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ABSTRACT: Designing materials that are soft, elastic, and conductive—a complement of lonic
. . .. .. . . . Complexation
properties that are useful in a number of applications such as bio-interfacing—remains a major % w
A
challenge due to the high stiffness of conventional conductive materials. For all-polymer
. . q 0 ST q Super-soft ‘ Conductive
systems, this problem is compounded by the general immiscibility of elastomeric and +)
conducting polymers, resulting in inhomogeneous mixing and poor properties. Here, L K] J

electrostatic interactions are shown to be an effective strategy to compatibilize distinct

Soft, Elastic, Conductive Complex

polymer chemistries and backbone architectures, resulting in homogeneous and multifunctional

polymer complexes that are soft, elastic, and highly conductive. An anionic conjugated polyelectrolyte (CPE) based on
polythiophene was blended with a cationic bottlebrush polyelectrolyte (BPE). The CPE provided electrical conductivity, while the
BPE helped to control the mechanical properties. Strong electrostatic attractions between oppositely charged side chains of the CPE
and BPE suppressed phase separation and the polymers formed a nearly homogeneous charged complex despite marked differences
in their chemistry and architecture. Upon drying of the solvent, the ionic groups act as dynamic crosslinks and the resulting material
behaved as a viscoelastic and reprocessable solid. Once doped with a strong acid, this composite had an electrical conductivity of up
to 0.3 S/cm while maintaining a low tensile modulus (0.2 MPa). These findings highlight the potential of designing advanced
materials with processing and performance advantages through the use of electrostatic interactions to compatibilize polymers.

B INTRODUCTION

Applications such as soft robotics and wearable electronics
create a need for materials with tailored electrical conductivity
combined with mechanical properties that are in a challenging
regime."” For example, the significant difference in mechanical
modulus between conventional conductive materials (E > 108
Pa) and biological tissue (E < 10° Pa) leads to a severe
interfacial mismatch in mechanical behavior.” Geometric
engineering, i.e., utilizing spatial structuring of materials into
meshes, kirigamis, or waves,” ® can be effective in imparting
stretchability of intrinsically rigid conductive materials but is
often challenging to implement. The development of materials
that are both soft and electrically conductive would help
address these issues.

Conjugated polymers offer the ability to form conductive
materials with varying mechanical properties set by molecular
design, but there are tradeoffs in their properties. The
backbone of semiconducting polymers can be relatively stiff,
but modifying the design of side-chains changes their
mechanical softness. For example, polythiophenes with tetra-
(ethylene glycol) side-chains have been shown to have Young’s
modulus (E) of only 8 MPa around room temperature,” which
is up to 2 orders of magnitude lower than polythiophenes with
alkyl side-chains (60—900 MPa).'"~'* However, these softer
conjugated polymers experience a significant increase in
stiffness (up to SO times) upon doping to achieve charge-
carrier concentrations necessary for electrical conduction.
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Another strategy to reduce the stiffness of the backbone of
semiconducting polymers is to add conjugation-break
spacers.'” This strategy also leads to tradeoffs between the
electrical properties and the softness, with the modulus of
these polymers falling within the 100—1000 MPa range."”~"”

The formation of phase-separated blends or composites is
another common strategy to achieve mechanical and electrical
properties that are a combination of each individual material.
For example, composites combining soft (e.g, PDMS-based
silicone/triblock thermoplastic elastomers'*~*° or hydro-
gels’”**) and conductive materials [e.g, carbon nanotubes
(CNTs),* ™ metal,”*~*’ or conjugated polymers’’~>*] allow
tunable electrical and mechanical properties. CNTs have been
successfully embedded in elastomers via solution mixing, melt
mixing, and in-situ polymerization,”” resulting in a wide range
of properties—with conductivities 107*~10° S/cm and elastic
moduli 10°—10° Pa—that depends heavily on surface
modification of the CNTs and the mixing procedure.’”™*
Similarly, blends of conductive polymers with elastomers can
have electrical conductivity from 10° up to 10* S/cm with
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moduli ranging from 10° to 10° Pa.*~*” This strategy has
extensively examined for composites of PEDOT/PSS with
elastomers or hydrogels to impart stretchability.’® Soft
composites (E < 10° Pa) have also been reported for systems
using super-soft bottlebrush elastomers and CNTs"” and
alternatively hydrogels”"** with reported conductivities
ranging from 107 to 10' S/cm.**”* Given that these
composites are physical blends, there are limitations to how
their properties can be tuned.

