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ABSTRACT: A conjugated polyelectrolyte (poly[2,6-(4,4-bis-potassium butanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)], PCPDTBT-SO3K) assembles into a novel, hierarchical hydrogel structure with all
structural evidence indicating dominant electrostatic rather than aromatic or mesogen interactions. PCPDTBT-SO3K forms an
entangled polymer mesh, where polymer chains are tied together by ionic cross-links, comprising microgel clusters that percolate
to form a macroscopic three-dimensional network. With increasing temperature, ions gain mobility to move toward the exterior
of the microgel clusters, dissolving the ionic cross-links and inhibiting network percolation through electrostatic repulsion. While
π−π stacking interactions may be present in a disorganized fashion, no long-range π−π stacking is evident in X-ray scattering.
Soft materials based on PCPDTBT-SO3K remain semiconducting and exhibit elevated ionic conductivity at the structural
reorganization temperature.

■

INTRODUCTION

storage, their solution and hydrogel structures and resulting
physiochemical material properties remain largely unknown.
Poly[2,6-(4,4-bis-potassium butanylsulfonate-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)],
PCPDTBT-SO3K (Figure 1) is an attractive model system for
elucidating the structure−property relationships of CPEs. Side-

Conjugated polyelectrolytes (CPEs) combine a π-conjugated
polymer backbone with pendant ionic groups to create watersoluble semiconductors.1 The aqueous solubility provides an
opportunity to form functional hydrogel structures for
interfacing with biology.2−4 Modulation of the chemistry of
the polymer backbone enables tunability of charge transport,
ionization potential, and optical properties. Ionic groups and
charge compensating counterions allow control over solubility,
charge transport, molecular packing, and solution aggregation.5
Studies to understand the structure−property relationships of
CPEs have led to increased chemical diversity and a variety of
new synthetic protocols for controlled materials chemistry.6,7
The breadth of developed CPEs has inspired work into their
application in biological and chemical sensors8−12 and organic
optoelectronic devices, including light-emitting diodes
(LEDs),13,14 light-emitting electrochemical cells (LEECs),15
photovoltaic devices,16 and light-emitting transistors (LETs).17
Despite the key role CPEs could play in energy conversion and
© 2018 American Chemical Society

Figure 1. Chemical structure of PCPDTBT-SO3K.
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chain and counterion modiﬁcations have allowed these CPEs to
be instructive model systems for understanding the factors
contributing to thermoelectric performance and electronic
conductivity.18,19 In particular because the anionic, narrowband gap conjugated polyelectrolyte self-dopes in aqueous
solution to form a water-soluble, stable, conductive polymer,20
PCPDTBT-SO3K has increased performance in a variety of
optoelectronic applications, attributed to increases in interfacial
contact and surface coverage between device layers.21−24
CPE hydrogels and solution structures pose an opportunity
for improved interfacial contact in bioelectrochemical cells2 and
bioelectronics, particularly in neural interfaces.3 Utilizing the
advantageous interfacial modifying properties of CPEs as soft,
conductive matrices at the abiotic−biotic interface4 has
increased conversion eﬃciencies in bioelectrochemical cells
through improved contact between the microorganisms and the
electrodes.2 However, little is known about the structure of soft
conductive CPE matrices.
The interconnection between structure and macroscopic
photophysical properties has been explored in neutral
conjugated polymers, yet as opposed to CPEs, these are absent
of appreciable electrostatic interactions. The hierarchical
assembly (i.e., network formation) of these materials in poor
and concentrated solutions is driven by aromatic interactions
yielding π−π stacked, crystalline sheet-like aggregates embedded in an entangled polymer mesh.25−27 Because CPEs
incorporate more complex and interchain interactions, their
microstructure should be driven not only by a combination of
chain rigidity and aromatic interactions but also by electrostatic
and hydrophobic eﬀects in an aqueous solvent. Recent studies
have suggested that semidilute solutions28,29 and soft solids30 of
CPEs might form polyelectrolyte micelles that percolate to
yield aggregates at long length scales. The micellar
conformation has been suggested to result from the amphiphilic
nature of CPEs and presumed backbone π−π stacking
interactions. However, the delicate balance of the competitive
interactions that result in structure formation remain poorly
understood. The electrostatic interactions between charged
polymer segments are repulsive, although partially screened by
the environment, while π−π and other hydrophobic
interactions are net attractive. Ionic cross-linking is also
possible, engaging counterions as intermediaries between
charged backbone units and representing a net attraction
among chain segments. The balance of attractive and repulsive
interactions allows for ﬁnite sized aggregates that under some
conditions can percolate into extended networks.
Herein, we seek a more comprehensive understanding of the
interplay between the diﬀerent molecular interactions on the
structure and critical transitions of a CPE hydrogel across a
temperature range relevant for use as a processable, conductive,
soft matrix. PCPDTBT-SO 3 K is used to explore the
interactions that lead to assembly and network formation of
conjugated polyelectrolytes in aqueous solution at moderate
concentrations. In particular, by investigating the structure of a
PCPDTBT-SO3K hydrogel across a range of temperatures, the
electrostatic interactions are found to dominate the structural
ordering. Finally, because the percolated microgel pathway
within these systems is demonstrated to provide a scaﬀold for
both ionic and electrical conductivity, such conjugated
polyelectrolyte hydrogels are well-suited for applications in
bioelectronics.
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RESULTS AND DISCUSSION

