
Grafted Copolymer Electrolytes Based on the Poly(acrylic acid-co-
oligo ethylene glycol acrylate) (P(AA-co-OEGA)) Ion-Conducting and
Mechanically Robust Block
Achilleas Pipertzis, Martha Kafetzi, Despoina Giaouzi, Stergios Pispas,* and George A. Floudas*

Cite This: ACS Appl. Polym. Mater. 2022, 4, 7070−7080 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A series of completely amorphous polymer brushes composed of grafted copolymer electrolytes based on the ion-
containing block of poly(acrylic acid-co-oligo ethylene glycol acrylate) (P(AA-co-OEGA)) doped with LiCF3SO3 (LiTf) or
LiN(SO2CF3) (LiTFSI) and the glassy polystyrene (PS) block are synthesized and studied with respect to the structural,
thermomechanical, and ion conduction properties. The incorporation of some AA units into the ion-conducting phase provides a
trade-off between increased mechanical stability and anion/cation complexation. Consequently, the P(AA-co-OEGA) block can be
engineered to simultaneously support ion conduction while exhibiting enhanced mechanical stability. Between the two anions ([Tf−]
vs [TFSI−]), it is the latter that better supports the Li-ion transport. Diblock copolymer electrolytes doped with the larger anion
([TFSI−]) suppress ion complexation and give rise to superior ion conduction properties (by about 2 orders of magnitude), as
compared to that of the smaller anion ([Tf−]). Overall, the PS-b-P(AA-co-OEGA)/LiTFSI diblock-random copolymer electrolyte
with salt concentration, r = 0.08 (r is defined as the molar ratio of Li ions to EO units), best combines the required mechanical
stability (storage modulus, G′ ∼ 108 Pa) with a relatively high dc-conductivity (σdc ∼ 10−6 S·cm−1) at an ambient temperature (for
application as solid polymer electrolytes (SPEs) in Li-ion batteries). This work suggests routes toward further improving the
mechanical stability via the random incorporation of acids into the ion-containing block of nanophase-separated electrolytes.
KEYWORDS: solid polymer electrolytes, ion conductivity, grafted copolymers, mechanical stability,
poly(oligo ethylene glycol methacrylate) (POEGMA), polystyrene

I. INTRODUCTION
Environmental pollution and the conventional oil-fuel crises are
driving the demand for reliable rechargeable Li-ion batteries
with fast charge/discharge rates and high energy densities.1−5

The latter is necessary for storing the excess energy produced
from renewable energy sources, e.g., the solar energy. In
addition, Li-batteries give power to portable electronic devices,
electrified transportation, autonomous homes and businesses, as
well as machines of current technological interest, such as drones
and robots. However, conventional liquid electrolytes are
flammable and toxic, involving a risk of serious safety (e.g.,
battery explosion, leakage, etc.) and performance (e.g., short-
circuit, etc.) problems.3,4 To alleviate these serious safety issues
and, at the same time, to increase the energy density and lifetime

of a battery, improvement of the mechanical integrity (storage
modulus, G′∼ 0.1 GPa) through the design of solid polymer
electrolytes (SPEs) is sought. However, the ionic conductivities
of SPEs are lower (σdc < 10−3 S·cm−1) as compared to liquid
ones, suggesting that further improvements are necessary to
meet the demands of future battery technologies.
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Over the past decades, the scientific interest has turned to
nanophase-separated block copolymer electrolytes that combine
the “liquid-like” conductive phase of poly(ethylene oxide)
(PEO) doped with Li salt (reflecting mainly its capability for Li
salt dissociation and its low glass temperature Tg)

6−12 with a
“high-Tg nanophase”, usually polystyrene (PS).13−21 In block
copolymers, the segregation strength is determined by the
product, χN, where χ is the Flory−Huggins interaction
parameter, associated with the thermodynamic compatibility
between A and B blocks and N is the total degree of
polymerization.22 However, the main factor that impedes ion
transport in copolymers based on linear chains of PEO is the
strong tendency for crystallization, as well as the formation of
crystalline complexes with certain Li salts. Attempts have been
made to suppress the crystallinity mainly by modifying the
polymer architecture (e.g., grafted architecture,23−29 tapered
copolymers30−33). Parenthetically, tapered copolymers combine
nanostructured morphologies (double gyroid,32 cylindrical or
perforated layers33) favorable for Li-ion transport, with
improved segmental mobility and excellent mechanical proper-
ties (toughness and strain at break exceeding 900%) as
compared to their normal copolymers.30−33 Moreover, the
tendency for crystalline complex formation can be tuned by
changing the lithium salt. The usual salts for this purpose are
lithium bis (trifluoromethanesulfonyl)imide (LiTFSI) and
lithium triflate (LiTf), with the former being superior, as it
suppresses complex formation.9,14,16,21

