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ABSTRACT: This study investigates the relationship between
polarity and ionic conductivity in random and block copolymer
electrolytes comprising highly flexible oligo(ethylene oxide) methyl
ether methacrylate (OEM) and highly polar but glassy glycerol
carbonate methacrylate (GCMA) monomers, blended with either
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium
triflate. Interestingly, the high polarity of GCMA did not
significantly enhance ionic dissociation, and the random copoly-
mers (POEM-r-PGCMA) showed similar or lower ionic
conductivities than the POEM homopolymer. Further analysis
revealed that Li* only interacts with OEM and its counterion, not
with GCMA. The less-intermixed and weakly phase-separated
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block copolymer (POEM-b-PGCMA) exhibited even lower conductivities than the random copolymer. Our results suggest that Li*
solvation occurs only in the POEM-rich phase and that the larger PGCMA regions, depleted of Li, disrupt long-range ion transport.
These findings provide valuable insights into the design of polymer electrolytes and how segmental mobility and functional groups

with contrasting polarities affect ion transport.

Bl INTRODUCTION

Solid polymer electrolytes (SPEs) continue to attract attention
as potential alternatives to conventional liquid electrolytes for
next-generation lithium-ion (Li*)-based batteries."”” Poly-
(ethylene oxide) (PEO) and polyethers in general have long
been leading candidates for this application due to their
relatively fast segmental dynamics and their ability to readily
solvate Li*.” However, the practical use of a polyether SPE in a
Li* battery requires improvements in several material proper-
ties, with insufficient ionic conductivity of PEO at room
temperature being the most significant one. In liquid
electrolyte systems, high ionic conductivity is commonly
achieved by mixing a high-polarity, high-viscosity solvent
(such as ethylene carbonate, EC, ¢, = 89.8) with a low-polarity,
low-viscosity solvent (such as dimethyl carbonate, DMC, ¢, =
3.1).*7% These electrolyte mixtures exhibit higher ionic
conductivity than that of either solvent alone, owing to the
high dielectric constant of EC and the low viscosity of DMC.”

Inspired by the success of mixing small-molecule electro-
lytes, recent work has attempted to apply this concept to SPEs
to enhance ionic conductivity.” A coarse-grain MD simulation
study demonstrated that miscible blends of polymers with
contrasting polarities may exhibit greater ionic conductivity
than their polymer counterparts.® The increased ionic
conductivity comes from an increase in charge carrier
concentration, since the high-polarity component in blends
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promote jonic dissociation. However, an experimental study
found that blending PEO with the more polar poly(ether-
acetal) did not improve the ionic conductivity.’ In addition,
recent work from our group showed that blending PEO with a
nonconductive polymer like poly(methyl methacrylate)
(PMMA) is detrimental to its conductivity due to the
disruption of long-range solvation site connectivity.” In blends,
the connectivity of the solvation site network was found to
depend not only on segmental mixing but also on the specific
chemistries of the components, which determine whether and
how solvation sites are formed.

Among mixed polymer electrolytes, the polyether-polycar-
bonate couple is gaining increasing attention. Both
polyethers and polycarbonates can solvate and conduct Li,
but their conductivities show different dependence on salt
concentration and segmental dynamics."’ Small-molecule
analogues of polyether-polycarbonate electrolytes, containing
low-viscosity glymes and high-polarity EC, have shown
beneficial synergy with a maximum in conductivity at
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Scheme 1. Synthesis of POEM-r-PGMA Copolymers and Transformation of the Epoxy Groups to Cyclic Carbonate Groups
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Figure 1. (a) DSC curves of POEM, PGCMA, and POEM-r-PGCMA copolymers. (b) T, of POEM-r-PGCMA copolymers as a function of POEM
weight fraction, as determined by DSC. T, values (left axis) were chosen from the midpoint of the transition. AT, (right axis) refers to the breadth
of the DSC transition, taken as the difference between the endpoint temperature and onset temperature.

intermediate compositions.'”"* Although ions in these systems
are mainly solvated by the lower-polarity glyme rather than the
carbonate, the added carbonate appeared to have a positive
effect on the extent of ionic dissociation and hence,
conductivity, by increasing the overall dielectric constant.'”
Several studies on copolymers made up of polyethers and
linear polycarbonates found that Li* solvation and transport
depends on the ether chain length and polymer architec-
ture.' ¥ The findings indicate that the specific chemistries and
chain architectures are critical factors in determining Li"
transport in polymer mixtures, highlighting the limitations of
relying solely on macroscopic properties such as the dielectric
constant and glass-transition temperature (T,) as design
criteria for polymer electrolyte blends.

To fully explore the potential of mixed polymer electrolytes,
it is essential to understand how ionic species interact with
functional groups of different polarities. In particular, we focus
on polyether-poly(cyclic carbonate) copolymers because the
highly polar cyclic carbonate groups introduce significant
polarity contrast to the material, and these polymers have been
barely explored.'®™'® In this study, we synthesize and
characterize random and block copolymers composed of
oligo(ethylene oxide) methyl ether methacrylate (OEM) and
glycerol carbonate methacrylate (GCMA) monomers to
investigate ionic interactions in copolymers exhibiting high
polarity contrast. The POEM homopolymer has a dielectric
constant of 10.3,"” which is close to that of PEO (g, = 7),”
while cyclic carbonate-substituted polyethers can exhibit much
higher dielectric constants of around 62."*'

As we varied the content of the highly polar, glassy GCMA
in the random copolymer (POEM-r-PGCMA), the difference
in ionic conductivities is fully explained by T, effects without
any additional contribution from polarity contrast. Raman and
IR experiments further support these findings by revealing that
Li* are exclusively solvated by the “low-polarity” OEM
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monomers. Both the highly dissociated lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) and the poorly
dissociated lithium triflate (LiTf) salts show no change in
their degree of dissociation in the presence of the cyclic
carbonate, suggesting that high polarity does not necessarily
facilitate salt dissociation. The conductivity of LITFSI and LiTf
systems is proportional to the free ion fraction, indicating that
Li* transport occurs via the same mechanism in both materials.
Li" consistently shows exclusive solvation by POEM segments
in the block copolymer (POEM-b-PGCMA). The addition of
salt is found to make the otherwise weakly phase-separated
POEM and PGCMA phases more compatible, as the solvated
salts are believed to increase the local dielectric constant near
POEM to match that of PGCMA. The ionic conductivity of
the block copolymer was lower than that of the random
copolymer. The observed trend can be attributed to disrupted
long-range ion transport caused by the presence of larger
PGCMA-rich domains.

