Chinese Chemical Letters 35 (2024) 108743

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect

Chinese Chemical Letters

Observation of high ionic conductivity of polyelectrolyte microgels in ®)

salt-free solutions

Check for
updates

Qiangwei Wang?®!, Huijiao Liu®!, Mengjie Wang?, Haojie Zhang?, Jianda XieP?,

Xuanwei Hu?, Shiming Zhou¢, Weitai Wuad+

aState Key Laboratory for Physical Chemistry of Solid Surfaces, Collaborative Innovation Center of Chemistry for Energy Materials, The Key Laboratory for
Chemical Biology of Fujian Province, and Department of Chemistry, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005,

China

bSchool of Materials Science and Engineering, Xiamen University of Technology, Xiamen 361024, China
¢ Hefei National Laboratory for Physical Sciences at the Microscale, University of Science and Technology of China, Hefei 230026, China

dSchool of Chemistry and Chemical Engineering, Ningxia University, Yinchuan 750021, China

ARTICLE INFO ABSTRACT

Article history:

Received 6 March 2023
Revised 11 June 2023
Accepted 26 June 2023
Available online 27 June 2023

Keywords:
Polyelectrolhyte
Stimuli-responsive
Single-ion conducting
Liquid electrolyte
Lithium metal battery

Here, we report an observation that illustrate the potential of polyelectrolyte microgels in salt-free solu-
tions to display a high ionic conductivity. Laser light scattering and ionic conductivity tests on very di-
lute aqueous dispersions of the microgels indicate that both small size and swollen state of gel particles
play vital roles, which should favor the counterions to freely penetrate and leave gel particles, and thus
can contribute to the ion-conducting property. Upon discovering this on microgels that are composed of
imidazolium-based poly(ionic liquid), we also illustrate the generality of the finding to single lithium-ion
polyelectrolyte microgels that are of more technically relevant features for applications, for instance, as
injectable liquid “microgel-in-solution” electrolytes of high conductivity (ca. 8.2 x 102 S/m at 25.0 °C for
1.0 x 10-2 g/mL of microgels in a LiNOs-free 1:1 v/v mixture of 1,2-dioxolane and dimethoxymethane) and
high lithium-ion transference number (0.87) for use in the rechargeable lithium-sulfur battery.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polyelectrolyte plays a crucial role in a wide range of fields
across several disciplines, including biological processes, energy
conversion, and information [1-3]. Besides the importance in sci-
ence, with better understanding on how polyelectrolyte behaves,
one is able to tune the physical properties to meet the application
in rechargeable batteries, bioelectronics, and many others [3-8].

Because of the prospective applications, ionic conductivity of
polyelectrolyte solutions has recently received an increased atten-
tion, which also is a primary means for characterizing the behav-
ior of polyelectrolyte in solutions in that ionized counterions can
dissolve into solvent as the mobile charge species at specific con-
ditions [9-12]. Based on vast literature on experiments, theory and
simulations, it is widely accepted that ionic conductivity of poly-
electrolyte solutions is mainly determined by the electrostatic in-
teractions, which can be mediated by the distribution of charged
groups and charge density in polymer chains, polyelectrolyte con-
centration, counterion valence, solvent quality, ionic strength, and
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additional electrolyte ions in the solutions [3,4,9-12]. Despite the
significant advances, many questions remain open. From an exper-
imental point of view, studies on ionic conductivity of polyelec-
trolyte solutions typically focus on the polymers of a linear or
branched structure, and their micro- and nano-structured aggre-
gations as well, due to facile controllability of chain architectures.
Yet, the behavior of polyelectrolyte in solutions is still very compli-
cated, since it is a many-body problem. In salt-free solutions, theo-
retically, those polymer chains of a linear or branched architecture
might aggregate to form microgel-like clusters [3,4,9,11]. Recent
works tethered polyelectrolyte chains on inorganic particles [13-
18]. However, comparably little attention is paid on ionic conduc-
tivity of microgels of an internally chemically-crosslinked structure.
While polyelectrolyte microgels with finite size have been synthe-
sized by top-down or bottom-up strategies [19-21], so far, there is
rare report that referred to high ionic conductivity of such micro-
gels in salt-free solutions.