Electrolytes composed of short PEO chains densely grafted on
a PS backbone were proposed earlier by us.23 The densely
graf ted architecture with short PEO chains enhances the
segmental mobility and suppresses/reduces the tendency for
PEO crystallization and complex crystal formation, resulting in a
combination of relatively high elastic modulus (G′ ∼ 2× 106 Pa)
with comparably high ionic conductivity (σ′ ∼ 6 × 10−5 S·
cm−1).23 Furthermore, a significant decrease of PEO crystallinity
on going from linear to comb-like architecture was reported for
PS-b-PEO diblock copolymers.24 Hence, the graf ted architec-
ture with a comb-like chain topology is advantageous over linear
ones for designing fully amorphous SPEs.23−29

A promising comb-like (branched-like) homopolymer
electrolyte that combines the graf ted architecture and the
beneficial characteristics of PEO is the poly(oligo ethylene
glycol methacrylate) (POEGMA).26−28 POEGMA and its
acrylic analogue poly(oligo ethylene glycol acrylate)
(POEGA) have the advantage of being biocompatible. As
such, they have been employed in drug delivery applica-
tions.34−37 Specifically, POEGMA (POEGA) consists of a
methyl meth(acrylate) backbone and ethylene glycol side
groups. Despite its rigid backbone, the segmental dynamics
and the associated Tg are dominated by the EO side chains and
are similar to that of PEO.27 At the same time, it exhibits high
dielectric permittivity (ε′POEGMA ∼ 10), which is typically twice
that of PEO, suggesting an increasing tendency for anion−cation
dissociation.27 Evidently, the combination of the densely grafted
backbone with the short ethylene glycol side groups is
anticipated to suppress crystallinity and enhance segmental
mobility, thus engineering high ionic conductivities. These
favorable characteristics of POEGMA motivated studies of
SPEs.30,32,38−47

Herein, we build on these ideas and further design and
synthesize a series of grafted block-random diblock (PS-b-P(AA-
co-OEGA)) and triblock (PS-b-P(AA-co-OEGA)-b-PS) copoly-
mer electrolytes composed of a high-Tg block (PS) that provides

the mechanical stability and a densely grafted ion-containing
block comprised of randomly distributed acrylic acid (AA) and
OEGA repeat units. AA was incorporated in the ion-conducting
phase as a means to trigger the interaction parameter and to
increase the incompatibility between the ionic and the nonionic
blocks (the reported χPS‑PAA ∼ 0.88348 is drastically higher than
χPS‑POEGMA ∼ 0.1 at 303 K).31,38,40 Moreover, AA stiffens the
backbone of the P(AA-co-OEGA) block due to its high Tg, thus
improving the mechanical stability. At the same time, its small
content and random distribution along the backbone preserve
the enhanced segmental mobility of the short EO side groups. In
this study, four different salt concentrations, with r (=[Li+]/
[EO]) = 0.06, 0.08, 0.13, and 0.25, were studied and two
different anions ([Tf−] and [TFSI−]) were employed. Between
the two anions, the larger and weakly coordinated [TFSI−] is the
preferred one for Li-ion transport. PS-b-P(AA-co-OEGA)/
LiTFSI copolymers combine the required mechanical stability
(G′ ∼ 108 Pa) with conductivity values up to∼10−6 S·cm−1 at an
ambient temperature or up to 2× 10−5 S·cm−1 at T = 333 K, e.g.,
at operational temperatures for Li-ion batteries.

II. EXPERIMENTAL SECTION
II.I. Synthesis of PS-b-P(AA-co-OEGA). The PS-b-P(AA-co-

OEGA) block-random diblock terpolymer was prepared by utilizing
the RAFT polymerization methodology. First, a PS homopolymer was
synthesized. Subsequently, PS acted as the macro-RAFT agent for the
copolymerization of acrylic acid (AA) and (oligo ethylene glycol)
methyl ether acrylate (OEGA) to form the P(AA-co-OEGA) random
second block and to finally receive the PS-b-P(AA-co-OEGA) block-
random terpolymer.
In a 25 mL round-bottom flask, equipped with a magnetic stirrer, 1.5

