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Introduction

Glassy dynamics of model complex coacervate
films with variable interaction strength quantified
by the critical salt concentration

Nehil Shreyash,? Maninderjeet Singh,® Karan Kumar Paswan,” Nour Bader,©
Mohammad K. Hassan, €2 *© Jack F. Douglas, ¢ *9 Gul Zerze*® and
Alamgir Karim (2 *@

Complex coacervates are widely studied in manufacturing, food processing, personal care, and
therapeutics. While much research pertinent to coacervates has recently focused on their phase
behavior, their glassy dynamics remains largely unexplored. We anticipated, based on a combination of
the generalized entropy theory (GET) of the dynamics of glass-forming liquids and recent molecular
dynamics simulation studies, that variations in these material's polymer charge density should
significantly alter the glass transition temperature (Ty) and fragility (m) because of the known effect of
charge on the cohesive energy density of polymer materials. To test this hypothesis, we performed
dielectric spectroscopy measurements on model complex coacervate films formed by blending poly-
diallyldimethyl ammonium chloride (PDDA) and adenosine triphosphate (ATP). The critical salt
concentration (csa) Was taken to be a quantitative measure of molecular interaction strength, . The
films were vacuum annealed before dielectric measurements were conducted over a wide temperature
range extending down to temperatures close to Ty. As anticipated, we find that increasing ¢ increases T,
but progressively decreases m. We also find that our coacervate films exhibit high apparent dielectric
permittivity (>10%) at room temperature for a moderate frequency of 1 kHz, which naturally explains the
observed high responsiveness of such materials to even relatively weak electric fields (=1 V cm™Y).
Finally, we show that moisture tends to plasticize the glassy dynamics of these materials, i.e., reduce Tg.
These trends are expected to hold rather generally for complex coacervate materials arising in diverse
manufacturing and biophysical contexts.

in two positively charged polymers by virtue of an additional
charge-n electron interaction between the polyelectrolyte

Complex coacervate is a historical term for blends of polyelec-
trolytes, often involving oppositely charged polymer blends in
their metastable macro-phase separated state. Such polyelec-
trolyte “blends” are sometimes termed polyelectrolyte com-
plexes (PECs) when the material is in the 1-phase region,
where the polymers are often found to be in an associated
state.> Notably, the existence of oppositely charged polyelec-
trolytes is not necessary for complex coacervate formation.
Specifically, Kim et al® demonstrated complex coacervation
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chains. Within the food processing and cosmetic industry,
these complex coacervates have found an immense number of
applications®® and have garnered significant biological interest
in relation to this type of phase separation being involved in
cell organelle formation, the occurrence of disease states, and
as a vehicle for drug delivery.®™®

The fluidity of the coacervate material plays a major role in
biological function and in other applications. As with polymer
materials broadly, fluidity variation is influenced by a combi-
nation of polymer entanglement interactions, intermolecular
association to form gel-like materials, and glass-formation. The
highly charged nature of coacervates expectedly leads to sig-
nificant changes in cohesive energy density — a thermodynamic
quantity defined as the energy necessitated to separate a unit
volume of a material into individual molecules - relative to
uncharged polymers, and this leads to especially large changes
in the glassy dynamics of these materials upon polymer charge
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density variation.”'® However, the quantitative estimation of
changes in molecular interaction strength (¢) is complicated in
complex coacervates, given the metastable nature of many
coacervate systems and the presence of water and associated
hydration effects. This forces us to consider an unconventional
measure of ¢ in these materials.>™

While previous computational studies have established that
polymeric charge density corresponds to a higher cohesive
energy density in polymer melts, as predicted by Eisenberg'?
and Tanaka,'® and shown in experimental studies on charged
glassy polymer materials, the quantitative application of these
arguments to blends of polycations and polyanion in an
associated and phase separated coacervate state is unclear.
Another complicating factor in estimating the cohesive energy
density of these materials is that these PECs are normally
heavily hydrated and as a result, the hydrated counter-ions
around the charged polymer alters the magnitude of the effect
charge and thus alters the strength of the polymer-polymer
interactions within the polymer complex. Finally, complex
coacervates are inherently non-equilibrium phase separated
materials whose structure and properties are expected to evolve
in time. It is then unclear how to accurately estimate the
cohesive energy density of such a complex material. None-
theless, it is possible to measure properties that reflect the
relative “strength” of charge interaction. In particular, the
amount of salt required at a fixed temperature (7) to form a
miscible polyelectrolyte blend solution, termed as the “critical
salt concentration” (csai), is @ measure of the effective inter-
action strength because the presence of salt progressively
weakens the interaction strength between the polymers.'*™®
Thus, a higher cg,; is required for complex coacervate solutions
in which the polymers have a higher charge density.'® Since a
higher salt concentration is required to compensate for a
higher polymer charge, we propose that ¢, can be taken as
a measure of the relative intermolecular interaction strength
(¢), and we adopt this quantity as a proxy for the estimation of
cohesive energy density. Cohesive energy density is also nor-
mally reflected in the shear modulus, and this property should
also be reflected in the adhesive strength of the material. These
properties might also serve as proxies for cohesive energy
density in complex coacervate materials, but cs,; has the
advantages that it is readily estimated experimentally and
extensively tabulated in previous studies.

The generalized entropy theory (GET) of glass-formation
provides a general framework for how ¢ influences both T,
and fragility (m) of glass-formation.>"” Fragility is a measure of
the ‘“sharpness” of the glass transition in the sense of how
rapidly relaxation time changes near T,.'® It has important
implications for the long-term stability of encapsulated bio-
molecules, including RNA and DNA, which are prone to degra-
dation under conditions of high molecular mobility. In low-
fragility glasses (steep rise in relaxation time approaching Ty),
the reduced molecular motion below T, creates a kinetically
stabilized environment that can preserve the structure and
function of labile biomolecules over long periods. This phe-
nomenon can be highly useful in the enhanced preservation of
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protein and RNA drugs, such as those used for covid vaccines.'***
Previously, low fragility sugar matrices have shown their value as
preservatory matrices for proteins and other biomolecules by
suppressing the amplitude of molecular motion and the perme-
ability of gases that could cause chemical degradation.***

Our work indicates that the enhanced cohesive interaction
strength of complex coacervate materials leads to an increased
Ty and to a reduction of the fragility m of glass-formation,
thereby creating an environment that could markedly reduce
the rate of RNA degradation within such a preservation matrix.
We also speculate that enhanced RNA stability in such a
medium may have been critical for the emergence of life if
the coacervate protocell hypothesis** and the RNA World>*>?®
hypotheses are proven to be correct. In particular, the protective
“anti-plasticization” effect of the coacervate protocell could be
expected to help ensure that RNA molecules retain their struc-
tural integrity and chemical functionally over a much larger
timescale than free RNA in solution. Such enhanced RNA
stability was probably necessary for these molecules to evolve
in their molecular complexity to the degree necessary for the
complex metabolic behavior required of living systems. More-
over, the low fragility of complex coacervates is expected to be
important in the context of food preservation,”" as well as for
enhancing the shelf-life of biomolecular drugs.'**%>?