In composites, the tradeoff between softness and con-
ductivity originates from the need to form percolating
transport pathways of the conductive material (that has a
high stiffness). This ultimately increases the modulus of the
composite and can render it unsuitable for soft electronics.
While systems such as hydrogels possess low moduli that
partially offset the stiffening effect from hard fillers, they rely
critically on an exact degree of swelling or hydration which is
impossible to maintain in many situations. Additionally,
blending and homogenizing a soft, conductive composite is
difficult because conductive particles have tendency to
agglomerate, making them difficult to disperse homogeneously.
The reaggregation of these particles during use results in poor
stability and a deterioration in performance.”* Moreover,
blends of polymers are generally immiscible and tend to
macrophase separate, which prevents the formation of a
continuous transport pathway, causes undue brittleness, and
presents significant processing complications. Lastly, the
requirement of chemical crosslinking to impart elasticity in
many systems introduces additional challenges such as poor
crosslinker—polymer compatibility and curing procedures that
compromise the stability of the blend.

Unlike the aforementioned approaches, ionic compatibiliza-
tion provides the opportunity to effectively combine distinct
polymers into a single homogeneous system. In mixtures of
oppositely charged ionic polymers, strong electrostatic
attraction between the two species limits the domain size of
microphase separation and the long-range nature of these
interactions can even overcome the enthalpic penalty that leads
to macrophase separation.””~*’ Mean-field models suggest the
inclusion of just 10 charges per polymer chain increases the
critical segregation strength (¥N). of a blend from 2 to 400 in
the typical dielectric environment of a polymer melt.** We
have previously investigated the processability, self-assembly,
photophysical, and optoelectronic properties of complexes
obtained by blending linear ionic conjugated polymer and
linear polyelectrolytes.*”~>" However, the impact of molecular
architecture in these complexes has not been investigated nor
the ability to leverage ion compatibilization in formulating
multifunctional complexes.

Here, we find that ionic interactions effectively stabilize a
homogeneous blend of two polymers that differ not only in
chemistry (i.e. semiconducting vs insulating) but also in
architecture, resulting in exceptionally soft and conductive
polymer complexes from a linear conjugated polymer (CPE)
and a bottlebrush polyelectrolyte (BPE). These solid-state
CPE—BPE complexes form ionically crosslinked polymer
networks having appreciable elasticity without any added
crosslinker and can be (re)processed by simple molding at
room temperature. The CPE, despite being highly dispersed in
the complex, forms a percolating conduct network. As a result,
the conductivity of CPE—BPE complexes is 0.3 S cm™" after
doping with a strong acid. Doping also decreases the modulus
of the complex from 0.7 to 0.2 MPa. The complex (both
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pristine and doped) can be stretched to appreciable strains
(450 and 100%, respectively) followed by substantial elastic
recovery. These findings highlight the potential of using
electrostatic interactions to create multifunctional polymer
blends with processing and performance advantages.

B RESULTS AND DISCUSSION

To target soft and conducive composites, coacervates were
formed from an anionic conjugated polyelectrolyte (CPE) and
a cationic BPE (Figure la with synthetic details in the
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Figure 1. (a, b) Coacervation of a conjugated polyelectrolyte (CPE,
red) and bottlebrush polyelectrolyte (BPE, blue), each with 60%
charge fraction (x = 60), leads to an ionically crosslinked polymer
complex. (c) Photograph of phase separation upon mixing CPE and
BPE solutions, producing a concentrated coacervate (darker orange,
bottom) in coexistence with polymer-deficient supernatant (lighter
orange, top).

Supporting Information and Figures S1—S10). For the
bottlebrush component, poly(4-methyl caprolactone)
(PMCL) was selected as the side-chain structure because of
its (i) low glass-transition temperature (T, = —60 °C),*” (ii)
lack of crystallinity, and (iii) hydroxyl chain ends that facilitate
post-polymerization modification to install pendant ions.
Bottlebrush precursors (before functionalization with ions)
were synthesized via grafting-through polymerization using
ring-opening metathesis polymerization (ROMP) as described
in the literature.’> For all samples discussed herein, the
norbornene-functionalized PMCL macromonomer degree of
polymerization (Ngc = 17) was set below the entanglement
molecular weight.”” After polymerizing the macromonomer via
ROMP to a backbone degree of polymerization (Ngg) around
100, the resulting bottlebrush polymer was functionalized with
cationic imidazolium chain ends having iodide counterions via
carbodiimide coupling and Sy2 chemistry. Complete synthetic
details are provided in the Supporting Information. Impor-
tantly, the wide electrochemical stability window of imidazo-
lium>” allows it to remain stable upon electrical doping of the
semiconducting polymer after blending. As evidenced by 'H
nuclear magnetic resonance spectroscopy, this sequence of
post-polymerization modification reactions yielded a single
imidazolium unit attached to 60% (x) of side-chains. Notably,
ionic functionalization did not result in a significant increase in
T, for the bottlebrush polymer, which remained around T, =
—55 °C (Figure S11). To form an ion complex, this charged
bottlebrush polymer was complexed with an anionic semi-
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conducting polymer, poly[6-(thiophen-3-yl)hexane-1-sulfo-
nate, which has good electronic properties in complexes with
linear polyelectrolytes.”’ The fraction of charged repeat units
on the CPE was tailored to match the value per bottlebrush
molecule (60%). After mixing and removal of the solvent
(water) by drying in vacuo, the coacervate transformed into an
elastic solid containing ionic crosslinks.