In this manuscript, we would like to report an investigation
on ionic conductivity of polyelectrolyte microgels, consisting of
poly(ionic liquid) (PIL). PIL is a class of polyelectrolytes that com-
prises ionic liquid (IL) species as repeating electrolyte units, which
makes it combine the characteristic properties of both polymers
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and ILs [22-24]. PIL has also been made into gels, introducing
extra advantages in terms of functionality, elasticity and scalabil-
ity [22-24]. Different from polyelectrolytes in salt-free solutions,
the macroscopic or bulky gel analogies containing the solvent as
a whole are typically considered as electrostatically neutral, and
consequently microscopic gels sometimes are assumed to be elec-
trically neutral [3,4,9-11]. On the contrary, a pioneering simula-
tion work predicts that the microscopic gels of size smaller than
ca. 250nm may not confine the counterions completely [25]. In-
spired by this, one wonders if it is possible to observe high ionic
conductivity of polyelectrolyte microgels in salt-free solutions. As
a proof of the concept, herein we show it on the starting mi-
crogels of imidazolium-based PIL and poly(tetrabutylphosphonium
4-styrenesulfonate) (pTPSS), which exhibits a lower critical solu-
tion temperature (LCST) in water that can be exploited in devel-
oping stimuli-responsive materials [26-28], and also on the ex-
tending microgels of other PILs (Fig. 1). Furthermore, with a struc-
ture similar to the emerging “localized high-concentration elec-
trolytes” in lithium metal batteries [29,30], we speculate that
the microgels may serve as injectable liquid “microgel-in-solution”
electrolytes.

We initially prepared pTPSS microgels in water (25.0mL)
by free radical polymerization of tetrabutylphosphonium 4-
styrenesulfonate (TPSS; 1.8 x 10~3 mol; Fig. S1 in Supporting infor-
mation) with 1,6-dialkyl-3,3’-bis-1-vinyl imidazolium bromide as
an IL cross-linker ([C1,6(Vim),]Br; 7.3 x 10~> mol; Fig. S2 in Sup-
porting information), and 2,2’-azobis(2-methylpropionamidine) di-
hydrochloride (AAPH; 1.1 x 10~%mol) as an initiator, in the pres-
ence of surfactant cetyl trimethyl ammonium bromide (CTAB;
2.0 x 10~> mol) under N, purge at 70.0°C (see Supporting informa-
tion for the details). pTPSS is thermo-sensitive, allowing the syn-
thesis of monodisperse pTPSS-based microgels with controllable
size from well-established precipitation polymerization [19-21]. It
is possible that pTPSS becomes hydrophobic relatively to enable
the formation of gel particles at temperatures above its LCST [26-
28], resulting in the spherical-like microgels (collected after react-
ing for 5h, and purified before tests; Fig. 2a). In IR analysis (Fig. S3
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Fig. 1. Illustration for (a) the discretization of counterions from gel particles accord-
ing to an earlier study by a combined simulational model and Poisson-Boltzmann
theory [25], and (b) polyelectrolyte microgels in salt-free solution as an injectable
microgel-in-solvent system of a high ionic conductivity in this work.
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in Supporting information), characteristic bands of skeletal vibra-
tion (ca. 1181 and 1451 cm~1) for imidazole rings of [C1,6(Vim), |Br
units [31], and the bands of sulfonate asymmetrical (ca. 1217 cm™!)
and symmetrical stretching vibration (ca. 1036 cm~1) for sulfonate
groups [26-28] of TPSS units, were detected. Microgels were hy-
drophilic (Fig. S4 in Supporting information), and kept stable in
water for at least 3 months without significant change in the av-
erage hydrodynamic radius <R, >¢ (i.e., “equivalent sphere radius”
produced by an angular extrapolation of apparent diffusion coeffi-
cient of microgels, Fig. S5 in Supporting information), as measured
by dynamic light scattering (DLS) under N, atmosphere (the same
below). To verify both the composition and the hydrophilicity, 10
more samples were synthesized (Table S1 in Supporting informa-
tion) with varied feeding concentrations of CTAB ([CTAB]), which
leaded to samples of different sizes with <R;,>( in the range of
34-326nm (measured in water at 25.0 °C, Fig. 2b), whereas of
similar water absorbency (ca. 320-folds against dried samples; Fig.
S6 in Supporting information) and of similar polymer density (ca.
0.003 g/cm?3; Fig. S7 in Supporting information). Microgels can be
reproduced from batch to batch, with an average yield of ca. 92%
(Table S1).