B RESULTS AND DISCUSSION

To study the effects of differing monomer polarity in mixed
polymer electrolyte systems on ion solvation and transport, we
synthesized and characterized a series of random and block
copolymers made up of OEM and GCMA monomers. The
OEM monomers exhibit fast segmental dynamics, while the
glassy GCMA monomers provide high polarity. In this work,
each OEM side chain has nine ethylene oxide (EO) repeat
units, so the subscript denoting the side-chain length is omitted
for clarity.

POEM-r-PGCMA copolymers were synthesized by the two-
step reaction shown in Scheme 1. First, OEM and glycidyl
methacrylate (GMA) were copolymerized by reversible
addition—fragmentation chain transfer (RAFT) polymeriza-
tion. A series of seven copolymers was synthesized and
characterized by size exclusion chromatography (SEC, Figure
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Sla) and "H NMR (Figure S2) to determine molecular weight
and copolymer composition. All copolymers exhibited very
similar molecular weight and dispersity, around 10 kg mol™
and 1.2, respectively (relative to PMMA standards, Figure S1).
Figure S1b shows the polymer composition, as determined by
"H NMR, plotted against the feed composition. Direct fitting
to the nonlinear Mayo—Lewis equation gives reactivity ratios r,
=0.855 and r, = 0.934 (where OEM is monomer 1), indicating
that the copolymers should be very close to statistical
copolymers. Second, POEM-r-PGMA copolymers were
converted to POEM-r-PGCMA by reacting the epoxy groups
of the GMA units with CO,. The reaction was done by
dissolving the copolymer in dimethyl formamide along with 10
mol % LiBr (relative to GMA) as a catalyst under 1 atm of
C?zz for 24 h, according to the procedure described by Sakai et
al.

POEM and PGMA homopolymers were also prepared by
RAFT polymerization, and PGMA was converted to PGCMA
in the same manner as the copolymers. Under the
aforementioned reaction conditions, both PGMA and
POEM-r-PGMA copolymers underwent full conversion of
the epoxy groups to cyclic carbonate groups, as evidenced by
the absence of proton signals corresponding to the epoxy
groups in the 'H-NMR spectra (Figure S3). Note that GMA
monomers can be transformed into GCMA and then
polymerized, as previously reported.”> However, the cyclic
carbonate group is susceptible to react with the radical chain
end, resulting in branching and crosslinking that can increase
both the molecular weight dispersity and T,. The copolymer
composition before and after reaction with CO, is listed in
Table S1.

The T, of the POEM-r-PGCMA copolymers, as well as
POEM and PGCMA homopolymers, was determined using
differential scanning calorimetry (DSC). DSC curves are
presented in Figure la. The homopolymer POEM exhibits
crystallization and melting peaks, but crystallization is
completely suppressed by the addition of even 14 wt %
GCMA. The T, of each material, plotted in Figure 1b, is taken
as the midpoint of the glass transition regime. As seen by the
dashed line fit in Figure 1b, the midpoint T, of POEM-r-
PGCMA is reasonably well described by the Fox equation,
suggesting that the monomers are intimately and uniformly
mixed.”* Importantly, the ether side chains do not exhibit a
distinct T, from the rest of the material, as can be seen in
miscible blends of PEO and PMMA.>*”® The breadth of the
glass transition (ATg), however, varies dramatically as a
function of the copolymer composition. While POEM and
PGCMA homopolymers exhibit only a 5—-8 °C window
between the onset and end of the glass transition, the glass
transition window in the copolymer with 58 wt % OEM
extends by nearly 60 °C. This large broadness of the glass
transition regime can be interpreted as a broad range of
segmental relaxation rates in the material at a fixed temper-
ature. We will discuss later in the text how the dynamic
heterogeneity affects ionic conductivity in these copolymers.

To study the ionic conductivity of copolymers with mixed
polarity, two copolymers were further examined. Copolymers
are referred to as OEM-GC (X—Y) where X and Y refer to the
weight percent of OEM and GCMA monomers, respectively.
Homopolymer POEM, OEM-GC (86—14), and OEM-GC
(58—42) were blended with LiTFSI salt at a ratio of r = [Li*]/
[O] = 0.05, where [O] is the concentration of ether oxygens
and carbonate groups in the system ([O] = [EO] + [OCOO)).
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DSC traces for these electrolytes are shown in Figure S4, and
the midpoint T}, values are reported in Table 1. The increase in

Table 1. Glass-Transition Temperature (T,) of Polymer
Electrolytes

T, (°C)
material neat r = 0.05, LiTFSI r = 0.05, LiTf
POEM =715 —56.6 =551
OEM-GC (86—14) —493 -288 —28.8
OEM-GC (58-42) -19.1 -6.8 —4.4
BCP (50—50) —55.3 -29.3

T, upon the addition of salt is very similar across all materials,
and the trend in AT, is preserved. Ionic conductivity of each
electrolyte system was then determined by electrochemical
impedance spectroscopy (EIS) of thin films cast on
interdigitated electrodes (IDEs) as described in our previous
studies.””*® Figure 2a shows the ionic conductivity of POEM,
OEM-GC (86—14), and OEM-GC (58—42) as a function of
temperature. We observed the ionic conductivity to be a
function of the polymer composition, with increasing
carbonate content resulting in lower conductivity.