Despite a pronounced difference in chemistry and
architecture, the CPE and BPE are effectively compatibilized
by electrostatic interactions. The CPE—BPE coacervate (x =
60%) appears to be well-mixed on the micrometer scale by
optical microscopy unlike a control sample of analogous
uncharged polymers (x = 0%) that shows significant phase
separation and aggregation of the conjugated polymer (Figure
2). Although the charge fraction with respect to the repeating

the formation of coacervates from linear polymers with a
mismatch in charge density.”* Although the inferred ratio of
repeat units with respect to the main polymer chain is close to
unity, it is important to appreciate that the complex is still
mainly composed of BPE molecules due to their much larger
size; the molar mass of a CPE repeat unit is 213.4 g/mol, while
that of a single side-chain in BPE is approximately 12 times
larger (2478 g/mol: the sum of 17 side-chain repeat units on
average). As a result, the BPE constitutes approximately 93—95
vol % (95—96 wt %) of the complex with conductive CPE the
small remainder (details of this calculation are discussed in the
Supporting Information).

While the BPE—CPE complex is homogeneously mixed at
micrometer length scales, a hierarchical local structure is
present within the material. As shown in Figure 3a, small-angle

(b) Uncharged blend
Phase separated

(@) Pristine complex
Homogeneous

100 pm
60% charged ee———

100 pm
0% charged . =es——

Figure 2. Optical micrographs of (a) solid-state complex obtained
after drying a blend of the CPE and BPE with x = 60% charge. The
uniform red color indicates a homogeneous distribution of the CPE in
the blend on the micrometer length scale that is consistent with phase
compatibility between CPE and BPE. (b) In contrast, a blend of
uncharged poly(3-hexylthiophene) (P3HT) and bottlebrush (x = 0%)
undergoes macroscopic phase separation.

unit of the main chain of both polymers is around 60%, the
charge density of the BPE is much lower because the long side-
chains—with, on average, Ngc = 17 repeat units per side-
chain—act as a diluent. Consequently, there is only 1 cation—
anion pair per 18 monomeric units in the BPE. The
observation of homogeneous mixing is consistent with mean-
field calculations that predict only a few charges per polymer
chain are needed to completely compatibilized most
polymers.*®> We also note that while ionic interactions have
been successfully used to stabilize mixtures of two linear
polymers,”” ™" less effort has been invested in studying
different architectures like the BPE reported here. Clearly,
electrostatic interactions are a powerful tool for mixing
different types of polymer architectures as well.

We determined the composition of the resulting solid-state
complex derived from drying of the coacervate blend using X-
ray photoelectron spectroscopy (XPS). If the stoichiometry of
the CPE—BPE complex was 1:1 on a per-molecule basis, the
N/S ratio in XPS would lie between 1.4:1 and 1.75:1
depending on the number of residual tetramethylammonium
ions remaining after coacervation; this estimate takes into
account the total amount of nitrogen—from both tetramethy-
lammonium cations and the imidazolium/imides in BPE—
relative to sulfur which is only found in CPE along the
thiophene backbone and in the sulfonate groups. In contrast,
by XPS, the measured ratio of nitrogen to sulfur is N/S = 2:1.
This excess of nitrogen relative to expectations suggests that
the molar ratio of BPE to CPE repeat units is between 1.2 and
1.5. The BPE therefore preferentially partitions into the
complex coacervate phase while the CPE preferentially
partitions into the supernatant, a situation that is common in
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Figure 3. (a) SAXS patterns of the neat CPE, neat BPE, and the
undoped CPE—BPE complex; a peak at a length scale of %13 nm
indicates the formation of nanostructure in the complex. (b)

Proposed nanostructure of the pristine complex with domains of
semiconducting CPE (red) and the BPE (blue).