This work illustrates the relative dominance of electrostatic
interactions in determining the microstructure of soft materials
formed by PCPDTBT-SO3K in the semidilute concentration
regime. A novel, multilength scale structure of PCPDTBTSO3K hydrogels is proposed, and a mechanism for structural
transitions is presented. PCPDTBT-SO3K, a semiﬂexible
polymer, is observed in aqueous solution to form clusters of
entangled polyelectrolyte mesh held together by ionic physical
cross-links. The PCPDTBT-SO3K hydrogel disorders upon
heating due to the dissolution of ionic aggregates and the
resulting electrostatic dispersion of clusters from forming a
percolated polymer network. Finally, PCPDTBT-SO3K hydrogels are mixed conductors capable of long-range, bulk electron
and ion transport required for inclusion in energy conversion
devices.
Solidiﬁcation and Morphology. Increasing the concentration of PCPDTBT-SO3K in aqueous solution past a critical
threshold results in a well-formed hierarchical microstructure at
low polymer fractions. We restrict our study to PCPDTBTSO3K (Mw= 11 000 g mol−1, absolute weight-average molecular
weight from small-angle neutron scattering (SANS) zero-angle
scattering, Figure 3 and Table S2; Đ = 1.1 by SEC according to
PS standards) hydrogels formed from semidilute solution at a
concentration of 4.0% w/v in H2O. The microstructure of the
material, as illustrated by freeze−fracture scanning electron
microscopy (FF-SEM) images in Figures 2a and b, is based on
microgel units, where the polymer is assembled into spherical
domains of 3−5 μm, which then interconnect to form a bulk
three-dimensional network with mesh sizes of 10−20 μm.
Noteworthy, the void size is ideal for the diﬀusion of nutrients
and movement of bacteria: a requirement for the development
of CPEs as interfacial modifying agents in bioelectrochemical
cells.
The spanning of microgel aggregates appears to be a
jamming of the particles, giving rise to the macroscopic
mechanical properties characteristic of soft materials (e.g.,
hydrogels). The PCPDTBT-SO3K remains a gel-like elastic
solid at 25 °C (i.e., G′ > G′′ over the accessible frequency
range), in the sense that it can sustain static loads and store
elastic energy over long times. It exhibits an elastic modulus of
order 103 to 104 Pa and a terminal relaxation time of 100s of
seconds which, within the experimentally accessible times, are
remarkably similar to traditional cross-linked polymer gels
albeit with diﬀerences in microstructure. Although physically
cross-linked polymer gels and the hydrogel soft material
presented here are three-dimensional networks, the former is
comprised of polymer chains joined together at a number of
covalent connection sites, whereas the latter results from
microgel clusters that percolate to form a macroscopic network.
Noteworthy, the dynamical frequency sweeps, Figure 2c, are
qualitatively consistent with the jamming of microgels, as
indicated in the microscopy images and recent work on the
jamming transitions of soft polyelectrolyte microgel suspensions.31
The existence of spherical microgels jamming to form a
three-dimensional network is incompatible with the solution
assembly of conjugated polymer and polyelectrolyte gels
highlighted earlier.30 As demonstrated with a combination of
electron microscopy and rheology (Figure 2), the polymers are
not associating into large crystalline aggregates or wormlike
micelles. Thus, it is necessary to further interrogate the role of
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Figure 2. (a and b) FF−SEM images of PCPDTBT-SO3K hydrogels (4.0% w/v, H2O) and (c) dynamical frequency sweep of a PCPDTBT-SO3K
hydrogel (4.0% w/v, H2O) at 25 °C.