Recent complementary experimental studies have indicated
unusual fragility trends in some polymer materials under
investigation in connection with energy storage and generation
and in the development of more sustainable polymer materials
in comparison to traditional petroleum-based polymers which
are typically uncharged in nature and processed at elevated
temperatures in organic solvents. Complex coacervate polymer
materials are representative of this new type of material which
can retain many of the properties of petroleum-based polymer,
but whose charged groups make it suitable water for processing
in salt water at low temperatures and seems to allow for the
avoidance of microplastic pollution upon the breakdown of the
polymer material in seawater.”’*® Careful dielectric measure-
ments on another representative charged polymer material,
mussel-inspired elastomers,* have indicated that T, and fragi-
lity vary in opposite directions when the physical crosslinking
density, involving charged or polar groups, was increased.’
The results of these measurements came as a surprise because
Ty and fragility usually change in a near proportionate way
when molecular parameters are varied.***" Even earlier, Fra-
giadakis et al.®*> were one of the first experimentalists to show
the inverted T, - fragility trend in polyethylene-derived copoly-
mer ionomers with variable Li* ionic content. Even earlier,
Ueno et al.*® observed this type of puzzling, inverted variation
between T, and fragility in a family of protonic ion liquids of
similar molecular structure, but increasing charge density.
Little physical insight was offered at the time for the physical
origin of this trend, however more recently, Zheng et al
observed an inverted trend between T, and m in simulated
polymer networks when the magnitude of the cohesive energy
density was increased significantly, while keeping other mole-
cular parameters fixed.** From a theoretical standpoint, an

This journal is © The Royal Society of Chemistry 2025
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inverted trend between T, and m was predicted some time
ago by the generalized entropy theory GET under conditions
where the intermolecular interaction strength is significantly
increased, while other molecular parameters are held fixed."”

Since the inverted trend between the variation of T, and
fragility has repeatedly been found in recent studies of novel
polymer materials,’>>> we briefly discuss the physical origin of
this predicted trend within the GET. A more in-depth discus-
sion of the inverted between these basic properties of glass-
forming polymer materials having variable structure and inter-
action is discussed by Xu et al.'® First, we again emphasize that
it is quite uncommon for typical uncharged polymers having
van der Waals interactions to show the inverted trend between
T, and fragility. This trend is attributed by the GET to the
relatively limited variation of the cohesive interaction density
for this class of materials when molecular parameters are
varied such as chain stiffness, monomer geometrical structure
and chemistry, and the overall polymer molecular mass. The
rubbery polymer material polyisobutylene (PIB) provides a rare
exception to this general trend and this special polymer, and
the variation of fragility in polymer materials generally, is
discussed by Xu et al.'® One of the interesting consequences
of this relatively slow variation of the cohesive energy density
within ‘“typical” petroleum-based polymers is that T, and
fragility vary in a nearly proportionate way*® when the polymers
are long enough to be considered polymeric. Notably, this near
proportionality between T, and fragility accounts for the near
universality of the temperature dependence of the relaxation
time of uncharged polymer materials discovered by Williams,
Landel and Ferry (WLF),*” which involves a mathematical expres-
sion for the structural relaxation time of common polymer
materials that has no explicit dependence on fragility.'® This
situation arises because magnitude of T, also approximately
determines the magnitude of the fragility. One could get the
impression from the observation of the empirical WLF scaling
relation in common polymers that fragility is irrelevant to under-
standing the dynamics of polymer materials, but this correlation
is certainly not general even as originally inferred by WLF for even
petroleum-based polymers.'® Observed large deviations from this
type of approximate universal scaling are becoming increasingly
common in polymer materials used in energy applications where
charged groups and salts are often involved to alter the material
conductivity, and in the development of new materials having
strong associating side-groups that are of interest in the design of
more sustainable polymer materials where the associating groups
can aid in the recycling of polymer materials.

Within the same GET theoretical framework, the inverted
trend between T, and fragility is predicted to arise in polymer
materials in which the cohesive energy density is relatively large
and variable, such polyzwitterion and charged polymer materials,
polymer materials with charged groups acting as physical cross-
links, etc. The large intermolecular interaction strength between
the monomers of opposite charge in the polyelectrolyte blends
would strongly suggest that complex coacervates should likewise
exhibit this type of inverted trend. We next briefly discuss the
mathematical mechanism of the inverted trend within the GET.

This journal is © The Royal Society of Chemistry 2025
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It is well known from numerous previous studies of glass-
formation that increasing the cohesive energy density tends to
increase T,,’*™*' along with the melting temperature T;, and
other characteristic temperatures of polymer materials,** so this
part of the inverted trend is self-evident. Increasing cohesive
interaction strength generally tends to increase T,. The unexpected
part of the inverted trend is then the reduction of fragility with
increasing cohesive interaction strength. The GET predicts that
increasing the cohesive energy density has the effect of enhancing
the relative packing efficiency of the polymer material, as quanti-
fied by the changes in the relative density of the material, the
reduced isothermal expansion coefficient and reduced isothermal
expansion coefficient (for detailed discussion and explicit GET
computation and validation using molecular dynamics simula-
tions, we would recommend that the reader take a look at the
recent work done by Xu et al.'®). Importantly, this reduction of the
relative packing frustration caused by increasing the cohesive
energy density is also predicted by the GET to lead to significant
increase in the relative configurational energy density of the
polymer material and it is this property change that explains
why an increase of the cohesive energy density should cause a
drop in fragility. This is the crucial link between dynamics and
thermodynamics in the GET. An inverted trend is also predicted by
the GET, and confirmed by simulation, upon increasing the
applied external pressure on polymer materials not exhibiting
strong hydrogen bonding or other directional intermolecular
interactions since an increase of pressure*** since an increase
of pressure also tends to lead to a densification of polymer
materials, and a reduction of the thermal expansion coefficient
and isothermal expansion coefficient. It is the reduction of the
fragility with an increase of the magnitude of either the cohesive
energy density (internal pressure) or external pressure that explains
the origin of the inverted relation between T, and fragility.