X-ray scattering (SAXS) of the pristine complex contains a
broad peak centered at g ~ 0.05 A™' corresponding to a
correlation length of 13 nm. Because the SAXS profile of each
component individually is featureless, this correlation length
indicates that nanoscopic structure arises as a result of
complexation. Interestingly, the length scale is very close to
the estimated size of a single pair of BPE and CPE molecules
(see Figure S12 and associated discussion). Because the CPE is
only present in a minor quantity within the complex (<$ vol %
as described above), we postulate that the pristine complex
takes on a morphology as illustrated in Figure 3b. Charge-
mediated complexation should occur at the BPE—CPE
interface because the low-dielectric-constant environment
requires close contact between oppositely charged ions. As
the BPE is present in excess, these majority domains likely
contain more than one bottlebrush molecule and cations
buried within the interior that are charge-compensated by
iodide counterions. Although XPS spectra do not show the
presence of iodine since it is present in such small
concentrations (i.e. ~0.3 atom% in neat BPE), we were able
to confirm its presence after complexation with dynamic
secondary-ion mass spectrometry (Figure S13). Our electrical
data (vide infra) suggest that the CPE chains form a thin
percolating network in a matrix of BPE.

Due to the significant dilution of the CPE, no scattering
signature was observed at smaller length scales for it in the
complex, unlike the relevant length scales associated with the
BPE that remain unchanged upon complexation. As shown in
Figure S15, a peak at g ~ 0.4 A™' (d = 1.6 nm) in wide-angle
X-ray scattering (WAXS) in both the BPE and the ion complex
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likely corresponds to side-chain correlations along the BPE
backbone.” In contrast, the neat CPE forms a semicrystalline
solid with chains stacked along both the backbone and side-
chain directions; Bragg reflections at g & 0.27, 0.55, and 1.67
A" that corresponds to the (100), (200) (alkyl stacking), and
(010) (m-stacking) of CPE crystallites are in agreement with
studies of thin films in the literature.”® Such crystallinity is
absent in our prior work on linear coacervate blends,”' where a
similar semiconducting poly(thiophene) with x = 60% and M,
= 8 kDa was amorphous, a difference that we attribute to the
higher molecular weights used herein, M, = 11 and 16 kDa.
None of these WAXS features show up in after complexation
indicating the absence of crystallites of the CPE in the
complex.

Photoluminescence (PL) spectroscopy indicates a stronger
J-type characteristic of CPE aggregates in the complex
compared to its neat form and an improvement in intrachain
structural order upon complexation. As shown in Figure 4, the

Pristine
complex

Normalized PL Intensity (a.u.)

1 L 1
1.8 2.0

16 22

Energy (eV)

Figure 4. Normalized photoluminescence spectra of the pristine
CPE—BPE complex and a film of the neat CPE.

PL spectrum of the complex exhibits a higher I, /I,_, ratio
(0.94) compared to the neat CPE (0.82). In the limit of pure
H-type (inter-chain) aggregates, the 0—0 transmission is
dipole-forbidden. As a result, the more intense 0—0 peak in
the complex PL spectrum indicates that the electronic coupling
of CPE chains in the complex has more J-type character than
in the neat CPE. As the CPE disperses within the BPE matrix
at 5 vol %, chains intuitively become more isolated from each
other. Furthermore, the complex also has a lower I_,/I;_;
ratio (0.37) compared to the neat CPE (0.48). The intensity of
the 0—2 emission peak has been shown to be an effective
measure of intrachain conjugation,57 with longer intrachain
conjugation lengths yielding weaker 0—2 emission. As a result,
the smaller I, ,/I,_; ratio of the complex suggests that
complexation with the BPE enhances exciton delocalization
along the CPE backbone. This observation differs from our
previous result with linear polyelectrolytes where complex-
ation-induced planarization of the CPE occurs only in
complexes of highly charged polymers.”’ We hypothesize
that the cause for this different behavior of the CPE—BPE
complex is asymmetry of this system in both the volume
fraction of each polymer and their relative molecular sizes.
Doping of the complex was carried out to yield electrically
conductive films. Films of the CPE—BPE complex were
exposed to bistriflimidic acid (HTFSI) vapor at S5 °C for 1 h,
followed by heating for 24 h in an enclosed chamber to ensure
sufficient diffusion of dopant molecules into the material.
HTESI was chosen as the dopant because it sublimes at room
temperature, so no excessive heating was required. This
protocol is known to be effective for doping semiconducting
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polymers in linear coacervates via diffusion into ionically
crosslinked polymer complexes.””>" Doping was stopped after
no further increase in electrical conductivity was observed.
Effective doping was confirmed by monitoring the UV—vis
spectrum and observing bleaching of the neutral CPE
backbone absorption with the emergence of a polaronic
absorption peak at & 1.7 eV and bipolaron absorption at hv <
1.5 eV (Figure S16).