g (0.0144 mol) of styrene, which was previously purified by passing
through a packed column filled with inhibitor removers (to remove
inhibitor traces), 0.137 g (0.375 mmol) of 2-(dodecylthiocarbono-
thioylthio)-2-methylpropionic acid, AIBN (0.0062 g, 0.0375 mmol),
and 3 mL of 1,4-dioxane were inserted. The flask was sealed with a
rubber septum. The reaction solution was degassed by a high-purity
nitrogen gas bubbling for 20 min and was placed in an oil bath at 353 K
for 12 h. Afterward, the polymerization was terminated by cooling the
mixture at 253 K and exposing it to air. The PS homopolymer was
precipitated in excess of MeOH to exclude the unreacted monomer.
The product was collected after drying in a vacuum oven at 278 K for 48
h (yield 48%). Subsequently, PS was used as the macro-RAFT agent to
synthesize the P(AA-co-OEGA) random second block.
To prepare the PS-b-P(AA-co-OEGA) block-random terpolymer, PS

macro-RAFT (0.2 g, 0.107 mmol), acrylic acid (AA) (0.45 g, 6.244
mmol), (oligo ethylene glycol) methyl ether acrylate (0.45 g, 0.938
mmol), AIBN (0.0065 g, 0.04 mmol), and 6.4 mL of 1,4-dioxane were
added in a 25 mL round-bottom flask. AA and OEGA monomers were
also purified by passing through an inhibitor-removing resin. The
reaction mixture was degassed by a high-purity nitrogen gas bubbling
for 20 min and then submerged in an oil bath at 343 K for 24 h. The
polymerization was quenched by adjusting the temperature of the
mixture to 253 K and exposure to air. Subsequently, the diblock
terpolymer was precipitated in excess n-hexane for removal of the
unreacted monomers and then left for 48 h inside a vacuum oven at 298
K to dry (yield 65%).
II.II. Synthesis of PS-b-P(AA-co-OEGA)-b-PS. The PS-b-P(AA-

co-OEGA)-b-PS triblock terpolymer was synthesized using RAFT
polymerization strategy. To obtain PS-b-P(AA-co-OEGA)-b-PS, at first
PS bifunctional macro-RAFT agent was prepared by selecting the S,S-
dibenzyl trithiocarbonate as the fitting CTA agent. Following this, the
P(AA-co-OEGA) random block was incorporated to finally acquire PS-
b-P(AA-co-OEGA)-b-PS. One gram (0.0096 mol) of styrene, which
was previously purified by passing through a packed column filled with
inhibitor removers, 0.109 g (0.375 mmol) of S,S-dibenzyl trithiocar-
bonate, AIBN (0.00123 g, 0.075mmol), and 6 mL of 1,4-dioxane were
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introduced in a single-neck round-bottom flask along with a magnetic
stirrer. The flask was fitted with a rubber septum. The final mixture was
degassed by a high-purity nitrogen gas bubbling for 20 min and was
inserted in an oil bath at 353 K for 12 h. Afterward, the polymerization
was terminated by cooling the mixture at 253 K and exposing it to air.
The PS homopolymer was precipitated in excess of cold MeOH to
exclude the unreacted monomer. The product was collected after
drying in a vacuum oven at 298 K for 48 h (yield 54%).
Subsequently, 0.4 g (0.833 mmol) of OEGA, 0.7 g (9.714 mmol) of

AA, 0.25 g (0.1mmol) of PS difunctional macro-RAFT agent, 3.33 mg
(0.02 mmol) of AIBN, and 9.2 ml of 1,4-dioxane were placed in a
round-bottom flask. Monomers were also purified by carrying out the
previously stated procedure. The same degassing process was
implemented, and afterward, the flask was introduced in an oil bath
at 343 K for 24 h. The polymerization was terminated by cooling the
mixture at 253 K and exposing it to air. The resulting triblock
terpolymer was precipitated in excess of n-hexane to draw out unreacted
monomers. The final product was obtained after drying in a vacuum
oven at 298 K for 48 h (yield 75%).

1H-NMR and SEC characterization data for the diblock and triblock
copolymers are provided in Figures S1−S4, Supporting Information
section.
II.III. Synthesis of POEGMA Homopolymer. For comparison

purposes, a POEGMA homopolymer of 33.0 × 103 g·mol−1 was also
synthesized. The synthetic process is described as follows: 3 g (6.32
mmol) of (oligo ethylene glycol) methyl ether methacrylate
(OEGMA), 25.4 mg (0.091 mmol) of 4-cyano-4-(phenyl-
carbonothioylthio)pentanoic acid, 2.98 mg of AIBN (0 g, 0.018
mmol), and 12mL of 1,4-dioxane were added in a 25mL round-bottom
flask where a magnetic stirrer was previously added. OEGMA was
purified before use by passing through inhibitor-removing resins.
Degassing of the mixture was made using a high-purity nitrogen gas
bubbling for 20 min, and eventually the flask was sunk in an oil bath at
343 K for 24 h. The polymerization was quenched by adjusting the
temperature of the mixture to 253 and exposure to air. Subsequently,
the POEGMA homopolymer was precipitated in excess n-hexane for
removal of the unreacted monomer and then left for 48 h inside a
vacuum oven at 298 K to dry (yield 78%).
Copolymer electrolytes were doped with LiTf or LiTFSI at four Li