Given previous theoretical findings of the inverted trend
between T, and fragility in materials having a relatively high and
variable cohesive energy density, and the evident strong inter-
molecular interaction strength between charged polymers in
coacervates, we were led to specifically test whether increasing
¢ should increase the Ty, while lowering m in dielectric measure-
ments on a model coacervate material that our group has
extensively studied previously in connection with other property
measurements.””™*° Below, we confirm the expected inverted
trend between T, and m in these materials through dielectric
spectroscopy measurements. Notably, we are not aware of any
previous studies of the fragility of complex coacervate materials,
a property of potential significant interest in relation to enhan-
cing the preservation of biological materials against degradation,
a phenomenon that could have been of crucial significance in
the origin of life if protocells were composed of complex
coacervate materials, as many scientists currently believe.**

Results and discussion

We synthesized three coacervate systems
diallyldimethyl-ammonium chloride [PDDA; My, =

from poly
8.5 kDa]
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and adenosine triphosphate (ATP) with different PDDA: ATP
molar ratios to have three distinct intermolecular strengths ¢
quantified by ¢y, (see Experimental methods in SI). Among the
various polyelectrolyte systems available, PDDA-ATP complex
coacervates offer chemical simplicity, ease of synthesis and an
electrostatically rich model system. The robust electrostatic
interactions are credited to the presence of multivalent ATP
anions and cationic PDDA chains, enabling tunable interaction
strength simply by varying composition. Additionally, ATP’s
biological relevance is a major contributor influencing our
continual interest in studying the physics of this system. These
characteristics make PDDA-ATP coacervates an attractive plat-
form for systematically studying how charge-mediated cohe-
sion influences glassy dynamics in complex coacervates. As
reported previously, the presence of salt ions in the complex
coacervate solution screens the intrinsic ion’s (Pol" Pol")
interactions.>'*'® This weakening of intermolecular interrac-
tion strength between the charged polymers ultimately leads to
the formation of a stable one-phase polymer solution,>>® as can
be directly inferred from optical microscopy (Fig. S1) and UV-
Vis (Fig. S2A-C) measurements. The interaction strength,
defined by ¢ (=csar), is the highest for stoichiometric ratio
and decreases upon deviating from it (i.e., &.1 > €.1 > €4.1)-

We performed dielectric spectroscopy (DS) on the different
PDDA: ATP molar ratios cast films, after annealing them at
373 K (100 °C) under vacuum for an hour. For each system, the
tan (0) versus frequency curve was fitted using the commonly-
utilized Havriliak-Negami (HN) equation (Fig. S5) at each T at
which the DS measurements were performed.”’*°* HN para-
meters resulting from our fits are indicated in Tables S1-S3
(Scheme 1).

Fig. 1A indicates that the systems having a higher ¢ relax on
a longer timescale at a given T in our model coacervate
materials. This trend is expected to be quite general in complex
coacervates having a similar structure because increasing the ¢
normally corresponds to an increase in cohesive energy density
and T,. From Fig. 1B, we also observe a decline in the coacer-
vate material’s conductivity with increasing ¢, indicating a
reduced counter-ion mobility accompanies the slowing down
of the relaxation as the charge interaction is increased. The
behavior of relaxation time (t,ax) as a function of T indicates a
non-Arrhenius behavior (Fig. 1A) over the entire temperature

et —

Coacervate

. " droplet
<

Polyelectrolyte systems

Coacervate-electrode system subjected
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range so it is not possible to meaningfully model 7, using the

B
Arrhenius equation (log Tmax = log o + e where B denotes the

activation energy). This temperature variation is typical of poly-
meric glass-forming liquids and the Vogel-Fulcher-Tammann
(VFT) equation is normally found to describe relaxation data,.**

DTy (1)

log tmax = logto + T—T,

where T is the temperature, 7, is the VFT temperature and K =

1
D is the “Vogel fragility parameter” describing the strength of

the temperature dependence of the relaxation time and the
degree to which the relaxation process deviates from Arrhenius
relaxation. At very high temperatures, Arrhenius relaxation is
often observed in glass-forming liquids above an onset tempera-
ture T, that is often about twice T,,” but many polymer start to
degrade before such a temperature can be reached so that
Arrhrenius relaxation is of limited interest from a practical
stanpoint. This VFT equation, which can be viewed as corres-
ponding to a T dependent activation energy,*® is closely related
to the Williams-Landel-Ferry (WLF) expression for the relaxa-
tion time of glassy materials, and both of these expressions can
be expected to hold to a good approximation in a 7 range above
T, but well below T,, where glassy dynamics is prevalent.'®

In Fig. 2A-C, we find that the VFT equation describes the T
dependence of 7, rather well, allowing us to determine 7, in the
three coacervate systems based on the conventional criterion, Tpyayx =
100 s at T = T,.'**** Notably, our measurements happen to be
made above T, at which physical aging effects under normal
measurement conditions become highly prevalent. Note that this
method of T, estimation involves an extrapolation to the T at which
the relaxation time equals 100 s and allows for a precise cooling
rate independent estimation of 7,. While some uncertainty exists
in this method of estimating 7, due to the requirement of
temperature extrapolation, alternative methods of estimating T,
based on “kinks” in the T dependence of the density variation, or
peaks in the non-equilibrium specific heat measurements over a
range of decreasing cooling rates, also have their uncertainties.

It is observed in Fig. 3A that T, increases with the relative
value of ¢y, Le., the stoichiometric system has the highest T.