As expected, the doped complex is electronically conductive
indicating that the CPE chains can form a macroscopically
connected network throughout the complexed material. The
conductivity of HTFESI-doped complexes varies significantly
from 3 X 107 to 3 X 107" S/cm. Of note, complexes had
better conductivities (5 X 1072=3 X 107! S/cm) when
synthesized from CPE with larger molecular weights (16 kDa)
compared to smaller ones (11 kDa, 3 X 1073~2 X 10> S/cm)
(Table S2). There may also be a pronounced contribution
from processing, for example during hot pressing and vapor
doping, neither of which are particularly well-controlled.
Despite this variation, the conductivity of complexes when
normalized by the CPE concentration (of order $% by
volume) is significantly higher than measured for neat CPE
thin films (6 X 107> S/cm); for example, the conductivity of
the most conductive complex sample (3 X 107! S/cm) after
normalization for the estimated volume fraction is 4—6 S/
cm—within the range typically reported for doped poly(3-
hexylthiophene), P3HT, films. This result is remarkable as it
indicates complexation with an insulating bottlebrush polymer
maintains the charge-carrier mobility of the semiconducting
polymer. One possible explanation is the planarization of the
CPE backbone, consistent with Figure 4, leading to efficient
intrachain transport and interconnectivity of the conjugated
chains. This inference is further supported when considering
the percolation threshold reported for conductor—insulator
blends. Specifically, for various blends of conductive and
insulating polymers, a commonly observed percolation thresh-
old for the insulator—metal transition is 16 vol %,°®°? which is
near the expected threshold for a dispersion of spherical
particles in three dimensions.*® However, the value decreases
rapidly as the conductive component forms domains with
more elongated and/or lower dimensional shapes with
improved alignment. For example, the percolation threshold
can be as low as 0.05 vol % for pancakes of conducting
polymers that are templated onto a mechanically connected gel
network.”’ In our system, the complex is conductive with
approximately 5—7 vol % of the conducting component,
suggesting the percolation threshold for this electrostatically
complexed blend is below 5 vol %. These results support a
previously proposed design rule for lowering the percolation
threshold in conducting—insulating polymer blends by
dispersing the conductive component at the molecular level
instead of forming larger conducting aggregates inside an
insulator matrix.*

Despite the lack of entanglements in the bottlebrush portion
of these complexes, the CPE—BPE complexes are elastic
because their ionic interactions cause crosslinking. As shown in
Figure 5, the complexation of BPE with CPE yields a
viscoelastic solid with the shear storage modulus G’ larger
than the loss modulus G” across a broad range of frequencies.
Notably, the plateau modulus of the pristine complex remains
quite soft (G’pmﬁne ~ 0.14 MPa), which is similar to non-ionic
bottlebrush elastomers®>®* as well as soft tissue; a detailed
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Figure S. Rheological master curves of CPE—BPE ion complexes
before (pristine) and after doping with HTFSI where the closed and
open symbols represent G’(storage) and G”(loss) components
respectively. The addition of the dopant leads to a significant
reduction in both components of the modulus.

comparison of these and other materials is provided in Figure
S22.

As shown in Figure 5, doping decreases the shear modulus
by roughly fivefold (G’ omplex & 0.03 MPa) while retaining
solid-like character (G’ > G” across all frequencies). Figure 6

(a) Plasticizing (b) lonic pairing

Increase network volume Decrease elastically effective ion-pairs

Doping

Significant softening

D ¢+ @

HTFSI  H* TFSIF

Figure 6. Schematic of the impact of doping by HTFSI on the
mechanical properties of the CPE—BPE. The additional ions
introduced by doping (a) can increase the network volume and
potentially plasticize the blend and (b) can decrease the number of
effective crosslinks between the two polymers.

outlines two potential sources of the decrease in plateau
modulus that are consistent with the basic theory of rubber
elasticity (eq 1):

G=kT=

v 1)
where G is the shear modulus, k;, is Boltzmann’s constant, T is
absolute temperature, n is the number of effective elastic
crosslinks, and V is the network volume.* Plasticization by the
introduction of HTFSI (Figure 6a),°® even without significant

proton transfer, would increase the network volume and dilute
crosslink density, in analogy to swollen systems, leading to a
decrease in G. However, the 20% increase in mass observed
upon doping is inconsistent with the estimated 80 wt % of
HTEFSI needed to decrease G’ by a factor of five based only on
plasticization (see the Supporting Information). A second
plausible mechanism to explain the pronounced softening
upon doping is the formation of elastically ineffective ion pairs
(Figure 6b). After proton transfer, the ionization of HTFSI
into H* and TFSI™ could break the initial ionic crosslinks,
leading to a decrease in the number of effective crosslinks.
Other changes including electronic doping of the CPE
backbone and protonation of hydroxyl chain ends along the
bottlebrush (pK, ~ 15) (Figure S24) may also contribute to
softening in a nontrivial way.’”*®