aromatic and mesogen driven interactions in the microstructure
of CPE semidilute solutions and hydrogels.
Chain Rigidity Eﬀects. To elucidate chain rigidity eﬀects
on the structure of semidilute solutions of CPEs, it was crucial
to understand the chain conformation of PCPDTBT-SO3K. By
operating in the dilute limit where polymer chains can be
considered noninteracting, SANS can be used to extract
information regarding correlations along a single polymer
chain (i.e., form factor).
Conjugated polymers typically adopt conﬁgurational states
that more closely resemble rigid rods than Gaussian coils. The
Wormlike Chain model (WLC), or Kratky−Porod model,
provides a useful form factor in describing these semiﬂexible
systems.32,33 The WLC model details a chain of contour length,
Lc, as a sequence of locally stiﬀ segments of persistence length,
lp. Persistence length is the length over which the chain
maintains correlation to itself or, restated, the length over which
the ﬂexible cylinder can be considered a rigid rod. A WLC
description models backbone stiﬀness in terms of the Kuhn
length, b = 2lp, as each Kuhn segment can be simulated as freely
jointed with each other.
It is useful to compare the expected semiﬂexible behavior
against both rigid rod and Gaussian coil descriptions as a
conﬁrmation of the chain behavior and characteristic lengths,
highlighting good agreement of the SANS scattering data
(Figure 3) with the WLC model across a wide q-range.
PCPDTBT-SO3K is a semiﬂexible polymer having a Kuhn
length of (13.4 ± 0.9) nm and a cylinder radius of (1.4 ± 0.1)

Figure 3. SANS data (●) with Rigid Rod (red −), Gaussian coil (blue
−), and WLC model ﬁt (green −) for PCPDTBT-SO3K in dilute
solution (0.3% w/v, D2O).

nm, as determined from a WLC ﬁt34,35 to the SANS scattering
proﬁle for PCPDTBT-SO3K (dilute solution, 0.3% w/v, D2O)
presented in Figure 3.
PCPDTBT-SO3K is thus signiﬁcantly more rod-like than
classical polymers.36 It is also several times stiﬀer than poly(3alkylthiophenes), P3ATs, due to the absence of syn−anti
isomerism between thiophene units.37 Although chain stiﬀness
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has historically been associated with the fused aromatic ring
structure of the backbone and the electrostatics of the pendant
ionic groups, PCPDTBT-SO3K has a persistence length similar
to neutral conjugated polymers such as poly(2-methoxy-5-(2′ethylhexyloxy)-p-phenylenevinylene), MEH-PPV,38,39 and polyﬂuorene, PF,40 even with the high density of charges along the
polymer.41 Thus, electrostatic repulsions appear unimportant in
dictating the stiﬀness of a chain as long as the backbone is
conjugated. These comparisons allow coarse-graining of
PCPDTBT-SO3K as a semiﬂexible polymer, likely due to the
ﬁnite backbone torsion and nonzero bond angles between
donor (cyclopentadithiophene, CPDT) and acceptor (benzothiadiazole, BT) monomer units.
The semiﬂexible conformation, rather than rigid rod, is
suggestive of the unimportance of chain rigidity eﬀects
compared to electrostatics in determining the structure and
length scales of interactions of the soft solid (4.0% w/v). This is
further illustrated by calculating critical concentrations in the
Gaussian coil and rigid rod limits, in the absence of additional
interactions.42,43 In the Gaussian coil limit, the size of the
polymer is well-described using the radius of gyration, Rg, with
an overlap concentration,
* ∼
ccoil

M
NA
4
πR g3
3

Figure 4. WAXS data for PCPDTBT-SO3K hydrogels (4.0% w/v,
H2O) from 25−75 °C. Error bars are smaller than markers. The curves
are arbitrarily shifted for clarity.

≈ 4.3% w/v

according to the proposed micellar model as amphiphilic
polymers that associate hydrophobic conjugated backbones to
arrange hydrophilic ionic side-chains out toward the bulk
solvent.30 The free energy penalty associated with the loss of
entropy from water ordering in the solvation shell around the
polymer (i.e., hydrophobic eﬀect) appears less than the
electrostatic energy penalty that would be required to associate
the ionic groups so closely together in an ordered micellar
arrangement. However, while not the dominant driving force
for network formation, unstructured aromatic interactions likely
contribute to the overall structure and conductivity pathways.
Electrostatic Interactions. Instead of π−π stacking and
chain stiﬀness eﬀects dominating the structural ordering,
electrostatics appear to be the primary driving force for
solution assembly and solidiﬁcation. The local correlations
evident upon heating PCPDTBT-SO3K hydrogels (4.0% w/v,
H2O) (Figure 4) are associated with electrostatic assembly,
particularly given the relatively broad peaks that are classically a
signature of ionic interactions. The broad peak centered at q =
2.0 Å−1 is associated with an approximately 3 Å solvation layer
of the polymer chains. The narrower peak at q = 0.4 Å−1
corresponds to the presence of approximately 1.6 nm ionic
clusters. Polarizability contrast between the conjugated polymer
backbone, pendant ionic charges, counterions, and bulk
aqueous solvent result in a nonuniform dielectric contrast,
causing the ions to aggregate in semidilute solution. The
aggregation of multiple ions serves to physically cross-link the
chains together in entangled polyelectrolyte mesh clusters.
With increasing temperature, the ionic aggregates dissociate,
eﬀectively un-cross-linking the polymer chains and disordering
the microstructure. This greater solubilization of polymer
chains causes a concomitant rise in intensity of a broad
amorphous solvation peak. The dissociation of ionic cross-links
and increase in polymer solvation occur over a narrow
temperature range, 40 to 45 °C, agreeing well with additional
scattering and conductivity measurements (Figures 7 and 8).
These local interactions complement the interpretation of
larger length scale correlations. Figure 5 presents SANS proﬁles
for 4.0% w/v PCPDTBT-SO3K in D2O at two temperatures, 25