salt concentrations: r = [Li+]/[EO] = 0.06, 0.08, 0.13, and 0.25. The
chemical structure of the investigated block-random electrolytes is
depicted in Figure 1. Moreover, the respective POEGMA homopol-
ymer electrolytes, bearing the same Li salts, were also prepared.
II.IV. Differential Scanning Calorimetry. The thermal properties

of the POEGMA homopolymer and the PS-b-P(AA-co-OEGA) diblock
and PS-b-P(AA-co-OEGA)-b-PS triblock copolymer electrolytes were
studied by differential scanning calorimetry (DSC) with a Q2000 (TA
Instruments). The instrument was calibrated for best performance in

the specific temperature range and heating/cooling rate. The
calibration sequence included a baseline calibration for the determi-
nation of the time constants and capacitances of the sample and
reference sensor using a sapphire standard. In the next step, an indium
standard (ΔH = 28.71 J/g, Tm = 428.8 K, with a heating rate of 10 K·
min−1) was employed for the enthalpy and transition temperature
calibration. Following the indium calibration, a baseline measurement
verified the successful calibration of the instrument. Concerning the
heat capacity calibration, a temperature-modulated DSC (TM-DSC)
calibration was made with a sapphire standard. Samples (typically ∼5−
6 mg) were hermetically closed in an aluminum pan and placed on a
sample sensor. An empty aluminum pan was used as a reference. The
temperature protocol involved the first cycle of cooling and heating
with a rate of 10 K·min−1 to erase the sample’s thermal history, followed
by a second cycle with the same rate in the temperature range from 173
to 423 K.
II.V. Small-Angle X-ray Scattering (SAXS). SAXS measurements

were made using Cu Kα radiation (RigakuMicroMax 007 X-ray
generator, Osmic Confocal Max-Flux curved multilayer optics).
Oriented fibers of 1.0 mm diameter were prepared by a mini-extruder.
2D scattering patterns were recorded on a Mar345 image plate at a
sample-to-detector distance of 2.11 m. The recorded intensity
distributions were integrated along the equatorial and meridional
axes of the 2D images and are discussed as a function of the modulus of
the scattering vector, q (q = (4π/λ) sin(2θ/2), where λ is the
wavelength λ = 0.154184 nm and 2θ is the scattering angle).
Temperature-dependent SAXS measurements for the diblock and
triblock copolymer electrolytes with Li salt concentration, r = 0.08
([EO]/[Li+] = 12:1), were carried out in the temperature range from
303 to 423 K on heating and subsequent cooling, in steps of 30 K.
Measurements were of 1 h long following another hour of equilibration
at each temperature.
II.VI. Dielectric Spectroscopy. Dielectric spectroscopy (DS)

measurements were performed with a Novocontrol α frequency
analyzer. The temperature protocol involved measurements within the
range from 223 to 383 K in steps of 5 K and for frequencies in the range
from 10−2 to 107 Hz under isobaric conditions. The dielectric cell
consisted of two electrodes, 20 mm in diameter, and the sample with a
thickness of 100 μm, maintained by Teflon spacers. Samples were
prepared asmelts under vacuum by pressing the electrodes to the spacer
thickness. The complex conductivity function, σ* = σ′ + iσ″, where σ′
and σ″ are the real (i.e., the dc-conductivity) and imaginary parts,
respectively, has been obtained as a function of angular frequency, ω,
and temperature, T.49,50 To extract the dc-conductivity, the plateau in
the real part σ′ was used. An alternative way to obtain the dc-
conductivity is from the random free-energy barrier model (RBM).51,52

II.VII. Rheology. A TA Instrument AR-G2 with a magnetic bearing
that allows for nanotorque control was used for recording the
viscoelastic properties of the polymer electrolytes. Measurements
were made with the environmental test chamber (ETC) as a function of
temperature. The samples were prepared on the lower rheometer plate
(8 mm). Then, the upper plate was brought into contact and the
thickness was adjusted. Temperature control was achieved within 0.1 K
with a nitrogen convection oven. The linear and nonlinear viscoelastic
regions were identified through the strain amplitude dependence of the
complex shear modulus, |G*(ω)|, at ω = 10 rad·s−1. Two types of
measurements were carried out: (i) isochronal temperature ramps with
ω = 10 rad·s−1 between 213 and 383 K and (ii) isothermal frequency
sweeps within the range 10−1 < ω < 102 rad·s−1 at some selected
temperatures.