Broadband Dielectric
Spectroscope (BDS)

to Broadband Dielectric Spectroscopy

Scheme 1

9364 | Soft Matter, 2025, 21, 9361-9371

[llustrates the model system of the coacervates being subjected to broadband dielectric spectroscopy.
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(A) Relaxation time (tmax) increases with reducing temperature for each of the three systems. Among the three systems under investigation, the

one with the strongest interaction strength (¢) takes the longest to relax; (B) the conductivity is lowest for the system with the highest ¢, which explains the
low mobility and therefore, the longer relaxation time at any given temperature. These results were obtained as a result of performing DS after vacuum

annealing the drop-casted coacervate films for an hour at 373 K.

0.005

Temperature (in K)

0.025
PDDA:ATP = 1:1 R?=098 PDDA:ATP = 2:1 R?=0.996 5 PDDA:ATP = 4:1 R¥=0.989

—~ ~ >
» £ 00204 L 0.0044

% % %

s ] g
E G )
O o 0.015 4 © 0.003
E £ E
= = &=

0.010 0.002 4
=] = =
8 g 2 e
§ < ‘i ANO
< % 00054 & oo
Q © 5]
=2 (4 o~
0.000 4 0.000 4 ‘
¥ L s ol T T T T T T T T
300 320 340 360 300 320 340 360 300 320 340 360

Temperature (in K)

Temperature (in K)

Fig. 2 Vogel-Fulcher—Tammann (VFT) fits on the relaxation time versus temperature data for PDDA:ATP = 1:1(A), 2:1(B) and 4 : 1 (C). The difference in
stoichiometric ratios of the three samples is representative of the different cohesive energy densities that these samples possess.

This is coherent with many other studies wherein a similar
trend in T, was observed upon strengthening internal
interactions.”'®?%>* Schlenoff and co-workers®® reported that
stoichiometric coacervates (i.e., molar ratio of Pol" to Pol™ = 1)
attain their 7, at a more elevated T than non-stoichiometric
coacervates due to matched attractive interactions, and our
result accords with this observation.
As described by Spyridakou et al.,>
is termed “fragile” if it shows a strongly non-Arrhenius depen-
dence with T, which is the case with PDDA-ATP coacervates. To
examine the relationship between fragility and ¢, we follow

a glass forming polymer

three well-established measures of fragility. Firstly, the “Vogel
1
fragility parameter” (K = 5), which describes the strength of

the temperature dependence of the structural relaxation time,
is a primary measurement parameter for quantifying fragility. A
larger value of K implies a larger fragility, explaining why K is
defined as reciprocal of D in the VFT equation. From Fig. 3C, we
observe that K reduces with increasing ¢ and this implicates
toward a decrease in fragility with stronger interaction strength.
Secondly, in an attempt to relate the WLF parameters with VFT

This journal is © The Royal Society of Chemistry 2025

parameters, it was mathematically established by Angell*® that the
ratio T,/T, too is a measure of a material’s fragility (m). Through
our dielectric spectroscopy experiments, it is observed (Fig. 3B)
that increasing ¢ points towards a decreasing trend in fragility.

(108 Trmax

Lastly, the steepness index m = ) ]T = T,, which

defines the steepness of the Arrhenius plot for the relxation time
near T, is also a common measure of the fragility of glass-
formation where a larger mg corresponds to fragility higher
fragility.>'®?>***” In Fig. 3D, we observe that as a consequence
of mg decreasing with ¢, the fragility decreases. Notably, the
estimation of two of the three above-mentioned fragility determin-
ing parameters, namely m, and T,,/Ty, require a precise estimation
of T, which can lead to significant uncertainty in fragility (m)
estimates associated with the inherent uncertainty in estimating
T, This type of uncertainty in estimating “m” is especially large in
computational studies. All these fragility measures are closely
inter-related, but we do not discuss these well-known relation-
ships here. In the present work, we emphasize on K since this

Soft Matter, 2025, 21, 9361-9371 | 9365
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Fig. 3 (A) The glass transition temperature Ty increases with the critical salt concentration (Csa) for different PDDA : ATP stochiometric ratio such that

Csalt = 39.98 MM (1:1), 34.59 mM (2:1), 22.91 mM (4 :1); (B) lower ratio of Ty and Tg56 implies lower fragility, which is observed as cq,c increases; (C) with
increasing cs,, the “Vogel fragility parameter” K decreases and this implies that fragility decreases; (D) the steepness index (ms), which is inversely related
to a system'’s fragility, decreases with increasing cs,:. Each of the three criterias to determine the fragility (m) of the coacervates is consistent with it

decreasing with increasing interaction strength ¢, defined as, ¢ = cq,it.

measure of fragility, which quantifies the strength of the tem-
perature dependence over a large temperature range, does not rely
on the precise estimation of Tj.

As observed from Fig. 3B-D that the coacervate materials
with a higher ¢ have a lower fragility. More interestingly, we
observe for coacervate systems, akin to polyzwitterionic and
other charged systems studied in the literature,* that the T,
and fragility follow inverse trends, which is unusual for poly-
meric glass formers. As summarized above, there have been a
number of studies reporting a similar trend for a range of
materials in which the cohesive interaction strength is likely
varied appreciably, while the polymer molecular structure is not
greatly altered. This general physical situation applies to our
model system and in Fig. S7 we directly compare T, and various
measures of fragility where we observe these quantities vary
linearly with each other an with a negative slope. This approx-
imate linear relationship, with negative slope, between fragility
and T, was first discovered theoretically in GET calculations by
Stukalin et al.’® for a polymer model in which the molecular
structure was fixed and the potential interaction strength was
varied over a large range, though neither GET calculations
nor molecular dynamics simulations of glass-formation have
not yet been performed yet on coacervate materials due to
the complexity of the interactions in these materials.

9366 | Soft Matter, 2025, 21, 9361-9371

Our observations on glass-formation in our model coacervate
materials are quite consistent with these theoretical and simu-
lation observations.

The seminal theoretical work relating to the inverted trend
by Stukalin et al. did not provide any explanation of the
inverted trend and an physical understanding of this counter-
intuitive phenomenon; that has only recently been reported by
Xu et al.'® Recapping our discussion above, the analysis of Xu
et al.,'® based on the GET framework indicated that increasing
intermolecular interaction strength gives rise to more efficient
molecular packing, i.e., reduced packing frustration, similar to
the effect of increasing pressure in most materials, which, in
turn, increases the relative configurational entropy of the fluid
and correspondingly causes a reduction in the fragility of glass-
formation. This same general mechanism can be seen to be at
play in previous studies in which the inverted trend between T,
and fragility have been observed and we discuss these previous
observations in some greater detail from the GET perspective.