(1)

where M is the absolute weight-average molecular weight of the
polymer determined from the zero-angle scattering of the
SANS data, NA is Avogadro’s number, and the radius of
gyration used was determined by the SANS ﬁt to the Debye
model (Figure 3 and Table S1).
Conversely, in the rigid rod limit, the overlap concentration
depends on the volume accessible to a rotating cylinder,42,43
M

* ∼
crod

NA
Lc3

≈ 2.6% w/v
(2)

where cylinder length Lc was determined by the SANS ﬁt to the
rigid rod model (Figure 3, Table S3). In this rigid rod limit, it is
also useful to calculate the critical concentration for the
isotropic to nematic transition,42,43
M
**
c iso
→ nematic ∼

NA
dLc2

≈ 8.1% w/v
(3)

where d is the diameter of the rod determined from the SANS
ﬁt to the rigid rod model (Table S3). Considering the chain
length and stiﬀness for the PCPDTBT-SO3K chains studied
yield remarkably similar overlap concentrations in both the
Gaussian and rigid rod limits and, comparable to the polymer
concentration investigated, the chain interactions of a solution
of PCPDTBT-SO3K (4.0% w/v, H2O) are anticipated to be
characteristic of the semidilute regime. However, the hydrogels
are suﬃciently below the predicted isotropic to nematic
transition, and thus presumably the mesogen interactions are
of little structural or thermodynamic consequence.
Aromatic Interactions. Upon examining the local
interactions of the PCPDTBT-SO3K chains in their hydrogel
environment via wide-angle X-ray scattering (WAXS), we
observe the striking lack of diﬀraction peaks or π−π stacking
(Figure 4). Any local interchain contacts, including π-orbital
overlap, must be weak or relatively disordered. Further, the
absence of π−π stacking or regularly ordered, close packed
interchain correlations suggest the CPEs are not behaving
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importance of polymer−polymer or polymer−solvent interactions. Thus, m need not be constrained to the m = 1.3 result
from PCPDTBT-SO3K in dilute solution (0.3% w/v, D2O),
which only corresponded to correlations along a single chain
and highlighted the persistence of the polymer. Similarly, the
inverse of n can be used as a Flory-like exponent (νmicrogel) to
envision the conformation of the microgels.
Parameters extracted by ﬁtting the Conjugated Polyelectrolyte model, eq 4, to the scattering functions of PCPDTBTSO3K (4.0% w/v, D2O) at both temperatures are included in
the Supplementary Information. Calculated structural parameters are summarized in Table 1.
Table 1. Structural Parameters of PCPDTBT-SO3K (4.0%
w/v, D2O) at 25 and 75 °C
parameter
νmicrogel
νchain
ξchain (nm)
Lchain (nm)
ξion (nm)
Lion (nm)

Figure 5. SANS data (●), ﬁts to our conjugated polyelectrolyte model
(−), and ﬁts to the polyelectrolyte model (--) for PCPDTBT-SO3K
hydrogels (4.0% w/v, D2O) at 25 °C (blue ●, −, --) and 75 °C (red
●, −, --). Outside of high-q data points, error bars are smaller than
markers.

and 75 °C, where elastic and viscous behavior are observed,
respectively. To extract correlation lengths and other relevant
structural parameters, the data are ﬁt to a scattering function. A
semiempirical scattering function, Broad Peak or Polyelectrolyte model, a convolution of form and structure factors, is
frequently used to describe systems that exhibit electrostatically
driven assembly, such as semidilute polyelectrolyte solutions
with low levels of added salt.44,45 While PCPDTBT-SO3K is
expect to assemble in a similar fashion to other systems
governed by electrostatically driven microphase separation,
ionic clusters of pendant ionic groups and counterions are
anticipated to have an important contribution to the structure
factor. Thus, an ionic correlation correction was added to the
model to capture that behavior, in the form of an additional
Lorentzian-like function, without which the Polyelectrolyte
model does not adequately ﬁt the data (Figure 5). The resulting
scattering function, a Conjugated Polyelectrolyte model, is
given by
A
B
I(q) = n +
q
1 + (|q − q*|Lchain)m
C
+
+ Iinc
1 + (|q − qion|L ion) p
(4)

