of PSS to PEDOT at the
surface.?® We studied the PSS/PEDOT ratio of all six PEDOT:PSS
samples with varying molecular weight and dispersity of PSS
(Figure 6b). We focused our studies on PEDOT:PSS with EG, GOPS,
and DBSA as these conditions are more relevant to mixed ionic-
electronic conduction experiments under aqueous conditions. We
found that the PSS/PEDOT ratio barely decreased from 3.12 to 3.10
to 2.83 with increasing molecular weight of PSS (33, 58, and 145 kg
mol-1, respectively) at low dispersity. At higher dispersity of PSS, no
particular trends could be extracted from the XPS data. The larger
error bars for & =1.7 may be indicative of heterogeneities in the
PEDOT:PSS films with largely phase separated PEDOT- and PSS-rich
domains. These observations are consistent with our
abovementioned experiments showing that the conductivity of
PEDOT:PSS is weakly dependent on the molecular weight of the PSS
but is essentially independent of its dispersity. They are also in
agreement with previous reports which show that higher electronic
conductivity is obtained at lower ratios of PSS/PEDOT.54

This journal is © The Royal Society of Chemistry 20xx
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To gain more insights into the effect of the molecular weight and
size distribution of PSS on the crystallinity and packing of PEDOT:PSS, a
we performed grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements. As seen in the 2-D GIWAXS patterns
(Figure S6), lamellar stacks were primarily oriented out-of-plane
while PSS stacking was largely isotropic. In the 145 kg mol-lsamples
especially, crystallites with out-of-plane m-stack orientation were
predominant. As seen from the linecuts (Figure S7), all samples show
some peaks at 0.25 A% (d = 2.50 nm, lamellar stacking of PEDOT-rich
domains twined in PSS)34 65, 0.6 A-1 (d = 1.05 nm, lamellar structure
stacking of PEDOT:PSS)65, 1.4 A-1 (d = 0.45 nm, PSS amorphous —
halo)sé, and 1.8 A-1 (d = 0.35 nm, n—mt stacking of PEDOT)®’. Though 162 164 166 168 170 172
there appeared to be no clear trends in stacking distances with Binding energy (eV)
molecular weight, for samples of similar molecular weight, the
lamellar spacing decreased for higher . Similarly, differences in the

Intensity (arb.)

(on
N

w
w»

Ratio PSS/PEDOT
N w
1) o

N
o

Figure 6 Analysis of the composition of PEDOT:PSS films. (a)
S(2p) XPS spectra of PEDOT:PSS 145k-1.1 with 5 vol% EG, 1 vol%
GOPS, and 0.1 vol% DBSA. The profiles were fitted with two
symmetric/asymmetric Gaussian-Lorenzian functions. (b) Ratio
of PSS/PEDOT provided by the S(2p) XPS spectra of PEDOT:PSS
film with 5 vol% EG, 1 vol% GOPS, and 0.1 vol% DBSA additives,
as function of the molecular weight and dispersity of PSS

1t stacking distance are within the margin of error for fitting except "H=11
for the low D 145 kg mol-tsample. The 145k-1.7 sample had a t stack aD=17 |
spacing that was ~ 0.2 A smaller than that of 145k-1.1 (Table S3),

which could explain the observed difference in mobility between the

two samples. GIWAXS alone cannot explain the differences obtained

in the OECT measurements. Therefore, atomic force microscopy §
(AFM) was carried out to characterize the surface morphology of the

PEDOT:PSS films without additives (Figure $8) and with EG, GOPS and

DBSA (Figure 7).61 As previously described, the microstructure of

PEDOT:PSS consists of PEDOT-rich domains surrounded by PSS-rich \/ '\f/ \/l
regions.®7-%9 According to Shen et al., the brighter domains on the 33 58 145
AFM phase images (higher phase angle) can be assigned to the Mn (PSS) (kg mol™)
PEDOT-rich regions, whereas darker domains correspond to the

relatively softer PSS-rich regions.”® Without additives, all of the

samples show PEDOT islands of varying sizes from 20 nm to 45 nm

dispersed in PSS (Figure S8). With the exception of PEDOT:PSS 33k-

1.1, which shows some interconnected PEDOT domains, most

samples exhibit mainly isolated PEDOT domains which explains the

relatively low electronic conductivity of the samples without

secondary doping. As expected,’! the addition of EG, GOPS, and

DBSA led to significant changes in the films morphology (Figure 7)

58 kg mol™

30.0°

pes— N . T

Figure 7. AFM phase images of PEDOT:PSS thin films with 5 vol% EG, 1 vol% GOPS, and 0.1 vol% DBSA. (a) PEDOT:PSS 33k-1.1; (b)
PEDOT:PSS 32k-1.7; (c) PEDOT:PSS 58k-1.1; (d) PEDOT:PSS 58k-1.7; (e) PEDOT:PSS 145k-1.1; and (f) PEDOT:PSS 144k-1.7. (scale bar:
125 nm).