The CPE—BPE complexes are soft, deformable, and elastic
both before and after doping as measured in uniaxial tension.
As shown in Figure 7a, the pristine complex exhibits an initial
linear elastic region up to 20% strain characterized by a low
elastic modulus E = 0.7 MPa that is order of magnitude
smaller than typical semicrystalline conducting polymers
(~10—1000 MPa).” For the doped complex, the elastic region
is extended to nearly 45% strain with a significant decrease in E
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Figure 7. Uniaxial tensile measurements of free-standing dog-bone
structures of CPE—BPE complexes before and after doping. (a) Single
extension measurements of the samples until failure. Cyclic stress-
controlled recovery measurements of the (b) pristine complex and (c)
doped complex when subjected to 20% elongation over 1 min and
subsequent relaxation upon removal of the applied stress.
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0.2 MPa. The wider range of strain corresponding to
elasticity in the doped complex is likely caused by the
plasticization and partitioning of HTFSI as discussed above. At
larger strains, both the pristine and the doped complexes can
be extended to appreciable elongation before break (pristine =
430%, doped = 94%). This stretchability is higher than many
previously reported conjugated-polymer—linear elastomer
composites that often fail at <150% strain.'”*"”°

The complex shows the appreciable recovery of mechanical
and transport properties after deformation. In particular, cyclic
experiments were carried out during with a 25 kPa stress
applied for 1 min, resulting in a ~20% elongation, followed by
release and a relaxation period that lasted until no further
change over time was observed (Figure 7b). The pristine
complex showed 87% recovery after the first cycle and its
recovery remained consistently >75% after subsequent cycles
with notable plastic deformation. In contrast, the doped
complex consistently showed higher recoveries, circa 99%, over
multiple cycles and essentially no plastic deformation. To
complement these mechanical measurements, we measured the
sheet resistance of the doped complex as a function of applied
strain by supporting it on a polystyrene-block-polyethylene/
polybutylene-block-polystyrene substrate (SEBS, Kraton
G1652M) (Figure S23a). In this geometry, the substrate was
clamped directly instead of the complex to avoid compression
and shearing effects that could obfuscate the interpretation of
resistance measurements. Figure 8 compares the change in
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Figure 8. Normalized resistance of a film of the doped complex
supported by a SEBS layer (relative to 0% strain) as a function of
applied strain. The solid line shows a prediction for an ideal elastic
conductor with a conductivity that is independent of strain. The open
symbol shows the recovery of the resistance after deformation,
compression, and one day of rest.

resistance upon deformation to a model of an ideal elastomeric
conductor with an unchanging bulk resistivity (details of the
calculation are provided in the Supporting Information). The
increase in resistance of the doped complex when subjected to
strain deviates from the behavior expected for an ideal
elastomeric conductor with a smaller change in resistance
with extension. This deviation could be due to changes in the
alignment of the CPE chains that decrease the resistivity p of
the complex. Second, the ideal elastomer model assumes an
isotropic material with a Poisson’s ratio of 0.5 whereas the
doped complex here likely deviates from this value.
Furthermore, after deforming the sample and compressing it
back to 0% strain, the recovery of the initial resistance over 1
day suggests further (sluggish) rearrangement within the
sample.

7306

B CONCLUSIONS

Ion complexation between two oppositely charged polyelec-
trolytes is an effective strategy to engineer stretchable, elastic,
and semiconducting materials. Mixing an anionic semi-
conducting polymer and cationic bottlebrush resulted in
macroscopically homogeneous coacervates with nanostructur-
ing derived from ion complexation. After drying, these
materials are soft (E 0.2—0.7 MPa), stretchable, and
electrically conductive (up to 3 X 107" S/cm) when doped
with strong acid. This simple design strategy requires no
additional crosslinkers or complex processing optimization to
create a synergistic combination of elasticity and conductivity.
The use of bottlebrush polymers in complexes allows further
control through their molecular architecture that we have not
explored here. For example, the bottlebrush side-chains can be
modified, e.g., the degree of polymerization and the grafting
density, to further tune their properties. We have also only
examined one particular charge density on the CPE and
bottlebrush polymer with the question remaining of how to
further control electrostatic crosslinking and structural
relaxations. In summary, this work underscores the potential
of using ionic compatibilization to engineer multifunctional
polymeric materials with implications for applications such as
next-generation electronics and bio-interfacing.