The ion-conducting property for pTPSS microgels in very dilute
aqueous dispersion (0.025 wt%) was assessed by AC impedance
system equipped with a temperature controller (+0.1 °C), under
N, atmosphere. The selection of such a low concentration below
0.1 wt% was to conserve individuality of microgels [32], which had
been confirmed by freely diffusive motion of microgels in the par-
ticle dynamics test by using diffusing wave spectroscopy (Fig. S8
in Supporting information) [33]. The fluctuation on viscosity for
such dispersions of different microgels is also ignorable [34]. The
data in Fig. 2c display the surprising result that for microgels of
the smallest size (<R;,>¢ of 34nm), an ionic conductivity (oigpic)
of 7.1 x 10> S/m was observed for the very dilute aqueous disper-
sion at 25.0 °C. It appears, however, that as the size of microgels
increased in the <R,,>( range of 34-326nm, oy, decreased and
then flatted off. Typically, for microgels of <Ry,>¢ > 167 nm, 0 gp;c
of <1.3 x 1073 S/m was obtained. Overall, the observation seems to
agree with the simulation-based prediction reported earlier [25].

We tentatively ascribe the observed o, to counterions that
are free to penetrate and leave gel particles, owing to the dis-
cretization of charges according to the investigation by a combined
simulational model and Poisson-Boltzmann theory [25]. Consider-
ing that ion dissociation is not likely (or minimal at least) to occur
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Fig. 2. Results of pTPSS microgels. (a) A typical TEM image. (b) DLS size distribution
of microgels prepared with the varied [CTAB], and (c) the & jonic and [Br]sjution S
a function of <Ry, > of those microgels. (d) Temperature dependence of <R,>( and
10g0 jonic Of a selected microgel sample (CM-4).
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for TPSS units with large cations containing tetrabutyl chains (Fig.
S9 in Supporting information) [35-37], it is plausible that ojyp;c
is mainly related to Br~ ion, originating from ion dissociation in
[C1,6(Vim),|Br units that may be easier to occur [35,36]. To this
end, microgel dispersions in equilibrium state were separated by
using dialysis membrane, and the solutions were collected for ex-
amining the concentration of Br~ ion ([Br ]soution) by inductively
coupled plasma—atomic emission spectroscopy. For the dispersion
of microgels with <R,,>¢ of 34nm, the [Br ]sution Was estimated
to be ca. 8.0 x 10~ mol/L, which is approximately 36 mol% among
total Br~ ions in the system; that is, the mol fraction of Br~ ion
inside gel particles was only 64 mol% (Fig. S10 in Supporting infor-
mation), confirming a high permeability of microgels to allow the
counterions to freely penetrate and leave the gel particle. If the dif-
fusion coefficient of Br~ ion is assumed to be 2.0 x 10~2 m?/s [38],
the Nernst-Einstein conductivity [39] is ca. 6.0 x 10~ S/m, which
is close to the observed oj,,;.. The deviation of the Nernst-Einstein
conductivity from the observed oy is likely due to the difficulty
to fully collect the counterions in solutions, particularly those lo-
cated in vicinity of tethered cations [3,4,9-11], and the inevitable
escape of Br~ from microgels during their purification. Neverthe-
less, this result well connects the observed o gnic t0 [Br [soution-
As shown in Fig. 2c, [Br ]souion decreased as the size of microgels
increased in the experimental <R;,> range of 34-326 nm, which
mirrors that of the observed oy, evolution along with microgel
size. This relationship can serve as a further support on the inter-
pretation that the o, is attributed to the counterions that can
penetrate and leave gel particles. Moreover, compared to the time
scale for diffusion of counterions, it is long for gel particles accord-
ing to the Stokes-Einstein equation [39], which can be considered
to be immobile [40] and thus contribute minimal to o gpjc-