III. RESULTS AND DISCUSSION
III.I. Ion Conduction in Comb-Like POEGMA/LiX

Homopolymer Electrolytes. Quantitative insight into the
factors (e.g., thermodynamics, anion type, etc.) that dictate the
ion conduction mechanism of comb-like homopolymer electro-
lytes can be obtained by a combination of thermodynamic
(DSC) and dynamic (DS) measurements. A side group length
comprising nine EO units was employed because it was found to

Figure 1. Chemical structure of the investigated SPEs based on (a) PS-
b-P(AA-co-OEGA) diblock copolymer and (b) PS-b-P(AA-co-OEGA)-
b-PS triblock copolymer.
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be the preferred EO length for Li-ion transport in salt-doped
POEGMA electrolytes.42 The thermodynamic characteristics of
the POEGMA homopolymer electrolytes doped with LiTf or
LiTFSI are discussed with respect to Figure 2.
The heat flow of the neutral POEGMAhomopolymer exhibits

a step-like decrease at Tg (∼213 K) followed by an endothermic
peak at higher temperatures, signifying the melting of POEGMA
crystals. Following doping with LiTf or LiTFSI, the crystal-
lization/melting peak is suppressed, leading to completely
amorphous electrolytes, a highly desirable feature for SPEs. The
disruption of the crystalline structure is attributed to ion
associations with the POEGMA. Specifically for r = 0.08, the
POEGMA/LiTFSI (LiTf) exhibits a Tg at about 220 (227) K,
which is ∼10 K (∼4 K) lower than that of PEO/LiTFSI (LiTf)
electrolytes.9,12 As depicted in Figure 1b, Tg increases by about
10 K (6 K), with increasing Li salt content for the homopolymer
electrolytes doped with LiTf (LiTFSI). Specifically, Tg increases
as

= +T K T A r( ) ( )g g
0 1/2

(1)

where Tg
0 is the calorimetric glass temperature of neutral

POEGMA and A is a dimensionless parameter. Moreover, the
homopolymer electrolytes doped with LiTFSI exhibit lower Tg
values, as compared to LiTf. Because of its smaller size, LiTf
interacts more strongly with the EO units in the side groups of
POEGMA. The stronger binding makes the backbone dynamics
more sluggish, increasing theTg. On the other hand, the lowerTg
of electrolytes doped with LiTFSI is anticipated to enhance the
Li-ion conductivity.
Ion conduction in the POEGMA electrolytes doped with LiTf

or LiTFSI is discussed next. The dc-conductivity was extracted
from the frequency-independent region of σ′(ω) curves
(plateau) (Figure S5). The higher (lower)-frequency region is
associated with the ac-conductivity (electrode polarization).
The σdc(T) for the homopolymer electrolytes, as well as of the
neutral POEGMA, is further discussed with respect to Figure S5.
The σdc(T) for the neutral POEGMA homopolymer reflects the
structural changes (melting) (Figures 2 and S6). On the other
hand, the σdc(T) of the fully amorphous POEGMA electrolytes
doped with LiTf or LiTFSI conforms to the Vogel−Fulcher−

Figure 2. (a) DSC thermograms for POEGMAhomopolymer electrolytes doped with (top) LiTf and (bottom) LiTFSI at four salt concentrations with
r = 0.06 (blue line), r = 0.08 (red line), r = 0.13 (green line), and r = 0.25 (purple line) during the second heating run with a rate of 10 K·min−1. Vertical
arrows give the respective Tg′s. (b) Calorimetric Tg as a function of Li salt concentration, r =([Li+]/[EO]) for POEGMA doped with LiTf (blue) and
LiTFSI (red). The solid lines are fits to eq 1.