~
~

B EXPERIMENTAL SECTION

Materials. N-(hydroxyethyl)-cis-S-norbornene-exo-2,3-dicarboxi-
mide was prepared according to the literature.”' Grubbs' second-
generation metathesis catalyst [(H,IMes)(PCy;)(Cl),Ru = CHPh]
was purchased from Sigma Aldrich. Grubbs’ third-generation
metathesis catalyst [(H,IMes)(pyr),(Cl),Ru = CHPh] (G3) was
prepared according to the literature.”” N-(hydroxyethyl)-cis-3-
norbornene-exo-2,3-dicarboximide (Nb-OH) was synthesized accord-
ing to the literature.”’ Poly(4-methylcaprolactone) (PMCL) macro-
monomer and bottlebrushes were prepared using previously reported
methods.”> Tin(II) 2-ethylhexanoate (Sn(Oct),, Sigma Aldrich,
92.5—100%) was purified according to the literature.”* 2,5-dibromo-
3-(6-bromohexyl)thiophene (eNovation Chemicals LLC), 1H-
Imidazol-1-ylacetic acid (Sigma Aldrich). N-(3-Dimethylaminoprop-
yl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI, Sigma Aldrich,
commercial grade), 4-(Dimethylamino)pyridine (DMAP, Sigma
Aldrich), ethanol amine (Sigma Aldrich, purity >99%), Chloroform
(Sigma Aldrich, anhydrous, contains amylenes as a stabilizer, purity
>99%), acetone (Fisher Scientific, purity >99.5%), methanol (Fisher
Scientific, purity = 99.5%), dichloromethane (Fisher Scientific, purity
>99.5%), ethyl vinyl ether (ACROS Organic, Contains 0.1% KOH as
stabilizer, purity = 99%), dimethylformamide (dry over molecular
sieve), CDCl; (Cambridge Isotope Laboratories, purity = 99.8%), and
acetone-d; (Cambridge Isotope Laboratories, purity = 99.9%) were
used as received.

Sample Preparation. Complex Formation. 120 mM stock
solutions of the BPE and the CPE were prepared by dissolving the
polymers in adequate amount of solvent mixtures of 80%THF:20%
water and 60%THF:40% water, respectively. BPE and CPE solutions
were mixed in the stoichiometric ratio in an Eppendorf tube, and the
mixture was vortexed for 1 min to ensure even mixing. The coacervate
droplets that formed during the complexation process were collected
by centrifugation of the tube at 7000 rpm for 10 min followed by
decanting the supernatant. The bulk complex sample was obtained by
drying the coacervate at S0 °C under house vacuum overnight,
followed by 24 h of mild heating at 50 °C under high vacuum (~2 X
1078 Torr).

Film Fabrication. The complex film was obtained by drop casting
the CPE—BPE coacervate onto a silicon substrate with custom-made
gold digits, and the substrate was heated at S0 °C for 10 min to
remove most solvent. The substrate with the roughly dried complex
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was then pressed between 2 metal plates separated by Teflon spacers,
resulting in a & 20—30 um thick film. The film was then fully dried
under high vacuum (22 X 107® Torr) at 50 °C overnight. CPE films
were obtained by spin casting the 120 mM stock solution onto the
substrate at 500 rpm for 2 min 30 s. For XPS and dynamic secondary
ion mass spectroscopy (DSIMS) experiments, complex films were
obtained by smearing a small fraction of dry the bulk sample onto
silicon substrates using a single-edge razor blade.

Vapor Doping. Electrical doping of the CPE—BPE complex was
done inside a nitrogen glovebox. The complex film on the substrate
was attached to a lid of a glass jar with HTFSI crystals. The jar was
closed tightly and heated at S0 °C on a hot plate for 13 min (CPE) or
1 h (CPC). For the complex film, the film was transferred to another
closed clean glass jar and kept at 55 °C for an additional 48 h to
promote efficient diffusion of dopants into the film and to prevent
leakage of dopant vapor. After this, the film was put under vacuum for
2 days to fully remove all the excess HTFSI molecules. For bulk
samples, vapor doping was carried out for 48 h, as we observed that
after this no further mass gain was observed. The sample was then put
under vacuum for an additional 72 h to obtain the doped bulk sample.

Materials Characterization. Nuclear Magnetic Resonance
(NMR). All bottlebrush polymer 'H NMR spectra were collected
using a Varian Unity Inova AS600 600 MHz equipped with a S mm
Varian triple resonance 'H/BC/N inverse detection probe with z-
axis pulsed field gradient (PEG). All linear polymer "H NMR spectra
were collected using a 600 MHz SB Varian VNMRS equipped with a
double resonance Broadband Probe Head 600 DB Auto X. Small
molecule 'H and '*C NMR were collected using a Bruker Avance NEO
500 MHz equipped with a CryoProbe Prodigy BBO probe with z-axis
PFG.

Size-Exclusion Chromatography (SEC). SEC was performed on a
Waters Alliance HPLC System equipped with a 2690 Separation
Module, or a Waters Alliance HPLC system with an Agilent PLgel §
pum MiniMIX-D column. The former uses chloroform with 0.25%
triethylamine, while the latter uses THF as the eluent. For the former,
the refractive index from a Waters 2410 Differential Refractometer
detector was used to estimate the molar mass and dispersity relative to
linear polystyrene standards. For the latter, refractive index traces
from a Waters 2414 detector were used for molecular weight
determination using polystyrene calibration standards (Agilent
Technologies).