25 °C
0.39
0.48
13.7
4.9
6.6
2.0

±
±
±
±
±
±

0.003
0.04
0.2
0.4
1.3
0.8

75 °C
0.39
0.45
12.8
4.3
6.4
1.7

±
±
±
±
±
±

0.003
0.05
0.3
0.3
1.2
1.2

While the uptick at low-q, corresponding to the onset of
power law behavior, is often interpreted as a form of
aggregation, it is a standard feature of ionic polymer solutions
at low salt concentrations that reveals the long length scale
correlations46 of the three-dimensional microstructure. This has
been demonstrated with the Polyelectrolyte model for
semidilute low-salt polyelectrolyte solutions exhibiting ordered
regions of high polymer density coexisting with disordered
regions of low polymer content44,47 and is believed to be
related to the attractive electrostatic correlations, independent
of backbone hydrophobicity or solvation.48
The clusters are compact, collapsed structures, characterized
by a Flory-like exponent of 0.39 ± 0.003 that percolate through
the disordered low polymer concentration solution forming a
network. The microgels are composed of an entangled
polyelectrolyte mesh with correlations revealed by the peak
present in the mid-q region of the scattering pattern. In the
semidilute regime, these polymer chains are interacting, thus
yielding interchain correlations but are not dominated by
entanglements as in the melt or concentrated solution. This
interchain correlation peak at q* is believed to be the wellknown polyelectrolyte peak, although there is no direct
evidence presented here. The polyelectrolyte peak is caused
by local chain rigidiﬁcation derived from like-charge repulsion
of highly charged polymer chains and is seen in various
polyelectrolyte systems through light, X-ray, and neutron
scattering.49−57 For PCPDTBT-SO3K at 25 °C, there exists a
statistical correlation length, ξchain, of (13.7 ± 0.2) nm
separating the polymer chains and an electrostatic screening
length, Lchain, of (4.9 ± 0.4) nm around which each chain can
be felt.
The correlation length, ξchain, can be compared to the scaling
relationship58,59 for the correlation length of a polyelectrolyte
incorporating electrostatic and entropic chain conformation
eﬀects:

where n is the low-q scaling exponent, m is the polyelectrolyte
scaling exponent, p is the ionic aggregate scaling exponent,
Lchain is the electrostatic screening length of the interchain
correlation, Lion is the electrostatic screening length of the ionic
aggregate correlations, q* is the interchain correlation peak
position, qion is the ionic aggregate correlation peak position,
and Iinc is the background incoherent scattering. Real space
correlation distances are extracted from these peak positions by
ξ = 2π/q. A, B, and C are scaling factors, dependent on the
concentration and scattering length density diﬀerence associated with each feature. The exponents n, m, and p capture the
breadth of the power law and Lorentzian-like functions, where
m is inversely related to the Flory exponent (ν) for polymer
systems, i.e. m ∼ 1/νchain, where ν = 0.5 corresponds to the θ
condition. The Flory exponent corresponds to collective
behavior, highlighting the conformation due to the relative

⎛ l ⎞−1/7
ξ ≈ f −2/7 ⎜ B ⎟
(bC)−1/2
⎝b⎠
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Figure 6. Proposed hierarchical structure of PCPDTBT-SO3K hydrogels, highlighting the void size (ξmesh), dimension of the microgel particle
(ξmicrogel), and correlation lengths between chains (ξchain) and ionic clusters (ξion).

where f is the fraction of charged monomers, lB is the Bjerrum
length, the length at which electrostatic interaction energy is
equal to the thermal energy kBT, b is the monomer size, and C
is the polymer concentration. Taking into account counterion
condensation,60 the polyelectrolyte chain and condensed
counterions are equivalent to a polyelectrolyte with charges lB
apart. Because the fraction of charged monomers is
experimentally controlled as f = b/lB, the resulting correlation
length61 is given by
⎛ l ⎞1/7
ξ ≈ ⎜ B ⎟ (bC)−1/2
⎝b⎠