Figure 3. Ionic conductivity as a function of salt concentration for the POEGMA homopolymer electrolytes doped with LiTf (blue symbols) and
LiTFSI (red symbols) at (a) an ambient temperature and (b) at a Tg-scaled temperature of Tg/T = 0.8. Literature data for POEGMA/LiClO4 (black
symbols) electrolytes are also included.42 (c) van der Waals volumes of the different anions.
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Tammann (VFT) equation written for the conductivity
contribution as

i
k
jjjjj

y
{
zzzzz= #T

B
T T

( ) expdc 0
0 (2)

where σ0# is the dc-conductivity in the limit of very high
temperatures, B is the activation parameter, and T0 is the “ideal”
glass temperature, which differs from the calorimetric Tg by
∼40−50 K. The VFT parameters of the POEGMA electrolytes
are provided in Table S1.
The ionic conductivity as a function of salt concentration for

the POEGMA electrolytes can be discussed with the help of
Figure 3. At an ambient temperature, the POEGMA/LiTFSI
exhibits higher dc-conductivity as compared to LiClO4- or LiTf-
doped electrolytes, reflecting the weaker association and the
lower Tg of the LiTFSI-doped electrolytes. In addition, dc-
conductivity decreases with increasing salt concentration
following the increase in Tg (Figure 2b). Evidently, a major
factor that dictates ion transport in POEGMA homopolymer
electrolytes is the Tg. However, when compared at a fixed
normalized temperature relative to Tg (i.e., at a fixed Tg/T), the
ionic conductivity of POEGMA/LiTf is lower than in
POEGMA/LiTFSI for the electrolytes with the higher ion
content. The higher ionic conductivity of POEGMA/LiTFSI
reflects the absence of ion complexation.29,53−55 According to
the results from recent DFT calculations,53 among the different
anions investigated, [TFSI]− exhibited one of the lowest
complexation energies. This is a composite effect, reflecting
the large anion size, the charge delocalization along the S−N−S
bonds, and steric effects. Hence, [TFSI−] is preferable for Li-ion
conduction. At an ambient temperature, the maximum dc-

conductivity of the POEGMA/LiTFSI electrolytes is ∼2 × 10−5

S·cm−1 for r = 0.06. However, POEGMA/LiTFSI electrolytes
are liquids at an ambient temperature (Figure S7), suggesting
that a combination with high Tg and mechanically robust
block(s) is the necessary next step.
III.II. PS-b-P(AA-co-OEGA) Copolymer Electrolytes.The

ion-containing phase of the copolymer electrolytes is now
modified so as to provide high ionic conductivity (through the
mobile EO/Li side groups) and improved mechanical stability
(through the modified backbone). Specifically, it is now
composed of randomly distributed AA units along the OEGA
backbone. Instead of OEGMA repeat units, its acrylic analogue,
OEGA, was used here for designing copolymers with well-
defined molecular characteristics (all components belong to the
“family” of acrylates) (Table 1). The glass temperature of
POEGA (Tg

POEGA ∼ 209 K)56 is slightly lower than that of
POEGMA (Tg

POEGMA ∼ 213 K; Figure 2) while keeping the
same EO side group length. It is well documented in the
literature27,57 that the dominant factor that governs the
segmental dynamics and the associated Tg in comb-like
polymers is the (EO) side group length due to the internal
plasticization effect (e.g., faster backbone dynamics by the
incorporation of short and very mobile side groups). The
thermodynamics of the PS-b-P(AA-co-OEGA) copolymer
electrolytes doped with LiTf or LiTFSI, as well as the impact
of the AA incorporation on the Tg of the conductive phase, can
be discussed with respect to Figure 4.
The DSC traces of the PS-b-P(AA-co-OEGA) block-random

copolymer electrolytes doped with LiTf or LiTFSI display two
Tgs: a lower Tg at ∼ 225 K and a higher Tg within the
temperature range of ∼300−320 K for Li salt concentrations

Table 1. Average Molar Mass, Dispersity, Đ, Molar Mass of PS Determined by Size-Exclusion Chromatography (SEC), as well as
the Weight Fractions of Different Blocks (PS, PAA, and POEGA) Extracted from 1H-NMR Measurements

samplea Mw (g·mol−1)b,c Đ PSc Mw
PS (g·mol−1) % PSb % PAAb % POEGAb

PS-b-P(AA-co-OEGA) 16,500 1.06 2800 17 5 78
PS-b-P(AA-co-OEGA)-b-PS 7800 1.31 2500 32 8 60

aAbbreviations for the sample structures are explained in the experimental part. bDetermined via 1H-NMR. cDetermined via SEC.