To isolate the effects of the copolymer polarity, we
normalized the ionic conductivity by two factors: (i) T, to
account for differences in the segmental mobility between
materials; and (ii) copolymer composition, to account for
differences in the absolute salt content since salt concentration
was defined as the molar ratio of Li* to solvating oxygens,
which decreases as the carbonate content increases. Similar to
the ether oxygen mole fraction introduced in previous
studies,””*° the solvating oxygen mole fraction, xq, is defined
as the number of solvating oxygens (ether oxygens in POEM
plus the carbonyl oxygens from the carbonate groups in
PGCMA) divided by the total number of atoms, excluding
hydrogens, in the average repeat unit. The details of these
calculations are provided in the Supporting Information.
Figure 2b shows the ionic conductivity of POEM, OEM-GC
(86—14), and OEM-GC (58—42) with r = 0.05 normalized by
the ratio of xo popm/%o plotted as a function of T—T, When
compared at a fixed absolute salt concentration and
comparable segmental mobilities, the ionic conductivities of
the three materials become highly similar, with a slight
decrease observed in OEM-GC (58—42).

Figure 2b reveals that adding a highly polar unit to POEM
does not improve the ionic conductivity. On the contrary, the
decrease in conductivity shows a positive correlation with the
content of the glassy GCMA and can be attributed primarily to
differences in the T,. While past studies of POEM have found
that the bulk-averaged T, does not accurately describe the
relaxation rate of the Li" solvating EO units that are most
critical to Li* transport,””' the macroscopic description of
segmental dynamics is appropriate in the context of this study
since side-chain length is held fixed. The similar slope
exhibited by these materials in the T—T, plots further indicates
that their conductivity is governed by similar dynamics, and
that the addition of GCMA primarily contributes to slow down
the overall relaxation rates at a fixed temperature.

The difference in the breadth of relaxation rates observed in
the DSC measurements appears to have a limited effect on the
measured conductivity. The effects of dynamic heterogeneity
on Li" transport have been studied previously in the context of
POEM of varying side-chain lengths.’””' These studies
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Figure 2. Ionic conductivity of POEM and POEM-r-PGCMA blended with (a) LiTFSI and (c) LiTf. (b,d) Ionic conductivity normalized by the
ratio of X popm/Xo plotted as a function of (T—Tg)_l. xo refers to the number of solvating oxygens divided by the the total atoms (excluding

hydrogen) in the average repeat unit.

indicate that the conductivity is independent of the slow
relaxation of the backbones and instead mainly relies on the
relaxation of the Li*-solvating EO units of the side chains,
particularly the mobile side-chain ends. We believe this is also
the case for the materials examined here. Li* transport could
occur primarily at the more mobile side-chain ends, though the
mobilities of these side chains as a whole can be uniformly
suppressed by the presence of the glassy GCMA units, the
extent of which is quantified by T,.

While differences in segmental dynamics between materials
explain most conductivity differences at a fixed absolute salt
concentration, the residual decrease in conductivity observed
in GC-OEM (58—62) likely comes from differences in
solvation site density and connectivity. These factors have
been highlighted in previous studies as being critical to Li*
transport in linear polyethers,””*> side-chain polyethers,*
polyether-polycarbonate copolymers,'* and mixed SPEs of
PEO and PMMA.” Typically, the solvation site density and
connectivity relate directly to the mole fraction of EO units,
and the dilution of solvation sites due to the presence of
GCMA units has been largely accounted for by normalizing the
conductivity. In this study, additional effects of such dilution
are observed in copolymers with the highest carbonate content,
OEM-GC (58—42), as evidenced by their slightly lower
normalized conductivities. In mixed SPEs, these second-order
effects may relate to an uneven distribution of solvation sites
caused by concentration fluctuations of different components.
Nonetheless, compared to the detrimental suppression of Li*
transport when PMMA is blended with PEO,” here the
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dilution effect due to GCMA seems to reduce conductivity
only slightly. One possible explanation for this observation may
be related to the long side-chain architecture of POEM. Unlike
linear or short side-chain architectures, the long side chains
(nine EO repeat units) of POEM are each fully capable of
forming highly mobile solvation sites, independent of any
backbone disruption caused by mixing.

In mixed systems where a synergy between polymer polarity
and mobility has been observed, the slowed mobility induced
by the high-polarity polymer is offset by an increase in salt
dissociation, thereby increasing the number of free ions, which
is facilitated by the high polarity.”*>** The limited improve-
ment in salt dissociation seen in Figure 2b may simply arise
from the highly dissociating nature of LiTFSI in polyethers. At
a concentration of r = 0.05, LiTESI tends to fully dissociate, as
observed by Raman spectroscopy.”* Therefore, to corroborate
our findings regarding the role of high polarity on salt
dissociation in polymer electrolytes, we characterized an
additional set of electrolytes consisting of POEM, OEM-GC
(86—14), and OEM-GC (58—42), each blended with r = 0.05
LiTf. Since LiTf is known to poorly dissociate in poly-
ethers,”>™"7 any increase in salt dissociation due to the
presence of GCMA units would be reflected by a significant
increase in conductivity. Figure 2c,d indicates that the
temperature and composition dependence of conductivity for
LiTf systems is identical to that of LiTFSI systems, suggesting
again that the presence of GCMA along the backbone barely
improves the extent of salt dissociation and instead mainly
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affects conductivity by uniformly slowing down the segmental
dynamics.