Tensile Tests. Uniaxial tensile testing was performed with a
TAXTplusC texture analyzer equipped with A/MTG tensile grips.
Samples were clamped without additional adhesive. The pristine
complex was prepared by simple pressing into a metal rectangular
mold (8 mm wide X 15 mm long X 0.5 mm thick) sandwich between
two PTFE sheets at room temperature using 1 metric ton of force.
The samples were punched into a dog-bone shape (10 mm long X 1.5
mm wide X 0.5 mm thick) using a brass punch. The doped complex
was prepared by first simple pressing of CPE—BPE into a rectangular
shape previously described, then the rectangular-shaped sample was
doped with HTFESI as described in the Vapor Doping section. All
measurements were done at a constant strain rate of 1 min™.

Dynamic Mechanical Analysis. Cyclic stress-controlled recovery
measurements were performed on a Discovery DMA 850 at room
temperature. A film clamp was used, and the sample was clamped
without additional adhesive. In each measurement, the sample was
strained with a constant stress (dwell time = 1 min) before letting it to
relax. The samples were prepared similarly to the uniaxial tensile
measurements.

Rheology. A strain-controlled ARES-G2 rheometer equipped with
a liquid nitrogen dewar from TA Instruments was used to investigate
the shear stress relaxation and linear viscoelastic properties of the
blend. A pair of 8-mm stainless steel parallel plates were used for all
measurements. Strain-sweep experiments were performed prior to
measurement to determine the linear-viscoelastic region (LVE) of the
materials. Stress relaxation data were collected under a small amount
of axial force to prevent slipping. To generate master curves,
isothermal frequency sweep between 100 and 0.1 rad/s at a constant
1% strain was collected at different temperatures. A master curve was
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constructed using time—temperature superposition (TTS) under
Williams—Landel—Ferry (WLF) relation.

Differential Scanning Calorimetry (DSC). DSC measurements
were performed on a DSC 2500 calorimeter (TA Instruments).
Approximately 5 mg of material was sealed in Tzero hermetic pans
(TA Instruments) and cycled between —80 and 200 °C at 10 °C/min.
The glass transition temperature ( Tg) of the sample was determined
on the second heating cycle using the midpoint analysis method.

Optical Spectroscopy. UV—vis absorption spectra of CPE and the
complex films were taken using an Agilent Cary 60 UV-—vis
spectrophotometer. All measurements were done at ambient temper-
ature (=~ 25 °C). Emission spectra were taken using a Horiba
FluoroMax 4 spectrometer at 450 nm excitation wavelength with a
495 nm long pass filter. The sample is illuminated by a 150 W xenon,
continuous output, ozone-free lamp. The emission spectrum of each
film was averaged over 3 scans.

Conductivity Measurements. The in-plane electronic conductivity
of the samples was measured with transmission line measurements
using custom made gold digits on silicon substrates. For the strain-
dependent and strain cycling conductivity tests, the complex film was
casted onto a Kraton substrate. The Kraton substrate and the
supported complex film weresubjected to the designated strain. For
the cycling test, the sample was first subjected to 20% strain for 15 s,
and the measurement at 0% strain was done after the sample was let
to relax for 15 min. All measurements were done with a Keithley 6485
picoammeter and were carried out inside a nitrogen glovebox at room
temperature.

X-ray Photoelectron Spectroscopy. The XPS analyses were
performed using a ThermoFisher Escalab Xi+ with Al Ka X-ray
radiation, in conjunction with an electron flood gun. We quantified
the relative atomic percentages from XPS survey spectra through the
Avantage software suite, provided by Thermo Fisher Scientific Inc.
We specifically focused on integrating and normalizing the C 1s (CPE
and BPE), N 1s (BPE and CPE counterion), O 1s (BPE, CPE
counterion, and substrate), S 2s (CPE and CPE counterion), and Si
2p (substrate) peaks by their respective photoionization cross
sections. The iodine signal, which was at a comparable level to
noise in the survey spectra, was omitted from our analysis.

Dynamic Secondary lon Mass Spectroscopy. For the DSIMS
analysis, films were first coated with a thin layer of Pd/Au to augment
conductivity. Examinations were then carried out using a Cmaeca
IMS 7f Auto SIMS. Following this, the films were sputtered with
reactive O, ions over an area of 63 X 63 um? while simultaneously
monitoring the counts per second of '*’I within the central 50 X S0
,umz region, against sputtering time. In two distinct regions, a
considerable and nearly consistent level of '*’I signal was detected
throughout the sputtering depth of the sample (refer to Figure S2).
We attribute this to the retention of I- ions within the BPE-rich
domains.

B ASSOCIATED CONTENT
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