Because pTPSS is thermo-sensitive [26,27], the size of pTPSS mi-
crogels should be varied by heating [28]. Microscopically, there is
an analogy between the “coil-to-globule” transition of a single lin-
ear polymer chain and the volume phase transition (rendering the
size change) of a polymer gel, and the swelling or shrinking of a
polymer gel may be viewed as a consequence of the expansion
or contraction of subchains between two neighboring cross-linking
points inside the polymer gel network (Fig. S11 in Supporting in-
formation) [26-28]. Fig. 2d shows DLS data on the temperature-
dependent <R;,>( of a selected microgel sample (0.025 wt% in wa-
ter and <R, >¢ of 85nm at 25.0 °C; CM-4 in Table S1). The <R;,>¢
decreased gently with temperature until a shaper volume change
from the swollen to collapsed state, and then flatted off above
47.5°C, showing a LCST-type thermo-induced swelling-deswelling
transition of volume phase transition temperature (VPTT) appear-
ing at ca. 42.6°C (as estimated from an asymmetric Lorentz fit of
first derivative of <Ry, >, Fig. S12 in Supporting information). Thus,
this microgel sample offered different sizes of different compress-
abilities to investigate the generality of the ion-conducting prop-
erty. The ionic conductivities oy, as a function of temperature
for the microgel sample in water are presented in Fig. 2d, and it
is interesting to note that the ionic conductivities o,y obtained
at different temperatures did not exhibit a typical dependence on
temperature. Instead of a linear relationship between logo o and
T-1, three regions can be distinguished roughly in this plot: at
low temperatures of <33.0 °C, 0y increased slightly; in the re-
gion of ca. 33.0-47.5 °C, however, oy, decreased as temperature
increased, showing a local minimum around the VPTT of micro-
gels; finally, at >47.5 °C, 0joic increased again with temperature.
In particular, when compared to the data for fully swollen mi-
crogels (at <33.0 °C), fully collapsed microgels (at >47.5 °C) had
smaller <R,>, but overall exhibited lower o;,,;.. We attributed
this observed 1080 jonic-T ! relationship mainly to the impact of
the swollen/collapsed state of microgels on the leakage of coun-
terions from gel particles: (i) the thermo-induced phase transition
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from the swollen to collapsed state could lead to higher polymer
density (and thereby cation density) of gels [40-42], which likely
results in stronger anion—cation electrostatic interactions [3,4,9-
11]; (ii) when gel particles shrink to some extent, the surface
may form a relatively tough skin [43], which likely results in in-
creased steric hindrance [3,4,9-11]. Both these factors can hin-
der the leakage of counterions from gel particles, in agree with
what was observed (Fig. S13 in Supporting information). In addi-
tion, although the change in the ion dissociation may also affect
the onic and it has also been reported to decrease with increas-
ing temperature, in general, these effects are found to be minimal
for IL/solvent systems in our experimental temperature range and
thus should be negligible [35-37]. In <33.0 °C region and >47.5 °C
region, respectively, where <R;,>( of microgels stayed almost con-
stant, the increase in segmental dynamics with temperature dom-
inated that improved ion transport, oy, raised with tempera-
ture of Vogel—Fulcher—Tammann-like dependence [3,4,9-11]. Sim-
ilar phenomenon was registered for other microgel samples (e.g.,
CM-2 and CM-6 in Table S1, Fig. S14 in Supporting information).
Thus, these results suggest that the presented microgels in salt-free
solutions can combine within a single object both the ionic con-
ductive character of polyelectrolyte in solutions and the stimuli-
responsive character of gels, allowing manipulating ion-conducting
property via tuning the swollen/collapsed states of gel particles as
well.