To quantitatively compare how the cyclic carbonate content
influences conductivity for the two lithium salts, we present the
relative conductivity of the copolymer systems with respect to
the POEM counterpart for each salt in Figure 3a. The relative
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Figure 3. (a) Ionic conductivity of POEM-r-PGCMA normalized by
the conductivity of POEM at r = 0.05 with different salts as a function
of inverse temperature. (b) FTIR spectra of OEM-GC (58—42) neat
(black), r = 0.05 LiTFSI (teal), and r = 0.05 LiTf (yellow).

conductivities depend solely on the cyclic carbonate content
because of the increase in T, with increasing content of the
glassy monomer. In contrast, the identity of the anion does not
affect the relative conductivity, indicating an identical degree of
salt dissociation with and without the presence of GCMA. The
observed trends in the relative conductivities can be explained
by analyzing the FTIR spectra (Figure 3b). In OEM-GC (58—
42), the characteristic peaks for the cyclic carbonate group
(1800 cm™) and the methacrylate ester (1731 cm™) are
entirely unperturbed by the addition of either salt. Any
interaction between the cyclic carbonate group and Li* would
be evident as a shoulder or a peak at lower wavenumbers.*®
Instead, FTIR spectra reveal that neither the carbonate nor the
methacrylate group is involved in solvation, suggesting that Li*
is exclusively solvated by ether oxygens.

The free ion fraction in the systems can be more directly
assessed by examining the Raman spectra (Figure 4). In
LiTESI copolymer electrolytes, the narrow peak centered
around 740 cm™ is representative of free anions,””*”*" while
the peak near 744 cm™' corresponds to ion pairs and higher-
order aggregates.”’ Raman spectra can be deconvoluted to
determine the amount of free and associated ions by
performing peak fitting using two Voigt peaks centered at
740 and 744 cm™'. For all LiTFSI copolymer electrolytes, the
peak corresponding to associated ions contributes only 1 % to

the total area of the signal, indicating complete dissociation of
the salt (Figure SS). In contrast, spectra of the LiTf copolymer
electrolytes show consistently low degree of salt dissociation
independent of the carbonate content (Figure SS). For this
salt, the extent of ionic dissociation can be estimated based on
signals from two characteristic Raman regions, corresponding
to the symmetric CF; deformation mode (740—770 cm™) and
to the SO, symmetric stretch®” (1000—1080 cm™), see Figure
4b,c. Free ions, ion pairs, and ionic aggregates appear at 753,
757, and 761 cm™', respectively, for the &, (CF;) region; and at
1033, 1041, and 1051 cm™!, respectively, for the v, (SO;)
region.””*” The signals from both regions show significant ion
pairing and aggregation in all LiTf copolymer electrolytes. We
believe that the presence of cyclic carbonate groups does not
affect the degree of dissociation since the position and shape of
these peaks appear to remain constant at different carbonate
contents.

The free ion fraction in the LiTf electrolytes can be further
quantified by performing peak fitting in the &, (CF;) region.
While previous studies have used the v, (SO;) region for
fitting, the presence of a small peak at approximately 1030
cm™! arising from the polymer backbone makes quantitative
analysis in this region more challenging. In this study, we
instead fit the 720—780 cm™' Raman region because it is
completely free of polymer modes. Figure S5 shows peak
fitting of these spectra using a linear background and three
Voigt functions, from which the free ion fraction was estimated
as the area under the 753 cm™ peak divided by the total fit
area. Figure Sa shows full dissociation of LiTFSI salt in all the
copolymers and around 25% dissociated LiTf salt. Further-
more, the degree of salt dissociation is constant across the
different polymers, with POEM exhibiting a slightly higher
fraction of free ions than the copolymers. Figure 5b shows the
conductivity of LiTf-containing electrolytes relative to those of
their LiTFSI counterparts. It appears that the ratio of
conductivities in Figure Sb matches closely to the ratio of
free ion fractions shown in Figure Sa. Because the salts only
differ in the anion type and are compared at similar segmental
mobilities, their difference in conductivity (a ratio of around
0.3) can be primarily attributed to the percentage of mobile,
free charge carriers (a ratio of around 0.25). To summarize,
quantitative analysis on ionic conductivity and ion solvation
environment suggests that the highly polar GCMA units do
not facilitate salt dissociation and, instead, reduce conductivity
by slowing down the overall segmental dynamics.

Our results reveal rich physical insights regarding the Li"
solvation tendency. In these mixed-polarity polymer electrolyte
systems, most Li* are fully solvated by EO units instead of the
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Figure 4. Raman spectra of POEM, OEM-GC (86—14), and OEM-GC (58—42) blended with (a) r = 0.05 LiTFSI and (b,c) r = 0.05 LiTf.
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Figure S. (a) Free ion fraction as determined from peak fitting of Raman data, and (b) ionic conductivity of the LiTf-containing systems divided by
that of the corresponding LiTFSI-containing systems as a function of inverse temperature.

cyclic carbonate group, whereas others are partially solvated by
the EO units and remain in close contact to the Tf™. Despite
its high polarity, the cyclic carbonate groups seem to have
lower affinity for Li* than either EO units or the counterions.
We hypothesize that the preferential Li* solvation by the ether
group arises from the ability of each individual OEM monomer
to form a full-fledged solvation site consisting of six ether
oxygens.”””" While it appears somewhat unexpected that the
solvation tendency in these materials does not correspond to
the polarity of the solvating units, previous studies of similar
materials have also reported that solvation tendencies depend
on the specific material chemistry, in addition to the polarity
factor. In a computational study of a series of polyether-
polycarbonate copolymers, Webb et al. found that Li* solvation
by the ether groups was generally favorable, and if side-chain
ethers were present, Li* was exclusively solvated by those side
chains rather than the carbonate groups.'* Conversely,
Morioka et al. experimentally showed that in a linear PEO-
polycarbonate, Li* was actually preferentially solvated by the
carbonate groups, and the salt concentration-dependent
conductivity and T, were characteristic of linear poly(ethylene
carbonate), not PEO.* In a different experimental study on
polycarbonate-polyether copolymers with varying amounts of
linear and cyclic carbonate linkages in the chain, it was found
that Li* is preferentially solvated by the cyclic carbonates
groups.'®'” This phenomenon was observed at high salt
concentrations, while at low salt concentrations, Li* primarily
coordinated with EO units. Moreover, in POEM-r-PGCMA
gel polymer electrolytes (swollen with 1:1 EC/DMC solvent),
ions were found to be primarily solvated by the cyclic EC
solvent, as is typical in polymer-free EC/DMC electrolytes.**
The Li* that did interact with the polymer host, however,
exclusively interacted with OEM and not GCMA.