In cross-linked systems, fragility is often observed to
increase with chemical cross-linking density, which has the
effect of decreasing the configurational entropy of the
material.>® In the language of GET, cross-linking increases
packing frustration, which can be quantified by the configura-
tional entropy S, of the material at elevated temperatures. The

This journal is © The Royal Society of Chemistry 2025
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GET has also revealed that increasing the molecular mass of
polymers likewise decreases the configurational entropy of
polymer melts and the variability of fragility in polymers
predicted by the GET is mainly due to this thermodynamic
effect. Zheng et al.** found in their molecular dynamics simula-
tions that by increasing the potential molecular interaction
strength in a network having fixed cross-linking density and
monomer structure an inverted trend between T, and fragility
is observed, similar to our observations on our model coacer-
vate material. Interestingly, Spyridakou et al.>° observed the
inverted trend between T, and fragility in a cross-linked net-
work material inspired by mussels, in which the chemical
cross-links were replaced by charged (iron-catechol) physical
cross-links that likely increase the cohesive interaction strength
of these materials. Evidently, the charged physical cross-links
can overcome the normal tendency of cross-linking to increase
fragility. These observations are contrasted with recent obser-
vations on the progressive replacement of chemical cross-links
in epoxy-amine thermoset materials with uncharged aromatic
disulfide groups, which led to a concerted decrease of both T,
and fragility.°® The observation of the inverted trend between
T, and fragility by Angell®' and coworkers upon progressively
increasing the protonation of decahydroisoquinole and also by
increasing the ion content in PEO derivative polyester copoly-
mer ionomer materials having increasing Li* ion content®® can
be understood to arise from a similar physics as in our
coacervate materials-a progressive increase of the charge inter-
action strength through the increased ion content of the
material leads to a robust tendency for T, to increase while
the fragility of glass-formation becomes reduced.

We note again that the inverted trend between T, and
fragility is uncommon for uncharged polymers since their cohe-
sive interaction tends to be less sensitive to the variation of
molecular parameters such as chain stiffness, monomer structure
and molecular mass.'® This is because the cohesive energy density
in neutral polymeric systems can be widely varied. Even though
these interactions are weaker than those in their charged counter-
parts, their cohesive energy density is much easily modulated
through simple variations in side-group polarity, chain architec-
ture, etc. This broad tunability greatly influences local packing
efficiency and configurational entropy near T, thereby enhancing
both T, and fragility, as predicted by GET.*

We also consider the variation of the dielectric permittivity
and relaxation time when T and moisture content in the
coacervate were altered. The PDDA-ATP coacervates was drop-
casted on one of the electrodes before being examined for
dielectric permittivity and relaxation dynamics within the T
range of 273.15 K to 363.15 K (see SI). The permittivity of the
coacervates is ~ 10° to 10* at a frequency of 1 kHz - which is in
conformity with those reported by Michaels et al.,** albeit for a
different PEC system (Fig. S3). However, given minimal control
on the coacervate film’s thickness because of drop-casting, the
exact value of permittivity cannot be underpinned with cer-
tainty. Michaels® reported that when salt concentration in
their PEC system increased to 0.46 equivalents (per equivalent
of PEC), the permittivity meteorically increased to >10° (at

This journal is © The Royal Society of Chemistry 2025
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f = 1 kHz) compared to those with no salt. Notably, the
coacervate system examined in Fig. S3 also has salt ions in
the form of residual counterions and upon drawing parallels
with Michaels’ observation, we believe that these salt ions
residing within the coacervate matrix are responsible for the
high apparent permittivity observed. It is also noteworthy that
the permittivity is much lower after drying and the high
permittivity of the wet system is associated with hydration
and the presence of added salt, an effect which is also reported
by Michaels®® and Durstock® for their respective PEC systems.
Moreover, the permittivity, regardless of T, is very much higher
at lower frequencies (x0.1 Hz). This low frequency enhance-
ment of the apparent permittivity in measurements such as
ours is a commonly observed phenomenon and is normally
attributed to the Maxwell-Wagner-Sillars (MWS) polarization,
wherein the ions of the coacervate accumulate at its interface
with the electrode of the instrument making the dielectric
measurements.®> At moderate frequencies, the surface polar-
ization effect due to this effect drops precipitously and the
apparent permittivity of the material plummets. This behavior
has been reported previously for similar materials as ours by
Michaels®® and Durstock.®* While the MWS effect creates some
uncertainty in the estimation of the true permittivity of poly-
electrolyte materials, measurements at moderate frequencies
can still be taken as being reliable approximate estimates of the
material permittivity in this frequency range. We also observe
that a decrease in T reduces the dielectric permittivity (Fig. 44,
C and E) and decelerates the relaxation dynamics (Fig. 4B, D
and F), a common trend found in charged polymer solutions.
The formation of complexes of polyanions and polycations
results in the loss of counterions to the supernatant, but a
small population of these ions still reside within the matrix,
and their mobility influences the patterns observed in Fig. 4.
With decreasing 7T, the counterions within the coacervate
matrix lose thermal energy, thereby reducing their mobility.
When subjected to high frequency alternating field at low T,
given the low mobility, the ions fail to promptly respond. This
ultimately leads to the maximization of permittivity and loss at
lower frequencies, because of which the relaxation dynamics
are sluggish, and permittivity is low at low 7.%

Water at moderate concentrations is well-known to act like a
plasticizer of polymer materials and the variability of moisture in
coacervate materials is of evident interest in various applications of
these materials. To qualitatively assess this moisture’s dependence
on the dynamics on the coacervate materials that we study, we
conducted frequency sweeps with no prior annealing at room
temperature and vacuum conditions. We observe, from Fig. 5A,
that the permittivity at 0.1 and 10’ Hz were 2.87 and 4.03 times
higher than that obtained under dry conditions, and presence of
moisture accelerated the relaxation dynamics (Fig. 5B). This trend
presumably arises because water “plasticizes” the dynamics of the
coacervate material by reducing T, which is a common phenom-
enon in water soluble polymers.’>*® We also observe this by
conducting dielectric spectroscopy of wet coacervate samples. Also,
for non-stoichiometric samples, ie. the ones possessing higher
water content,®” the relaxation was faster than in stoichiometric
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(A), (C) and (E) The permittivity increases with temperature at a given frequency and it plummets as the frequency is increased; (B), (D) and (F) the relaxation

becomes faster as the temperature increases. The frequency sweeps were performed after the films were annealed in vacuum for an hour to remove moisture.

ones (Fig. S6) and this is presumably attributed to a reduction in
T, - which is due to higher plasticizer (water) content. Additionally,
we compared the coacervate’s conductivities at dry and wet con-
ditions at room temperature, and found that more moisture in a
coacervate film led to an increase in the conductivity of the
material (see Fig. S4). Thus, the enhanced segmental mobility of
the polyelecrolyte chains in the complex coacervate is also reflected
in the conductivity of the counterions around these complexes that
dominate the coacervate conductivity.