Figure 4. (a) DSC thermograms for PS-b-P(AA-co-OEGA) block-random copolymer electrolytes doped with (top) LiTf and (bottom) LiTFSI at four
salt concentrations with r = 0.06 (blue line), r = 0.08 (red line), r = 0.13 (green line), and r = 0.25 (purple line) upon the second heating run with a rate
of 10 K·min−1. The arrows and rhombi indicate the Tg

P(AA‑co‑OEGA) and Tg
PS, respectively. (b) Calorimetric Tg as a function of Li salt concentration, r =

([Li+]/[EO]) for PS-b-P(AA-co-OEGA) doped with LiTf (blue symbols) and LiTFSI (red symbols). The respective dashed (dotted) lines represent
linear fits (fits to eq 1). The solid black line indicates the Tg

PS.58
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with r ≥ 0.08. The lower (higher) Tg is associated with the
vitrification of the AA-co-OEGA (PS) segments, implying some
local segregation between the two blocks. The random
incorporation of AA along the POEGA backbone increases
the Tg

P(AA‑co‑OEGA) by about ∼5 K, as compared to the respective
Tg

POEGMA/LiX (Figure 2). Moreover, the Tg
P(AA‑co‑OEGA) slightly

increases (by about 4−10 K) with increasing Li salt
concentration, reflecting the anion/cation complexation with
the carbonyl group in PAA.59,60 Future efforts would emphasize
on the effect of PAA content on the glass temperature (and dc-
conductivity) of the P(AA-co-OEGA) phase. Precise informa-
tion about the degree of segregation between the salt-containing
(P(AA-co-OEGA)) and “mechanical” block (PS) can be
obtained by X-ray measurements. On the other hand, XRD
measurements further show that the PS-b-P(AA-co-OEGA)
block-random copolymer electrolytes doped with LiTf and
LiTFSI are amorphous (Figure S8).
III.III. Copolymer Morphology. The SAXS patterns of the

PS-b-P(AA-co-OEGA) diblock copolymer electrolytes are given
in Figure 5.
As shown in Figure 5a, the PS-b-P(AA-co-OEGA)/LiTf

electrolytes, for r = 0.08, exhibit only a broad peak, at q* ∼ 0.45
nm−1, suggesting mixing between the two blocks. On the other
hand, the SAXS patterns of the same electrolytes doped with
LiTFSI exhibit some additional features. Apart from the stronger
peak at q*, it develops some additional broad features at higher
q. These features suggest the formation of weakly ordered PS
spheres (83% of the P(AA-co-OEGA) ion-conducting phase).
In this case, the scattered intensity is given by the product61

· ·I q K P q S q( ) ( ) ( ) (3)

where P(q) is the form factor and S(q) is the structure factor.
The structure factor of the low-q interference peak (indicated
with vertical arrows in Figure 5a) associated with the inter-
sphere correlations can be described by the Percus−Yevick
model applicable to a fluid of hard spheres, as61

=
+

S q R( , f , )
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1
f G A

A

h h 24 ( )h
(4)

where A = 2qRh and Rh and f h are the effective radius and the
effective volume fraction of PS spheres, respectively, andG(A) =

A2 (sinA − A cosA) +
A3 (2A sinA + (2 − A2) cosA − 2) +

A5

(−A4 cosA + 4[(3A2 − 6) cosA + (A3 − 6A) sinA + 6]).61 The
form factor of homogeneous spheres with a radiusR is given by61
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where u0 is the sphere volume. The simulation of the
experimental scattering curve with the above theoretical model
(eq 3) requires a set of five (R ∼ 3.9 (4.5) nm,Rh ∼ 5.4 (5.3) nm,
α ∼ −0.6 (4.2), β ∼ 3.7 (2.2), and γ ∼ −13.2 (−2.5) for r = 0.13
(0.25)) fitting parameters. The effective volume fraction can be
calculated from the effective radius as f h ∼ f 0 × (Rh/R)3, where f 0
(∼0.18) is the initial volume fraction of PS spheres. The radius
of PS spheres (R ∼ 3.9 nm) can also be extracted from the
position of the first minima in the form factor (at qR = 4.484)
based on eq 5.61,62 This estimate matches quantitatively the
root-mean-square end-to-end distance of the PS chains that
amounts to ⟨r2⟩1/2 ∼ (Nb2)1/2 ∼ 3.5 nm, where N (= M/M0, M0
= 720 g·mol−1) is the number of Kuhn monomers and b (= 1.8
nm) is the Kuhn length.63 The larger effective sphere radius and
volume fraction reflect the presence of mixed PS/P(AA-co-
OEGA) domains at the interface with an estimated thickness of
Rh − R = 1.5 (0.8) nm for r = 0.13 (0.25) nm. Notice that the
interfacial thickness decreases with increasing salt concen-
tration, as anticipated from PEO-based electrolytes.13 A
schematic representation of the PS spherical morphology in
the disordered state, which includes the interfacial area (gray
region), is provided in Figure 5c.
By increasing Li salt concentration, the domain spacing

increases linearly as d = 12.2 + 12.3r (d = 13.5 + 5.7r) for the
random diblock copolymer electrolytes doped with LiTFSI
(LiTf) (Figure 5b).13−20,31,38,40 The increase in domain spacing