To understand the observed solvation tendencies, we need
to consider the thermodynamic driven forces that govern ionic
dissociation. When a salt dissolves, the enthalpy of the system
increases due to the breakup of the ion—ion interactions in the
crystal (the lattice energy). This enthalpy increase is balanced
out by a decrease in enthalpy from ion—dipole interactions
between the ions and the solvent, as well as an increase in
entropy when the salt dissolves. In small-molecule systems, an
increase in solvent polarity leads to a greater decrease in
enthalpy from ion—solvent interaction, which favors dissocia-
tion. In polymers, this should also be the case, and more polar
polymers should facilitate ion dissociation. However, there is
an entropic penalty associated with having more free ions in
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polymer electrolytes, as they can act as crosslinking sites and
require very specific chain conformations to form solvation
sites.**® This specific entropic driving force is characteristic of
polymer electrolytes and explains why an increase in contact
ion pairs is observed as temperature increases.**® The entropy
argument also explains why the ratio of LiTf conductivity to
LiTESI conductivity decreases as temperature increases
(Figure Sb). Compared to LiTFSI that remains fully
dissociated across all temperatures, the poorly dissociating
LiTf may have a slightly increasing fraction of contact ion pairs
as temperature increases.

In addition to free ion fraction, the entropic penalty
argument also explains the competition between POEM and
PGCMA to solvate Li". PGCMA, being highly polar, exhibits a
stronger ion—dipole interaction with Li" and larger favorable
enthalpy compared to POEM. However, POEM can solvate
Li* with minimal entropic penalty, which offsets its relatively
enthalpy gain. The entropic penalty of Li*-POEM solvation is
minimized since the presence of a solvated Li* hardly perturbs
the ec}luilibrium configuration of the nine repeat unit side
chain.”' Moreover, at these relatively low salt concentrations
there are enough POEM side chains to form complete
solvation sites with no need for crosslinl(ing.30’31 Ultimately,
in these copolymer systems, POEM, PGCMA, and the
counterions compete to solvate Li* based on their thermody-
namic driving forces, and the system reaches its lowest energy
configuration when Li" are exclusively solvated or form contact
ion pairs in the POEM phase, despite the high dipole moment
of the GCMA monomers.

The minimal entropy loss in polyether solvation may also
arise from the proximity of solvating units. Since each OEM
monomer provides nine EO units covalently bonded along the
side chain for Li* solvation, the ether units are inherently closer
to each other than carbonate units. In contrast, GCMA
monomers only provide one carbonate group, which are
randomly distributed along the copolymer backbone. To best
illustrate this idea, we can compare the POEM-b-PGCMA
block copolymer (BCP) with the POEM-r-PGCMA random
copolymer (RCP). Unlike the RCP, GCMA monomers in the
BCP will be covalently bonded mostly to other GCMA
monomers, and the carbonate groups will be in much closer
proximity to each other than in the random configuration. The
synthesis of the BCP is described in Scheme S1. First, a PGMA
macroCTA was polymerized by RAFT. This living polymer
was then purified and used as the RAFT agent for subsequent
polymerization of POEM to obtain POEM-b-PGMA, which
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was determined to have M, = 18.4 kg mol™!, P = 1.29 by SEC
(relative to PMMA standards). Finally, POEM-b PGMA was
converted to POEM-b-PGCMA by the same CO, addition
protocol described for the random copolymers (Scheme S2).
The resulting polymer was determined to be 50 wt % POEM
by '"H NMR (Figure S6).

We performed DSC measurements to probe segmental
dynamics and the degree of mixing in the BCP. DSC curves for
the neat and r = 0.05 LiTFSI containing BCP are shown in
Figure S7 and the midpoint T, values are reported in Table 1.
In the neat system, only one transition is evident at around
—56 °C, which can be attributed to the POEM block, while no
signal related to the PGCMA block can be identified. By
comparing the DSC curve of the BCP with that of the RCP at
similar polymer composition [OEM-GC (58—42)], we find
that the absence of DSC signal related to the PGCMA block
may not necessarily indicate a fully disordered phase.
Compared to the RCP, the BCP shows a significantly lower
T, (>30 °C difference in the neat materials) and a much
narrower glass transition breadth, both of which suggest that
the GCMA and OEM repeat units are much less intimately
mixed in the BCP than in the RCP. This difference in local
monomer concentration is apparent from small-angle X-ray
scattering (SAXS) as well. Figure 6 shows SAXS data for the

Intensity (arb. units)

107
q (A7)

Figure 6. SAXS data from neat OEM-GC (58—42), neat block
copolymer, and r = 0.05 LiTFSI blended block copolymer.

neat BCP and OEM-GC (58—42) after annealing at 150 °C.
The BCP shows a clear primary scattering peak, indicative of
some degree of phase separation, whereas the scattering profile
for the RCP is featureless. The real spacing of the primary peak
for BCP profile is around 20 nm, which is typical for this
material at its molecular weight. The absence of higher order

peaks indicates that the polymer is weakly phase-separated.
Overall, the SAXS profiles indicate that the neat BCP is not
fully phase-separated, but it exhibits a notable degree of local
concentration fluctuations, whereas the RCP is uniformly
mixed.

The addition of LiTFSI seems to promote mixing between
the two blocks in the BCP. The SAXS profile for the r = 0.05
LiTFESI containing BCP is shown in Figure 6. Notably, the
primary scattering peak softens and shifts to higher g (lower
real spacing), both of which indicate more intimate mixing
between the two blocks than in the neat system. The salt-
doped BCP still shows some degree of local concentration
fluctuations when compared to the RCP. However, the DSC
results provide evidence that the salt effectively makes the two
blocks more compatible. The addition of Li salt, either LiTFSI
or LiTf, to the homopolymer POEM or the RCP has very
similar effect on the T, in all cases. However, while adding r =
0.05 LiTFSI to OEM-GC (58—42) increases the T, by around
12 °C, the addition of the same amount of salt to the BCP
results in a T, increase of 26 °C. While adding salt to a
polymer is well-known to increase the T, due to an ionic
crosslinking effect, in the case of the BCP, the additional
increase in T, comes from enhanced mixing between the two
blocks, where the glassy PGCMA further slows down the
dynamics of the POEM phase.