To further examine the impact of the swollen/collapsed states
of gel particles on the ion-conducting property of PIL microgels,
and also to generalize the finding to other PIL microgels, pTPSS-
VPBA microgels were prepared on the basis of pTPSS microgels
through functionalization with phenylboronic acid group (PBA) by
additional feeding 4-vinylphenylboronic acid (VPBA) in microgel
synthesis (Fig. S15 in Supporting information). Under our test-
ing conditions (pH 4.5 at 25.0 °C under N, atmosphere, for the
0.025 wt¥% dispersion of pTPSS-VPBA microgels), VPBA groups were
mainly in uncharged form (Fig. S16 in Supporting information),
which can react with cis-diols (glucose herein) that leads to ther-
modynamically more favorable charged form, and thereby alter the
polymer-solvent affinity form a hydrophobic character to relatively
more hydrophilic [44,45]. For microgels of PBA content above 15
mol% (24 mol% for pTPSS-VPBA microgels), one glucose molecule
can bind with two PBA groups to form glucose-bis-boronic com-
plex at low temperatures, which would break down by heating
and the formation of monobidentate is favored at relatively high
temperatures (Fig. S17 in Supporting information) [44,45]. Since
thermo-induced (de)swelling characteristics is a consequence of
the balance of expanding and shrinking forces in microgels at par-
ticular temperatures [40—42], the competition between the for-
mation of bis-bidentate (rendering shrinking) and its breakdown
to form monobidentate (rendering expanding) could lead to a
switch in gel volume phase behavior (Fig. 3a) from LCST-type
(with glucose concentration of [Glu] < 2.0 x 10~3 mol/L) to thermo-
unsensitive (2.0x 1073 < [Glu] < 4.0 x 103 mol/L), then in re-
verse ([Glu] > 4.0 x 10~3 mol/L) to exhibit an upper critical solution
temperature (UCST), and thus offered three sample types of three
different thermo-induced swelling-deswelling transition behaviors
to clarify the generality. For microgel dispersion with a [Glu] of
1.0 x 103 mol/L (Fig. 3b), the logoonc—T ' profile agreed well
with that for pTPSS microgels (Fig. 2d), and around the VPTT of
microgels the o gpic displayed a local minimum. The 10go jgpic—T !
plot showed Vogel—Fulcher—Tammann-like dependence at [Glu] of
3.0 x 103 mol/L (Fig. 3c), and a three-step increase roughly with
temperature at a higher [Glu] of 6.0 x 10~3 mol/L (Fig. 3d), which
well reflected the glucose-tuned evolution of thermo-induced
swelling—deswelling transition behaviors of pTPSS-VPBA microgels.
These results confirmed that the swollen state of gel particles plays
a vital role, and the higher oy, could be obtained when micro-
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Fig. 3. Results of pTPSS-VPBA microgels. (a) The <R,>o as a function of
temperature in the presence of glucose of different [Glu]s, in the [Glu]
range of 0-30.0 x 10~3 mol/L with an interval of 1.0 x 10->mol/L for the range
from 0 to 10.0 x 10~3mol/L, 2.0 x 103 mol/L for the range from 10.0x 103
to 14.0x 103 mol/L and 4.0 x 103 mol/L for the range from 14.0x 103 to
30.0 x 103 mol/L. (b-d) Temperature dependence <Ry,>q and 10g0 jonic at a [Glu] of
(b) 1.0 x 1073 mol/L, (c) 3.0 x 10~3 mol/L, and (d) 6.0 x 10-3 mol/L.

gels were in a relatively swollen state, relative to their collapsed
state.