Moisture can evidently have an appreciable influence on the
conductivity of coacervate materials, as well known in many
biological materials which often share a similar mixture of

9368 | Soft Matter, 2025, 21, 9361-9371

charged groups. This result is certainly not surprising and has
been observed previously for other charged polymer materials,
as described by Durstock,®* De®” and Schénhoff.*® We mention
this general property of complex coacervates as moisture can
greatly influence their relaxational and mechanical properties.

Conclusion

Different polyelectrolyte complexes have been previously
observed to exhibit glass transition as found in other polymer
materials.*>™*° An inverted trend between the variation of T,
and fragility (m) to & is observed, in contrast with the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 At room temperature, (A) the permittivity is higher when the coacervates are hydrated; (B) relaxation times are shorter when coacervates are hydrated.

observations of most uncharged polymers.>>**** In particular,

we observe that an increase in the interaction strength ¢ within
the coacervate material, as quantified by cg, leads to an
increase in T, and a decrease in m. This trend is exactly that
anticipated from simulation studies in the glass-transition of
charged and dipolar polymer melts,”'*** and the predicted
trend for neutral polymer melts from GET® when the cohesive
energy density is increased while holding other molecular para-
meters fixed. As our secondary aim, we also explored the
dielectric permittivity and relaxation dynamics of coacervates.
In a previous work, our group showed that complex coacervate
droplets can be highly sensitive to weak electric fields where a
high permittivity of coacervates naturally accounts for this E-
field sensitivity.®® The measurements of the present conform
this previous conclusion about coacervate materials. Lastly, we
briefly explored the influence of varying relative humidity and
found that the permittivity of the coacervate material decreases
and relaxation time increases with increasing moisture content,
a general trend evidenced for other charged polymer materials.®*

Disclaimer

Certain commercial materials and equipment are identified to
specify adequately the experimental procedure. In no case does
such identification imply recommendation by the National
Institute of Standards and Technology, nor does it imply that
the material or equipment identified is necessarily the best
available for this purpose.

Conflicts of interest

The authors declare no conflict of interest.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion is available. See DOI: https://doi.org/10.1039/d5sm00969c.

This journal is © The Royal Society of Chemistry 2025

Acknowledgements

The authors would like to acknowledge the Welch Foundation
Awards E-2105-20220331, E-2221 and the Catalyst Center for
Advanced Bioactive Materials Crystallization Award V-E-0001,
Cancer Prevention and Research Institute of Texas (CPRIT)
award RR220008, and NSF CBET-2442006.

References

1 H. G. Bungenberg De Jong and H. R. Kruyt, Coacervation
(partial miscibility in colloid systems), Proc. K. Ned. Akad.
Wet., 1929, 32, 849-856.

2 Q. Wang and J. B. Schlenoff, The polyelectrolyte complex/coa-
cervate continuum, Macromolecules, 2014, 47(9), 3108-3116.

3 S.Kim, J. Huang, Y. Lee, S. Dutta, H. Young Yoo and Y. Mee
Jung, et al., Complexation and coacervation of like-charged
polyelectrolytes inspired by mussels, Proc. Natl. Acad. Sci.
U. S. A., 2016, 113(7), E847-E853.

4 M. Ghasemi, S. N. Jamadagni, E. S. Johnson and
R. G. Larson, A Molecular Thermodynamic Model of Coa-
cervation in Solutions of Polycations and Oppositely
Charged Micelles, Langmuir, 2023, 39(30), 10335-10351.

5 O. Santos, E. S. Johnson, T. Nylander, R. K. Panandiker, M. R. Sivik
and L. Piculell, Surface adsorption and phase separation of
oppositely charged polyion-surfactant ion complexes: 3. Effects
of polyion hydrophobicity, Langmuir, 2010, 26(12), 9357-9367.

6 Y. Shin and C. P. Brangwynne, Liquid phase condensation in cell
physiology and disease, Science, 2017, 357(6357), eaaf4382.

7 C. P. Brangwynne, C. R. Eckmann, D. S. Courson, A. Rybarska,
C. Hoege and ]. Gharakhani, et al, Germline P Granules Are
Liquid Droplets That Localize by Controlled Dissolution/Con-
densation, Science, 1979, 324(5935), 1729-1732.

8 G. H. Zhu, M. Azharuddin, B. Pramanik, K. Roberg,
S. K. Biswas and P. D’arcy, et al., Feasibility of Coacervate-
Like Nanostructure for Instant Drug Nanoformulation, ACS
Appl. Mater. Interfaces, 2023, 15(14), 17485-17494.

9 J. Dudowicz, K. F. Freed and ]. F. Douglas, Generalized
entropy theory of polymer glass formation, Adv. Chem. Phys.,
2008, 137, 125.

Soft Matter, 2025, 21, 9361-9371 | 9369


https://doi.org/10.1039/d5sm00969c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00969c

Open Access Article. Published on 26 lapkriio 2025. Downloaded on 2026-02-15 09:08:44.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

X. Xu, J. F. Douglas and W.-S. Xu, Generalized Entropy Theory
Investigation of the Relatively High Segmental Fragility of Many
Glass-Forming Polymers, Soft Matter, 2025, 21, 2664-2685.

L. Jawerth, E. Fischer-Friedrich, S. Saha, ]J. Wang,
T. Franzmann and X. Zhang, et al., Protein condensates as
aging Maxwell fluids, Science, 2020, 370(6522), 1317-1323.