FTIR spectra can provide insights into the Li" solvation
environment and possible reasons for the enhanced mixing in
the BCP upon the addition of salt. Figure 7 presents a
comparison of FTIR spectra of the BCP and the OEM-GC
(58—42) random copolymer. The spectra of the neat materials
(Figure 7a) are practically identical in the carbonyl region,
suggesting that POEM does not significantly interact with the
carbonate or ester moieties of PGCMA in either case. Figure
7b,c shows that the addition of either LiTESI or LiTf salt does
not affect the signal corresponding to the cyclic carbonate
groups in each material, demonstrating that the Li salt is
localized in the POEM phase regardless of the degree of
mixing. Surprisingly, the higher local concentration of PGCMA
does not promote Li* solvation by the carbonate moieties.
Even when the cyclic carbonate groups are locally concentrated
and available for forming a solvation site, the entropic penalty
associated with forming a PGCMA solvation site rather than a
POEM solvation site is still too high to be overcome by the
already strong ion—dipole interaction between Li" and
PGCMA.

Although the polarity of PGCMA has little influence on the
solvation behavior of Li* in the system, the polarity mismatch
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Figure 7. (a) FTIR spectra of neat POEM-r-PGCMA (58—42) and POEM-b-PGCMA (50—50). FTIR spectra of (b) random copolymer and (c)

block copolymer with r = 0.05 LiTFSI and LiTf.
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between the two blocks does appear to describe the phase
behavior observed. The phase separation in the neat POEM-b-
PGCMA, even though weak, can be partially understood from
the different polarities and dielectric constants of the two
blocks.”” As salt is added to the material, it is preferentially
solvated and localized in the low-polarity POEM phase. This
counterintuitive fact can be explained under the polymer-
specific thermodynamic considerations already mentioned.
The ion solvation and salt localization are driven by
molecular-level factors and the specific chemical nature of
the polyether side chains, while the effects of added salt on the
material phase behavior can be explained by macroscopic
phenomena, such as the dielectric constant. The localization of
salt in the low-polarity material increases the effective dielectric
constant of that phase, thereby decreasing the contrast with the
high-polarity, salt-free block. This is in contrast to what has
been recently observed in high-polarity contrast block
copolymers electrolytes consisting of poly(ally glycidyl
ether), a low-polarity/low-viscosity component, and poly-
(cyanoethyl glycidyl ether), a high-polarity component.” In this
case, the high-polarity phase has a strong preference for the salt
and does primarily solvate Li* at low salt concentrations, which
increases the polarity contrast and in turn the immiscibility
between the blocks.

Finally, we measured the ionic conductivity of the BCP r =
0.05 LiTFSI system. Figure 8a shows the conductivity of the
BCP system after annealing at 150 °C for 2 h compared to the
homopolymer POEM and the OEM-GC (58—42) random
copolymer electrolyte. The BCP exhibits higher conductivity
than the RCP at low temperatures, but it has a weaker
temperature dependence due to its lower T, At around 110
°C, the conductivity of the RCP reaches and then slightly
exceeds that of the BCP. After correcting for differences in T,
(Figure 8b), however, the RCP shows a higher conductivity at
nearly all reduced temperatures. Moreover, while the RCP and
homopolymer share a common slope, suggesting a similar
activation energy limiting the conductivity, the BCP exhibits a
qualitatively different behavior. This may be partly because the
phase behavior of the BCP is temperature-dependent. Another
factor likely lies in the formation and percolation of solvation
sites.

The results show that the RCP, the copolymer with a higher
degree of intimate mixing, exhibits a higher conductivity than
the weakly phase-separated BCP. This finding appears to
contradict our previous results and those of others. We have
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hypothesized previously that the greater extent of interfacial
mixing present in low salt concentration block copolymer PS-
PEO explains the lower normalized conductivity.”® Similarly,
our recent work found that miscible blends of PEO/PMMA
have a higher conductivity than the compositionally identical
PEO-PMMA block copolymers.” We attributed this fact to a
greater local concentration of PEO in the less-mixed blends
that led to greater percolation of solvation sites at the S—10 A
length scale that allows for long-range Li" transport. A key
difference between those studies and the present work seems
to lie in the use of linear rather than side-chain polyethers. In
the case of linear PEO, solvation sites are formed by adjacent
EO units along the backbone. These solvation sites may be
more susceptible to disruption or disconnection by non-
solvating groups like PS or PMMA groups, in contrast to the
side-chain solvation sites in POEM, which are less affected.
Additionally, the disruption of solvation sites along the
backbone tends to suppress the intrachain hopping mechanism
that is common in linear PEO, but largely absent in side-chain
POEM systems.’' As Li* solvation and transport in POEM do
not rely on the backbone, the detrimental effects caused by the
mixing with nonsolvating components are limited. This
apparent difference in how mixing affects Li* transport in
linear and side-chain polyethers provides valuable insights for
the study of block copolymer electrolytes, where the transport
through the interfacial re%ion is highly coupled to the degree of
interfacial mixing.”**™>° These questions merit further
investigation, particularly using atomistic MD simulations
similar to those recently employed to investigate ion hopping
between solvation sites.