help to tie separate chains together as dynamic physical crosslinks. The screening length, Lion, of (2.0 ± 0.8) nm is
interpreted as a characteristic length scale for electrostatic
screening between ions and is related to the dielectric constant
of the medium, the concentration of ionic species, and the
number of ions associating in each ionic aggregate.
As the temperature is increased from 25 to 75 °C, the overall
hierarchical structure (Figure 6) remains intact, but there is a
compaction of both the entangled polyelectrolyte mesh and
ionic correlations (Table 1). The percolated three-dimensional
network of clustered microgels shows only minor changes, a
surprising result as the macroscopic mechanical properties shift
from elastic to viscous response. The Flory-like exponents
characterizing the cluster morphology and interchain correlations remain eﬀectively constant, demonstrating no detectable
change in conformation. The correlation and screening lengths
show compaction for the interchain correlations: ξchain falls
from (13.7 ± 0.2) to (12.8 ± 0.3) nm and Lchain decreases from
(4.9 ± 0.4) to (4.3 ± 0.3) nm. While the ion correlations follow
similar behavior, it is hard to make quantitative statements as
relatively weak scattering results in high uncertainty of the ﬁts.
X-ray scattering studies aid in investigating the ionic
interactions, as improved signal intensity results from an
increased electron density contrast between the ionic moieties
relative to the polymer and solvent, and better temperature
resolution is experimentally accessible in understanding the
structural transitions. Figure 7 summarizes the small-angle Xray scattering (SAXS) proﬁles for PCPDTBT-SO3K (4.0% w/v,
H2O) from 25 to 75 °C.
Strikingly, the disordering of the microgel morphology
begins at the reorganization temperature determined by
WAXS, at which the dissociation of ionic cross-links and
increase in polymer solvation occurs: 45−50 °C. Nonetheless,
the microgels continue to lose structure with further heating.
The polyelectrolyte peak, as probed by SAXS, is more diﬀuse
and at lower-q than from SANS, which we attribute to
diﬀerences in scattering length density probing slightly diﬀerent
correlations. While it appears that the polyelectrolyte peak
shifts to higher q, indicating the collapse of the entangled
polyelectrolyte mesh network, the predominant eﬀect is the
collapse in intensity of the peak, due to a loss of correlations.
This apparently reﬂects increased solvation of the CPE chains
and associated counterions, which are then able to access more
conformations, resulting in a smearing of the network structure.
Further, the thermoresponsive character is reversible, highlighting an equilibrated system; the structure and properties
(i.e., rheology, conductivity) can be recovered given suﬃcient
equilibration at any temperature.

(6)

which agrees well with the experimentally determined mesh
size and corroborates the presented description of the CPE
hydrogel as a polyelectrolyte in semidilute solution. The larger
value of Lchain compared to other polyelectrolytes such as PSS57
is likely due to both the ﬁnite thickness of the PCPDTBTSO3K chain and the increased backbone stiﬀness from the fused
ring conjugated backbone.
These scaling relationships (eqs 5 and 6) not only give
qualitative agreement with the hierarchical structure of the
PCPDTBT-SO3K hydrogels presented here but also provide
insights into the molecular design of CPEs. Compared to
traditional polyelectrolytes, CPEs allow these parameters ( f, b,
and lB) to span a greater breadth of values. Owing to the
combination of highly polarizable backbone, pendant ionic
groups, and nonpolar alkyl side chain linkers, CPEs are soluble
in a range of solvent conditions, typically with larger Bjerrum
lengths, allowing larger correlation lengths. Additionally, the
monomer size in CPEs is typically also much larger (∼1.2 nm
for PCPDTBT backbones) and can be tuned easily through the
addition of diﬀerent donor or acceptor moieties. Control of
these two parameters should allow design of CPEs with
precisely tunable polyelectrolyte mesh spacing. Further, due to
the interplay of these two parameters, CPEs signiﬁcantly delay
the onset of counterion condensation as the Bjerrum length is
increased, enabling dissociated ions and electrostatic behavior
in low dielectric solvents.
Ion−ion correlations or ionic aggregates present in the
entangled polyelectrolyte mesh appear at progressively shorter
length scales. This weak, secondary correlation appears as a
shoulder of the more pronounced polyelectrolyte correlation in
the scattering function of Figure 5. The ionic aggregates (with
scattering contrast including both the pendant ionic sulfonate
groups and potassium counterions) are correlated with a
characteristic spacing, ξion, (6.6 ± 1.3) nm of between
aggregates, which is on order of the chain length rather than
the monomer scale. As such, it is believed these ionic aggregates
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back and plateaus at a comparable level to the electronic
conductivity: a saturation attributed to a concomitant loss in
percolation pathways for the ions. It is expected that both
electronic and ionic conduction primarily occur through
pathways in the microgels due to the higher local concentration
of mobile charge carriers within the clusters. Moreover, for
electronic conduction, there must still be an appreciable
amount of π-orbital overlap where there are interchain
connections so that holes can hop between adjacent chains.
In designing new mixed conductor hydrogels based on CPEs,
there are several important principles that can be elucidated or
anticipated from this investigation. Increasing the polymer
concentration should lead to higher conductivities due to
increased contact of the electrodes with the electroactive
microgel cluster and increased percolation of the microgel
clusters. Manipulating the solvent dielectric properties could
allow for conduction outside the clusters and aﬀect the
formation of ionic aggregates. Strategies to incorporate π−π
stacking through processing, materials design, or solvent
control could have important eﬀects on transport.

■

Figure 7. SAXS data for PCPDTBT-SO3K hydrogels (4.0% w/v,
H2O) from 25 to 75 °C. Outside of low-q data points, error bars are
smaller than markers. Data from 25 to 40 °C are coincident and are
hidden behind the 45 °C data.