A. Eisenberg, Review Glass Transitions in Ionic Polymers,
Macromolecules, 1971, 4(1), 125-128.

T. Tsutsui and T. Tanaka, Role of electrostatic forces in the
glass transition temperatures of ionic polymers, Polymer,
1977, 18(8), 817-821.

J. Fu, H. M. Fares and J. B. Schlenoff, Ion-Pairing Strength in
Polyelectrolyte Complexes, Macromolecules, 2017, 50(3),
1066-1074.

J. van der Gucht, E. Spruijt, M. Lemmers and M. A. Cohen
Stuart, Polyelectrolyte complexes: Bulk phases and colloidal
systems, J. Colloid Interface Sci., 2011, 361(2), 407-422.

A. E. Neitzel, Y. N. Fang, B. Yu, A. M. Rumyantsev, J. J. De
Pablo and M. V. Tirrell, Polyelectrolyte Complex Coacerva-
tion across a Broad Range of Charge Densities, Macromole-
cules, 2021, 54(14), 6878-6890.

E. B. Stukalin, J. F. Douglas and K. F. Freed, Application of
the entropy theory of glass formation to poly(a-olefins),
J. Chem. Phys., 2009, 131(11), 114905.

J. Dudowicz, J. F. Douglas and K. F. Freed, The meaning of
the “universal” WLF parameters of glass-forming polymer
liquids, J. Chem. Phys., 2015, 142(1), 014905.

U. Chheda, S. Pradeepan, E. Esposito, S. Strezsak,
O. Fernandez-Delgado and J. Kranz, Factors Affecting Sta-
bility of RNA - Temperature, Length, Concentration, pH,
and Buffering Species, J. Pharm. Sci., 2024, 113(2), 377-385.
J. F. Ramirez, U. G. V. S. S. Kumara, N. Arulsamy and
T. C. Boothby, Water content, transition temperature and
fragility influence protection and anhydrobiotic capacity,
BBA Adv., 2024, 5, 100115.

D. Ballesteros and C. Walters, Solid-state biology and seed
longevity: A mechanical analysis of glasses in pea and
soybean embryonic axes, Front. Plant Sci., 2019, 10, DOI:
10.3389/1pls.2019.00920.

M. T. Cicerone and J. F. Douglas, B-Relaxation governs
protein stability in sugar-glass matrices, Soft Matter, 2012,
8(10), 2983-2991.

A. Anopchenko, T. Psurek, D. Vanderhart, J. F. Douglas and
J. Obrzut, Dielectric study of the anti-plasticization of tre-
halose by glycerol, Phys. Rev. E: Stat., Nonlinear, Soft Matter
Phys., 2006, 74(3), 030501.

A. Agrawal, A. Radakovic, A. Vonteddu, S. Rizvi, V. N. Huynh
and J. F. Douglas, et al., Did the exposure of coacervate
droplets to rain make them the first stable protocells, Sci.
Adbv., 2024, 10(34), eadn9657.

J. Szostak, D. Bartel and P. Luisi, Synthesizing life, Nature,
2001, 409, 387-390.

W. Gilbert, Origin of life: The RNA world, Nature, 1986,
319(6055), 618.

Y. Cheng, E. Hirano, H. Wang, M. Kuwayama, E. W. Meijer,
H. Huang and T. Aida, Mechanically strong yet metabolizable

9370 | Soft Matter, 2025, 21, 9361-9371

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

View Article Online

Soft Matter

supramolecular plastics by desalting upon phase separation,
Science, 2024, 386(6724), 875-881.

S. G. van Lange, D. W. Te Brake, G. Portale, A. Palanisamy,
J. Sprakel and J. van der Gucht, Moderated ionic bonding
for water-free recyclable polyelectrolyte complex materials,
Sci. Adv., 2024, 10(2), eadi3606.

M. Spyridakou, E. Iliopoulou, K. Peponaki, S. Alexandris,
E. Filippidi and G. Floudas, Heterogeneous Local Dynamics in
Mussel-Inspired  Elastomers, Macromolecules, 2023, 56(11),
4336-4345.

C. Dalle-Ferrier, K. Niss, A. P. Sokolov, B. Frick, J. Serrano
and C. Alba-Simionesco, The role of chain length in non-
ergodicity factor and fragility of polymers, Macromolecules,
2010, 43(21), 8977-8984.

J. Dudowicz, J. F. Douglas and K. F. Freed, The meaning of
the “universal” WLF parameters of glass-forming polymer
liquids, J. Chem. Phys., 2015, 142(1), 014905.

D. Fragiadakis, S. Dou, R. H. Colby and J. Runt, Molecular
mobility and Li+ conduction in polyester copolymer iono-
mers based on poly(ethylene oxide), J. Chem. Phys., 2009,
130(6), 064907.

K. Ueno, K. Yoshida, M. Tsuchiya, N. Tachikawa, K. Dokko
and M. Watanabe, Glyme-lithium salt equimolar molten
mixtures: concentrated solutions or solvate ionic liquids?,
J. Phys. Chem. B, 2012, 116(36), 11323-11331.

X. Zheng, Y. Guo, J. F. Douglas and W. Xia, Competing
Effects of Cohesive Energy and Cross-Link Density on the
Segmental Dynamics and Mechanical Properties of Cross-
Linked Polymers, Macromolecules, 2022, 55(22), 9990-10004.
Q. L. Yuan, X. Xu, J. F. Douglas and W. S. Xu, Physical Origin
of the Mass Dependence of Glass Transition Temperature
and Fragility of Polymer Liquids, Macromolecules, 2025,
58(17), 9528-9545.

A. Abou Elfadl, A. Herrmann, J. Hintermeyer, N. Petzold,
V. N. Novikov and E. A. Rossler, Molecular weight dependence
of fragility in polymers, Macromolecules, 2009, 42(17), 6816-6817.
M. L. Williams, R. F. Landel and J. D. Ferry, The Tempera-
ture Dependence of Relaxation Mechanisms in Amorphous
Polymers and other Glass-forming Liquids, J. Am. Chem.
Soc., 1955, 77(14), 3701-3707.

R. A. Hayes, The relationship between glass temperature,
molar cohesion, and polymer structure, J. Appl. Polym. Sci.,
1961, 5(15), 318-321.

T. B. He, On the chain cross-sectional area and motion of
macromolecular chains, J. Appl. Polym. Sci., 1985, 30(11),
4319-4324.