B CONCLUSIONS

In this study, we elucidated the ion solvation and transport
behavior of copolymers consisting of a side-chain polyether
(POEM) and a poly(cyclic carbonate) (PGCMA). Although
the cyclic carbonate moiety is significantly more polar than the
ether oxygens of POEM, FTIR data and ionic conductivity
results suggest that Li" are exclusively solvated and transported
by POEM. The increased overall polarity of the polymer does
not enhance the conductivity. Instead, the conductivity of the
random copolymer is solely determined by the mole fraction of
EO units in the system and the bulk-averaged dynamics, as
evidenced by the midpoint T, value. Furthermore, we
demonstrated that our findings are also valid when a poorly
dissociating LiTf salt is added to the system. Raman data for
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both LiTFSI- and LiTf-containing polymer electrolytes
confirm that the presence of highly polar carbonate moieties
does not increase the degree of ionic dissociation, regardless of
the dissociating nature of the salt. In the partially dissociated
LiTf systems, our results indicate that the thermodynamically
favorable state consists of a high fraction of contact ion pairs
with Li* partially solvated by POEM side chains. The observed
tendency for solvation in these polymer systems is driven by
entropic considerations for ion dissociation. These findings
suggest that blending or mixing a highly polar component with
an ether-based polymer may not be an effective strategy for
improving ionic conductivity unless specific material chem-
istries for Li* solvation are considered.

Finally, the same preference for polyether solvation was
found in the block copolymer, despite the high local
concentration of cyclic carbonate groups available to form
solvation sites. This preference for the salt to reside in the
lower-polarity POEM phase decreases the polarity contrast
with the PGCMA phase, and SAXS data indicate that the
addition of salt lowers the effective Flory—Huggins interaction
parameter of the material. The block copolymer exhibited
reduced conductivity and qualitatively different temperature
dependency compared to the homopolymer and random
copolymer systems. The reduced conductivity of the block
copolymer can be attributed to the disruption of long-range
percolated solvation site networks due to clustering of the
POEM units. Opposite to trends observed in mixed polymer
electrolytes based on linear PEO, the side-chain POEM-based
copolymers examined here show reduced conductivity with
increasing contrast in the local concentration (less mixing).
The relationship between the degree of mixing and ion
transport may be fundamentally different in side-chain
polyethers than in linear polyether electrolytes. The reason
behind this lies in the fact that the nine EO unit side chain in
POEM can form full solvation sites, whereas the formation of
solvation sites in PEO requires a continuous and uninterrupted
backbone. This also suggests that with a moderate degree of
local mixing, the percolation of solvation site network is likely
still preserved in the random copolymer. The discussion
presented here on the relationship between degree of mixing
and Li* transport can perhaps be extended to other polymer
electrolyte systems containing side-chain ethers, such as those
found in phase-separated POEM-based block copolymer
electrolytes, to better understand and design mixed, multi-
functional polymer electrolytes.

B EXPERIMENTAL SECTION

Materials. Acetonitrile (99.8%, anhydrous), toluene, dimethylfor-
mamide (DMF), tetrahydrofuran (THF), methanol, diethyl ether,
LiTFSI (battery grade, >99.95% trace metal basis) LiTf (99.995%
trace metals basis), 2-cyano-2-propyl benzodithioate (CPBD),
azobisisobutyronitrile (AIBN), deuterated dimethyl sulfoxide
(DMSO-dg), and monomers were purchased from Sigma-Aldrich.
Oligo(ethylene oxide) methyl ether methacrylate (OEM, M, = 500 g
mol™") and glycidyl methacrylate (GMA) were purified before use to
remove inhibitors by passing through a column of basic alumina.
LiTFSI was dried under vacuum at 120 °C for 48 h. Homopolymer
POEM was synthesized and purified according to our previous
work.*® Polymers and salts were stored in an argon glovebox after the
drying processes. AIBN was recrystallized in ethanol before use.

Polymer Synthesis. Synthesis of POEM-r-PGMA Copolymers.
POEM-r-PGMA random copolymers were synthesized by RAFT
polymerization according to Scheme 1. Reaction mixtures consisting
of S g of total monomer, 9.1 g (9.6 mL) of DMF, 55.3 mg of CPBD,
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and 4.1 mg of AIBN were stirred and sparged with dry nitrogen for 20
min. Mass fractions of OEM in the feed and final product are listed in
Table S1. Reactions proceeded for 7 h at 70 °C followed by
quenching the vessel in an ice bath. The crude products were purified
by evaporating DMF, redissolving in THF, and precipitating the
mixtures into excess hexanes. The resulting polymers were redissolved
in THF and precipitated into hexanes twice more and dried overnight
at 50 °C to remove residual solvent.

Synthesis of POEM-b-PGMA Copolymers. POEM-b-PGMA block
copolymers were synthesized by RAFT polymerization according to
Scheme S1. First, PGMA macroCTA was prepared by RAFT
polymerization of GMA. S g of GMA, 9.3 g (9.8 mL) of DMF,
55.3 mg of CPBD, and 4.1 mg of AIBN were stirred and sparged with
dry nitrogen for 20 min. The reaction vessel was placed in an oil bath
at 70 °C for 7.5 h, followed by quenching in an ice bath. The crude
product was purified by precipitating the mixture into excess
methanol, followed by redissolution in THF and precipitated into
methanol twice more. The resulting polymer was dried overnight at
50 °C to remove residual solvent. PGMA was then used as CTA for
subsequent polymerization of the POEM block. 1.5 g of OEM, 1.0 g
of PGMA macroCTA, 2.5 mg of AIBN, and 2.4 g of THF (2.7 mL)
were stirred to combine in a round-bottom flask and sparged with dry
nitrogen. The flask was placed in an oil bath at 70 °C for 6 h before
quenching in an ice bath. The crude mixture was precipitated into
excess hexanes, followed by redissolution in THF and precipitation in
hexanes twice more. The resulting polymer was dried at 50 °C under
vacuum overnight.