CONCLUSIONS
PCPDTBT-SO3K, a high-mobility CPE, undergoes solution
assembly and solidiﬁcation driven primarily by electrostatics,
rather than π−π stacking, forming a three-dimensional network
with a novel, hierarchical structure (Figure 6). A percolated
network exists at large distances, composed of microgel clusters
that are aggregated at ambient temperatures but become
electrostatically stabilized at higher temperatures as ions gain
mobility out of the ionic aggregates toward the surface of the
microgel. The interiors of these microgel clusters are entangled
polyelectrolyte meshes that behave predominantly like classical
polyelectrolytes in the semidilute regime without added salt but
additionally incorporate unstructured aromatic interactions and
ionic aggregate cross-links. The organization of CPEs in this
regime is free from π−π stacking, with implications for CPE
hydrogels and solution assemblies relying predominantly on
intrachain charge transfer. Future work should be aimed at
elucidating mechanisms for control of ionic aggregates,
percolation of the microgel network, and π−π stacking,
especially in added salt regimes.

■

EXPERIMENTAL SECTION

Materials. Milli-Q ultrapure water (18.2 M Ω·cm at 25 °C) was
used for the preparation of all aqueous samples and in all synthetic
procedures. All chemicals, unless otherwise noted, were commercially
available and used as received from Sigma-Aldrich. Deuterated solvents
were obtained from Cambridge Isotope Laboratories.
PCPDTBT-SO3K was synthesized according to literature procedures.20 The molecular weight and dispersity of PCPDTBT-SO3K
were determined by gel permeation chromatography in DMF of its
derivative, resulting from exhaustive ion exchange with excess
tetrabutylammonium bromide, followed by dialysis.20
Molecular Characterization. 1H NMR spectra were recorded at
either 500 MHz (Bruker AVANCE500) or 600 MHz (Varian
VNMRS), and 13C NMR spectra were recorded at either 126 MHz
(Bruker AVANCE500) or 150 MHz (Varian VNMRS) in D2O or
DMSO-d6. Chemical shifts are reported in ppm referenced to residual
solvent peaks. Gel permeation chromatography (GPC) was conducted
on a Waters instrument using a refractive index detector and Viscotek
Visco Gel I-Series columns (IMBHMW-3078, IMBLMW-3078). DMF
with 0.1% LiBr at 25 °C was used as the mobile phase with a ﬂow rate
of 1 mL/min. Reported molecular weight and dispersity (Đ) values are
relative to polystyrene (PS) equivalents as calibrated with narrow PS
Standards (Agilent). Mass analysis was performed using electrospray

Figure 8. Electronic (●) and ionic (■) conductivities of PCPDTBTSO3K hydrogels (4.0% w/v, H2O) as a function of increasing
temperature.

Structural Eﬀects on Conductivity. Importantly, the
PCPDTBT-SO3K hydrogels remain semiconducting, as revealed in Figure 8 (determined by electrochemical impedance
spectroscopy with an in-plane geometry). The system exhibits
particularly high conductivities (∼0.5−2.5 mS/cm) given the
lack of evidence for crystallinity, π−π stacking, or other welldeﬁned aromatic interactions and the extremely high (96%)
water content. At the lowest temperatures (25 to 30 °C), the
charge transport is dominated by electronic conductivity, with
the ions eﬀectively frozen within the ionic aggregates. As the
temperature is increased (40−45 °C), the ionic conductivity
sharply increases as the ions gain mobility due to dissociation of
ionic cross-links and release of unbound counterions. At
elevated temperatures (>50 °C), the ionic conductivity drops
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Electrochemical Impedance Spectroscopy. Impedance measurements were taken on a Biologic VSP-300 potentiostat using an inplane conﬁguration. Sample was deposited onto a glass substrate with
evaporated gold contacts. The electroactive area of the sample was
controlled through a layer of Kapton tape, with a well of deﬁned area.
The lateral dimensions were measured with a digital micrometer, and
the thickness of the gel sample was calculated from the volume
deposited. The impedance measurements were performed from 7
MHz to 1 Hz with a sinusoidal amplitude of 100 mV, using an
INSTEC stage (±0.1 °C accuracy) to control the temperature of the
sample. The conductivity was monitored until stabilized at each
temperature. The presented data are from a single cycle of monotonic
heating from 25 to 75 °C but are reproducible upon signiﬁcant
equilibration (up to 24 h from 75 °C back to 25 °C).
Given the interactions between electronic and ionic charge carriers,
especially in an inhomogeneous dielectric continuum (i.e., the
hierarchical three-dimensional network structure, composing
PCPDTBT-SO3K chains, counterions, and solvent both inside the
microgels and in the void spaces), it is not currently possible to ﬁt the
data to an appropriate equivalent circuit model. To obtain estimates of
the ionic and electronic conductivities, the frequency independent
plateaus (Figure S6) of impedance were converted to conductivity
according to