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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a) Narrow D

-PEDOT-rich domains
h* holes
@ cations

b) Broad D

PSS-rich domains

@Y ionic-electronic coupling
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Figure 8. Schematic of the proposed interpretation for the difference in OECT performance of PEDOT:PSS based on PSS size distribution
(D). (a) PEDOT:PSS with narrow PSS D. (b) PEDOT:PSS with broad PSS D. The broad dispersity of PSS leads to larger domain sizes making
it easier for holes (white arrow) to transport through the PEDOT-rich domains and cations (black arrow) to transport through the PSS-
rich domains. lonic-electronic coupling (wavy arrows) is lower at broad D due to a reduction in the interfacial area (in red) between

PEDOT- and PSS-rich domains.

with all samples now exhibiting much more interconnected PEDOT
domains. This morphology is consistent with the increase in
conductivity observed in the dry films. To calculate the average
domain size for the PEDOT domains, we performed a 2D-Fourier
transform (2D-FFT) of the AFM phase images and applied a power
spectral density (PSD) analysis (Figure S9 and Table S4) as previously
described.”? 73 We found that higher dispersity of PSS led to larger
PEDOT domain sizes (~32 nm) when compared with low dispersity
PSS (~23 nm). This domain size effect, however, seems largely
independent from the molecular weight of the PSS. This observation
is in agreement with the OECT measurements, showing that at
similar dispersity, [uC*] is independent of the molecular weight of
PSS. The AFM images also confirm data from the XPS showing more
heterogeneity in the PEDOT:PSS films at higher dispersity. This
difference is particularly visible when comparing the two PEDOT:PSS
samples with a high molecular weight, PEDOT:PSS 145k-1.1
(Figure 7e) and PEDOT:PSS 145k-1.7 (Figure 7f). Both samples exhibit
short and irregular elongated features, likely representative of
PEDOT domains. But, with high dispersity PSS (Figure 7f), large
patches of interconnected PSS-rich domains (dark) are clearly visible
which are largely absent at low dispersity (Figure 7e). On one hand,
this phase separation between ionically-conductive PSS domains and
electronically-conductive PEDOT domains (lower interfacial area) is
likely responsible for the slightly reduced ionic-electronic coupling
observed by CV.16 On the other hand, it promotes better charge
transport during the OECT operation (higher pogcr). These
morphological effects are summarized schematically in Figure 8. The
use of broad dispersity PSS (P =1.7) induces an increase in charge
mobility in PEDOT:PSS which compensates for the lower ionic-
electronic coupling, overall allowing us to achieve higher
performance in OECT. We hypothesize that the morphological
features in high dispersity PSS samples result from the presence of
shorter PSS chains in the blend. These shorter chains are potentially
acting as oligomeric plasticizers. During the annealing process, phase
separation from larger PSS chains—containing higher loadings of
PEDOT—could take place, which leads to the heterogeneous
morphology observed. We are currently working on a follow-up

8| J. Name., 2012, 00, 1-3

study to test this hypothesis by purposefully introducing oligomeric
PSS in high molecular weight PEDOT:PSS samples.

Conclusions

Using RAFT polymerization, we have synthesized a series of
PSS with varying molecular weights and monomodal size
distributions. These polymers were then used in the synthesis of
PEDOT:PSS, which were further characterized for their performance
as mixed ionic-electronic conductors. We have demonstrated the
importance of considering the molecular weight and size distribution
of PSS when interested in the electronic properties of PEDOT:PSS
both in the dry state and under aqueous electrochemical conditions.
We found that the electrical conductivity in the dry state of
PEDOT:PSS is most dependent on the molecular weight of PSS,
although the direction of the trend depends on the presence of
secondary additives affecting the film morphology. Unlike past
reports, we did not find a significant effect of the size distribution on
the conductivity when monomodal distributions were maintained for
PSS. This finding highlights the importance of precisely controlling
the shape of the PSS size distribution when looking at dispersity
effects. Conversely, under aqueous electrochemical conditions,
dispersity effects dominated over molecular weight. We found that
the molecular weight of PSS had little influence on mixed ionic-
electronic transport, but increasing the dispersity of PSS led to lower
ionic-electronic coupling and higher charge mobility, overall leading
to higher performance of PEDOT:PSS in organic electrochemical
transistors. The highest mobility-capacitance product [4C*] obtained
was 142 F cm V-1 s for PEDOT:PSS with a molecular weight of 144
kg mol-tand dispersity of 1.7, higher than the previously reported
value for commercial PEDOT:PSS with the same additives (100 F cm-
1V1 1) 34 These results demonstrate a promising route towards
understanding and optimizing organic mixed ionic-electronic
conductors by controlling their size distribution to promote film
heterogeneity. Given the widespread use of PEDOT:PSS, we expect
these results to inspire new design considerations for mixed

This journal is © The Royal Society of Chemistry 20xx
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conductors with applications in bioelectronics, energy storage,
stretchable electronics, and neuromorphic computing.
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