Transformation of GMA Units to GCMA Units. The epoxy groups
of GMA were converted to cyclic carbonate groups by the addition of
CO,. A similar process was used for all random and block copolymers.
Polymers were dissolved in DMF (0.2 M) along with 10 mol % LiBr
(relative to the GMA units) as a catalyst. CO, was bubbled through
the reaction mixture for a couple of minutes and then the reaction
mixture was heated to 100 °C for 24 h while keeping a CO,
atmosphere. After the reaction, the polymer solutions were
concentrated by evaporating DMF and then precipitated into excess
methanol (random copolymers 1 and 2, Table S1) or cold diethyl
ether (block and random copolymers 3—S, Table S1), or dialyzed
against methanol overnight (random copolymers 6 and 7, Table S1)
to recover the product and remove the catalyst. The resulting
copolymers were filtered, washed three times using methanol or
diethyl ether and finally dried under vacuum overnight at 50 °C.

Polymer Electrolyte Solution Preparation. Polymer solutions
were prepared inside of an argon glovebox by dissolving polymer in
either pure acetonitrile or a mixture of acetonitrile and toluene (50/
50 v/v). Solutions were heated to SO °C to help facilitate dissolution
of the polymer and then were left stirring overnight. LiITFSI solutions
in acetonitrile were prepared in the same manner. Polymer electrolyte
solutions were prepared by blending polymer and salt solutions at the
corresponding volumetric ratio to obtain a ratio of r = 0.05 =
[LiTESI]/[EO].

Polymer Characterization. Size Exclusion Chromatography.
SEC measurements were conducted on a Tosoh EcoSEC system with
DMF + 0.01 M LiBr as eluent at a flow rate of 1 mL/min. Separation
was achieved using two Tosoh SuperAW columns in series (3000 and
4000) at SO °C. Molecular weight and dispersity were determined by
comparison with PMMA standards.

Proton Nuclear Magnetic Resonance ('H NMR). Chemical
structural information of the polymers was obtained using 'H NMR
in DMSO-dy. Data were acquired on a 400 MHz Bruker Avance III
HD nanobay spectrometer equipped with an iProbe SmartProbe,
using Topspin 2.1. Copolymer composition was determined by
comparing the peak integrals at § = 4.03 ppm (2H, —C(0)—O—
CH,—) of POEM units to those at § = 2.80 and 2.66 ppm (2H,
—CH,—-CH(OCH,)) of the epoxy groups of PGMA. The
composition of the POEM-r-PGMA copolymers is reported in
Table S1. Complete conversion of the epoxide group to cyclic
carbonate was confirmed by complete disappearance of peaks at 6 =

3.20 ppm (1H, —CH,—CH(OCH,)) and & = 2.80 and 2.66 ppm (2H,
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—CH,—-CH(OCH,)) corresponding to protons in the epoxide groups
of PGMA.

Differential Scanning Calorimetry. Calorimetric glass-transition
temperatures (T,) of neat polymers and copolymer electrolytes were
determined by DSC using a TA Instruments Discovery 2500 DSC.
Sample pans were prepared inside an argon glovebox by drop-casting
solutions, heating at 65 °C until dry, and repeating until 5—10 mg of
material were collected in the pan. The pans were then hermetically
sealed before removing from the glovebox to avoid any water
adsorption before DSC measurement. Samples were conditioned at
135 °C followed by three cycles of cooling to —85 °C and heating to
135 °C at a scan rate of 10 °C/min. Tg midpoint and breadth values
were taken from the third heating curve.

Fourier Transform Infrared Spectroscopy. Samples for FTIR
measurements were prepared on Au-coated Si substrates by spin-
coating. Samples were prepared inside of a glovebox, annealed at 150
°C for 15 min, and then sealed immediately before measurement to
minimize water absorption. Measurements were performed using a
Shimadzu IRTracer-100 spectrometer using a germanium prism for
attenuated total reflection at ambient temperature from 400 to 4000
cm™ at a resolution of 4 cm™".

Raman Spectroscopy. Raman samples were prepared by drop-
casting films on Au-coated Si substrates inside of an argon glovebox.
Films were dried and then annealed at 150 °C for 15 min inside of the
glovebox and then sealed until measurement. Raman experiments
were performed using a Horiba LabRAM HR Evolution NIR confocal
Raman microscope. Raman spectra were collected with a 100x
objective and a 633 nm wavelength laser.

Small-Angle X-ray Scattering. SAXS measurements were
performed using the SAXSLAB GANESHA instrument at the
University of Chicago X-ray Facility. Prior the experiments, dry
block copolymer samples were annealed in bulk under vacuum at 150
°C for 20 h and then slowly cooled down to ambient temperature to
favor self-assembly. Data were collected at ambient temperature for 30
min.

Electrochemical Impedance Spectroscopy. Polymer electrolyte
conductivity was determined by EIS of thin films on IDEs as
described previously.”® IDEs were designed with N = 160 electrodes, |
= 1 mm of electrode overlap, w = 2 ym electrode width, and d = 8 um
interelectrode distance. IDEs were then coated with 0.8 nm of SiO, by
plasma-assisted atomic layer deposition to inhibit dewetting of the
polymer films. Polymer electrolyte thin films were cast onto the IDEs
by spin-coating at 4000 rpm inside of an argon glovebox, followed by
drying on a hot plate at 70 °C before EIS measurements. Block
copolymer films were further annealed at 150 °C for 2 h before
measurement. Polymer film height (h) was determined by casting an
identical film on a Si wafer and performing ellipsometry (J.A.
Woollam alpha-SE ellipsometer). IDEs were placed on a custom
heating stage in the glovebox and connected to a Gamry 600+
potentiostat by tungsten probe tips. Potentiostatic EIS was performed
with an applied amplitude of 100 mV over a frequency range of 1
MHz to 1 Hz. EIS data were fit to an appropriate equivalent circuit
that models the physical process of thin film-IDE systems using
Gamry E-chem Analyst software, and the resulting film resistance (Ry)
was used to find the conductivity (¢) by the equation below.”” All
conductivity data are reported as the average of three samples, with
error bars representing the standard deviation.

d
c= ——
R{(N — 1)Ih
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