R. F. Boyer, Dependence of Tg (K) on the product of the
cohesive energy density (CED) and chain stiffness para-
meter C, Macromolecules, 1992, 25(20), 5326-5330.

W. S. Xu, J. F. Douglas and K. F. Freed, Influence of Cohesive
Energy on the Thermodynamic Properties of a Model Glass-
Forming Polymer Melt, Macromolecules, 2016, 49(21), 8341-8354.
C. W. Bunn, The melting points of chain polymers, J. Polym.
Sci., 1955, 16(82), 323-343.

W. S. Xu, J. F. Douglas and K. F. Freed, String-like Coopera-
tive Motion Explains the Influence of Pressure on

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.3389/fpls.2019.00920
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00969c

Open Access Article. Published on 26 lapkriio 2025. Downloaded on 2026-02-15 09:08:44.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

44

45

46

47

48

49

50

51

52

53

54

55

Relaxation in a Model Glass-Forming Polymer Melt, ACS
Macro Lett., 2016, 5(12), 1375-1380.

W. S. Xu, ]J. F. Douglas and K. F. Freed, Influence of Pressure
on Glass Formation in a Simulated Polymer Melt, Macro-
molecules, 2017, 50(6), 2585-2598.

H. M. Fares, Q. Wang, M. Yang and J. B. Schlenoff, Swelling
and Inflation in Polyelectrolyte Complexes, Macromolecules,
2019, 52(2), 610-619.

Y. Chen, M. Yang and J. B. Schlenoff, Glass Transitions in
Hydrated Polyelectrolyte Complexes, Macromolecules, 2021,
54(8), 3822-3831.

J. B. Schlenoff and K. Akkaoui, Dissecting Dynamics near
the Glass Transition Using Polyelectrolyte Complexes,
Macromolecules, 2021, 54(7), 3413-3422.

Y. Zhang, P. Batys, J. T. O'Neal, F. Li, M. Sammalkorpi and
J. L. Lutkenhaus, Molecular Origin of the Glass Transition in
Polyelectrolyte Assemblies, ACS Cent. Sci., 2018, 4(5), 638-644.
M. Tirrell, Polyelectrolyte Complexes: Fluid or Solid?, ACS
Cent. Sci., 2018, 4(5), 532-533.

J- Fu, R. L. Abbett, H. M. Fares and ]. B. Schlenoff, Water and
the Glass Transition Temperature in a Polyelectrolyte
Complex, ACS Macro Lett., 2017, 6(10), 1114-1118.

H. Wang and L. Yang, Dielectric constant, dielectric loss,
conductivity, capacitance and model analysis of electronic
electroactive polymers, Polym. Test., 2023, 120, 107965.

C. A. Angell, Why C1 = 16-17 in the WLF equation is physica-
l—and the fragility of polymers, Polymer, 1997, 38(26), 6261-6266.
R. P. White and J. E. Lipson, Polymer free volume and its
connection to the glass transition, Macromolecules, 2016,
49(11), 3987-4007.

A. Clark, Y. Biswas, M. E. Taylor, A. Asatekin, M. ]J. Panzer
and C. Schick, et al., Glass-Forming Ability of Polyzwitter-
ions, Macromolecules, 2021, 54(21), 10126-10134.

Y. Chen, M. Yang, S. A. Shaheen and ]. B. Schlenoff, Influ-
ence of Non-stoichiometry on the Viscoelastic Properties of
a Polyelectrolyte Complex, Macromolecules, 2021, 54(17),
7890-7899.

This journal is © The Royal Society of Chemistry 2025

56

57

58

59

60

61

62

63

64

65

66

67

68

69

View Article Online

Paper

C. A. Angell, Entropy and fragility in supercooling liquids,
J. Res. Natl. Inst. Stand. Technol., 1997, 102(2), 171.

C. A. Angell, Formation of glasses from liquids and biopo-
lymers, Science, 1995, 267(5206), 1924-1935.

E. B. Stukalin, J. F. Douglas and K. F. Freed, Application of
the entropy theory of glass formation to poly(a-olefins),
J. Chem. Phys., 2009, 131(11), 114905.

G. P. Johari, Decrease in the configurational entropy during a
melt’s polymerization, Chem. Phys., 2004, 305(1-3), 231-236.
B. Lewis, J. M. Dennis, C. Park and K. R. Shull, Glassy Dynamics
of Epoxy-Amine Thermosets Containing Dynamic, Aromatic
Disulfides, Macromolecules, 2024, 57(15), 7112-7122.

K. Ueno, Z. Zhao, M. Watanabe and C. A. Angell, Protic ionic
liquids based on decahydroisoquinoline: Lost super fragility
and ionicity-fragility correlation, J. Phys. Chem. B, 2012,
116(1), 63-70.

X. Xu, J. F. Douglas and W. S. Xu, Generalized entropy theory
investigation of the relatively high segmental fragility of many
glass-forming polymers, Soft Matter, 2025, 21(14), 2664-2685.

A. S. Michaels, Polyelectrolyte complexes, Ind. Eng. Chem.,
1965, 57(10), 32-40.

M. F. Durstock and M. F. Rubner, Dielectric Properties of
Polyelectrolyte Multilayers, Langmuir, 2001, 17(25), 7865-7872.
F. Kremer and A. Schénhals, Broadband Dielectric Spectro-
scopy, Springer, Berlin Heidelberg, 2003.

H. A. Levine and L. O. Slade, Water as a plasticizer: physico-
chemical aspects of low-moisture polymeric systems, Water
Sci. Rev., 1988, 3(1), 79-185.

S. De, C. Cramer and M. Schonhoff, Humidity dependence
of the ionic conductivity of polyelectrolyte complexes,
Macromolecules, 2011, 44(22), 8936-8943.

M. Schonhoff, A. W. Imre, A. Bhide and C. Cramer, Mechan-
isms of ion conduction in polyelectrolyte multilayers and
complexes, Z. Phys. Chem., 2010, 224(10-12), 1555-1589.

A. Agrawal, ]J. F. Douglas, M. Tirrell and A. Karim, Manip-
ulation of coacervate droplets with an electric field, Proc.
Natl. Acad. Sci. U. S. A., 2022, 119(32), €2203483119.

Soft Matter, 2025, 21, 9361-9371 | 9371


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00969c