ionization methods (ESI) using a Waters Micromass QTOF2 mass
spectrometer. Elemental analysis using the Dumas method was
performed on a Control Equipment Corp. instrument (CEC 440HA).
Electron Microscopy. FF-SEM experiments were conducted on a
FEI XL30 microscope operating at an acceleration voltage of 10.0 kV.
Freeze-fractured samples were prepared with a Quorum Technologies
Polaron PP2000T cryo-stage. The stage was cooled to the temperature
of liquid nitrogen. Then, a small volume of solution was added and
rapidly cooled by liquid nitrogen, allowing vitriﬁed amorphous water,
avoiding ice crystallization and preserving the native structure of the
solution.62 The samples were put under vacuum at continuous cooling
with liquid nitrogen and fractured with a microtome knife. The surface
was replicated by coating with Pt at an angle of 90°.
Rheology. Rheological measurements were taken on an AR-G2
rheometer using 20 mm diameter stainless steel parallel plates with a
200 μm gap. Sample environment was controlled by using a Peltiercontrolled lower plate for temperature control and covering the ﬁxture
to prevent ambient humidity from aﬀecting the measurements.
Dynamic strain sweeps were performed at 1 and 10 rad s−1 to
determine the linear viscoelastic regime, where the upper limit of the
linear viscoelastic regime is deﬁned as the critical strain (γc), below
which the dynamic modulus remains invariant. The γc for the
PCPDTBT-SO3K hydrogel (4.0% w/v, H2O) at 25 °C was
approximately 5% (Figure S2). All further measurements were taken
at 1% strain to remain within the linear viscoelastic regime.
X-ray Scattering. PCPDTBT-SO3K was dissolved in Milli-Q
ultrapure water at the appropriate concentrations (0.3 and 4.0% w/v).
Vortexing, sonication, and mild heating were used to aid in dissolution.
Solutions were loaded into Kapton lined 1 mm-thick aluminum
washers, sealed, and allowed to equilibrate for 72 h at ambient
conditions before measurement. Sample cells were loaded in a
temperature-controlled sample holder and allowed to equilibrate for
15 min at each temperature before exposure. Before measurement, the
sample was heated above room temperature and then equilibrated at
25 °C for 30 min to remove any thermal history eﬀects. The presented
data are from a single cycle of monotonic heating from 25 to 75 °C but
are reproducible upon signiﬁcant equilibration (up to 24 h from 75 °C
back to 25 °C).
SAXS patterns were obtained at beamline 7.3.3 of the Advanced
Light Source (ALS) at Lawrence Berkeley National Laboratory in
Berkeley, CA.63 A sample−detector distance of 3770 mm was used
with an X-ray beam energy of 10.0 keV corresponding to a wavelength,
λ, of 1.24 Å. Scattering angles were calibrated to a silver behenate
(AgB) standard. WAXS patterns were obtained at beamline 11-3 of the
Stanford Synchrotron Radiation Lightsource (SSRL) in Menlo Park,
CA. A sample−detector distance of 369 mm was used with an X-ray
wavelength, λ, of 1 Å corresponding to a beam energy of 12.4 keV.
Scattering angles were calibrated to a lanthanum hexaboride (LaB6)
standard. Data were reduced using the Nika package for Igor.64 The
scattered intensity, I(q), was obtained by circular averaging of the
intensity.
Neutron Scattering. SANS studies were conducted on the NGB30 instrument at the National Institute of Standards and Technology
Center for Neutron Research (NCNR) in Gaithersburg, MD.65 Three
sample−detector distances were used (1.3, 4, and 13 m) with a
neutron beam wavelength, λ, of 6 Å, yielding a q range of (0.003433−
0.4121) Å−1, where the scattering variable is q = (4π/ λ)sin(θ/2) and θ
is the scattering angle. The scattered intensity, I(q), was obtained by
circular averaging of the intensity. Typical empty cell and blocked
beam corrections were made. Averaged data were placed on an
absolute cross-sectional scale.
PCPDTBT-SO3K was dissolved in D2O at the appropriate
concentrations (0.3 and 4.0% w/v). Vortexing, sonication, and mild
heating were used to aid in dissolution. Solutions were placed into
titanium sample cells with quartz windows and a 1 mm path length
and allowed to equilibrate for 72 h at ambient conditions before
measurement. Sample cells were loaded in a temperature-controlled
sample holder of ±0.1 °C and allowed to equilibrate for 1 h at each
temperature. Data reduction followed typical procedures using the
NCNR SANS packages for Igor.66

σ=

l
|Z *|tw

(7)

where |Z*| is the total impedance, t is the thickness of the sample, w is
the lateral sample width, and l is the distance between electrodes and
taken as the DC conductivities. The total impedance of the high
frequency plateau is taken as the electronic resistance and is used to
calculate the electronic conductivity. The impedance of the low
frequency plateau is taken as the sum of ionic and electronic
resistances. Subtracting the electronic contribution to this impedance,
the ionic conductivity can be calculated according to eq 7.
Noteworthy, this approach likely signiﬁcantly underestimates the
conductivities by neglecting contact resistance between the sample and
the electrodes, which would be present in both plateaus in the Bode
plots (Figure S6).
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