Having observed that the ion-conducting property of PIL mi-
crogels in salt-free solutions is related to the size and the
swollen/collapsed states of gel particles, we further investigated
the generality of the finding to microgels with more techni-
cally relevant features for applications as injectable “microgel-
in-solution” electrolytes (Fig. S18 in Supporting information),
for instance, in the rechargeable batteries. Such “microgel-in-
solution” electrolytes remind us of “localized high-concentration
electrolytes” [29,30]. With a similar structure, we speculate that
the microgels might be used in lithium metal batteries. To this
end, Li-S batteries with a low sulfur loading (ca. 1mg/cm?2)
were employed as a simplified model with less complex envi-
ronment to validate the possibility of "microgel-in-solution” as
electrolyte, because a high sulfur loading may give rise to fast
lithium anode corrosion accompanied by side reactions [46], al-
though a sulfur loading of higher than 6 mg/cm? is usually needed
to meet the energy density requirement for vehicular applica-
tions at the pack level [47,48]. In this case, to combine in
the same microgels the two contributions (small and swollen),
pLiMTFSI microgels with <R;,>o of 17nm in the swollen state in
a mixture of dimethoxymethane (DME) and 1,2-dioxolane (DOL)
(1:1 in volume) at 25.0 °C (Fig. S19 in Supporting informa-
tion) were prepared by polymerization of commercially avail-
able monomer lithium 1-[3-(methacryloyloxy)propylsulfonyl]—1-
(trifluoromethanesulfonyl)imide (LiIMTESI), and ethylene glycol
dimethacrylate and divinylbenzene as crosslinkers [49]. It can be
seen in Fig. 4a that the oy, displayed a non-monotonic depen-
dency on the concentration of microgels (Cpicrogels) in LINO3-free
DOL/DME. Not surprisingly, while polymer crews are well sepa-
rated and interactions between them are negligible in the very
dilute regime of the same solvent [32], the oy, increased gen-
tly with increasing Cpjcrogers, due to the increase in Cpcrogers and
thus the concentration of free ions (lithium-ion, Li*, herein). At the
higher Cpicrogers Of above ca. 2.0 x 103 g/mL (i.e,, 0.2 wt%), poly-
mer crews not only have strong interactions but might also have
enough freedom to form aggregates [32,33], leading to the screen-
ing of electrostatic interactions among polymer crews that can
make additional contribution to the increase in oy, via the in-
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Fig. 4. Results of pLiIMTFSI microgels. (a) The oy (M) and the t;;+ (o) at 25.0 °C
as a function of Cjicrogers in LINO3-free DOL/DME. (b-d) The electrochemical perfor-
mance of Li-S battery, with microgels in DOL/DME of Cpjcrogeis Of 1.0 x 1072 g/mL as
liquid electrolyte: (b) charge/discharge profiles and (c) cycle life of charge/discharge
capacities and the Coulombic efficiency at a rate of 0.2 C, and (d) charge/discharge
capacities at various current densities.

crease in mobility of charge carriers [3,4,9-11]. Meanwhile, gel par-
ticles might approach each other closer with increasing Cyicrogels,
leading to entangling among the surface of those neighboring par-
ticles that can reduce mobility of cations compared to that in
non-entangled surface region [3,4,9-11,31]; the viscosity of micro-
gel dispersion has been documented to increase with increasing
the concentration of microgels [34], which can also reduce mobil-
ity of the cations [39]. As a result of competitive effects on the
concentration and the mobility of free ions, the oy, reached a
maximum of ca. 8.2 x 1072 S/m at Cpicrogels Of 1.0 x 1072 g/mL (the
[Li*lsoution Was estimated to be ca. 2.1 x 10~2 mol/L, which is ap-
proximately 81 mol% among total Li* ions in the system) at 25.0
°C, which meets the requirement (ca. 10~2 S/m) [47,48] for com-
mercial applications. The above explanation is supported by an es-
timation on the molar ionic conductivity, which was estimated by
the ratio of the oy, and the monomeric concentration of LiMTFSI
in dispersion (Fig. S20 in Supporting information) [3,4,9-11]. Fur-
thermore, because of the large difference in the size, and thus
mobility, of Li* ion and its counterions (tethered to microgels), it
is reasonable that a high Lit transference number (f;+ > 0.87;
Fig. 4a and Fig. S21 in Supporting information) can be reached
at Cricrogets Of <1.0 x 10~2g/mL at 25.0 °C; even at Crmicrogels Of
>1.0 x 10~2 g/mL, it retains considerable high t;;+ of >0.75, which
still remains superior to most liquid electrolytes [10,50-52]. These
results indicated that such PIL microgels in salt-free solutions are a
promising route to a high conductivity, high transference number
electrolyte, which presents the possibility of incorporating directly
to current cells without significant redesign of electrode formula-
tions (Figs. 4b-d and Table S2 in Supporting information).

In summary, we have observed phenomena that illustrate the
potential ability of polyelectrolyte microgels in salt-free solutions
to show a high ionic conductivity. The observation should be ra-
tionalized by considering both small size and swollen state of mi-
crogels, which favor counterions to freely penetrate and leave gel
particles, and serve as the mobile charge carriers that would con-
tribute to the ion-conducting property. Achieving a high conductiv-
ity on polyelectrolyte microgels in salt-free solutions is not only of
fundamental interest, but is also promising in terms of paving the
way to a broad range of technical applications, for example, toward
advanced liquid electrolytes for better batteries.
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