Figure 5. (a) SAXS patterns for the PS-b-P(AA-co-OEGA) copolymer electrolytes doped with LiTf (symbols) and LiTFSI (lines) at three salt
concentrations: r = 0.08 (red), r = 0.13 (green), and r = 0.25 (purple), at T = 303 K. The vertical arrows give the positions of interference peaks from
disordered spheres. The olive (blue) line represents the Percus−Yevick hard-sphere model (eq 3) of the SAXS pattern for the electrolyte doped with
LiTFSI at r = 0.13 (r = 0.25). (b) Domain spacing as a function of salt concentration, r, for diblock copolymer electrolytes doped with LiTf (blue
symbols) and LiTFSI (red symbols). (c) Schematic representation of the copolymer morphology.
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reflects the increase in the effective Flory−Huggins interaction
parameter, χeff. The latter can be accurately obtained from the
structure factor by fitting to the random phase approximation
theory in the disordered state. However, the order-to-disorder
transition temperature for the PS-b-P(AA-co-OEGA)/LiTFSI
electrolytes was not accessible (Figure S9). In polymer
electrolytes, χeff follows a linear dependence on salt concen-
tration as χeff = χ0 +mr, where χ0 is the interaction parameter of
the neutral PS-b-POEGMA diblock copolymer and m is a
system-dependent parameter.13,15,17−20,31,38,40 An estimate of
the phase state can be obtained by ignoring the presence of a
small percentage of PAA. For the diblock copolymer electrolytes
doped with LiTFSI, we employ χ0PS‑b‑POEGMA ∼ 0.131,38,40

(about half that of PS-b-PEO), m ∼ 0.238,40 r = 0.08 (0.25), and
N = 55 (NPOEGMA + NPS), resulting in χeffN of 6.4 (8.3). The
latter indicates a disordered phase state (χeffN < 20 for neutral
A−B diblock copolymer with fA ∼ 0.8). Hence, the effect of AA
randomly distributed in the ion-containing phase is to increase
the incompatibility between the nonionic and ionic blocks. This
notion is based on the distinctly different interaction parameter,
as χPS‑PAA (=0.8122 + 21.55/T with χPS‑PAA = 0.883 at 303 K)

49

being much higher than χPS‑POEGMA (∼0.1 at 303 K).31,38,40

Evidently, increasing the content of AA and further employing
higher molar masses can increase the tendency for nanophase
separation. Alternatively, in the case of much higher molar
masses and copolymers with a higher AA content (both increase
the tendency for phase separation), the Porod law limit (two-
phase system with sharp boundaries) could be reached. Despite
the low molar masses (Table 1), the presence of weakly ordered
PS spheres in a matrix composed of the ion-containing phase
allows for efficient ion transport (continuous 3D transport of Li
ions) (see below).
III.IV. Ionic Conductivity and Mechanical Stability. For

quantifying the impact of morphology, as well as the presence of
AA on ion transport and the mechanical properties, dielectric
spectroscopy and rheological measurements were carried out,
respectively. Here, the dc-conductivity values were extracted
from the plateau of σ′(ω) (Figure 6) (alternatively the Nyquist
plot (Figure S10) can be employed). Specifically, the ionic
conductivity for the electrolytes doped with LiTFSI increases by
about 2 orders of magnitude.

The normalized ionic conductivity of the PS-b-P(AA-co-

OEGA) electrolytes (by the volume fraction of the conductive

phase) can be discussed with respect to Figures 7 and 8. The
volume fraction of the “charged” block was calculated as65

=
+

+ + ( )
f
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r M M
M M
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OEGA AA LiX
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Here, υi = Mi/ρiNA is the volume of each phase, Mi is the molar
mass of the repeat unit (MOEGA = 467.53 g·mol−1,MAA = 73.07 g·
mol−1,MStyrene = 104.05 g·mol−1,MLiTf = 156.01 g·mol−1,MLiTFSI
= 287.09 g·mol−1), and ρi is the density of each component
(ρOEGA = 1.10 g·cm−3, ρAA = 1.4 g·cm−3, ρStyrene = 1.04 g·cm−3,

Figure 6. Real (symbols) and imaginary (dashed lines) parts of the complex conductivity function, σ*(ω), for PS-b-P(AA-co-OEGA) block-random
copolymer electrolytes doped with (a) LiTf and (b) LiTFSI at a fixed Li salt concentration, r = 0.08 ([EO]/[Li+] = 12:1), shown at some selected
temperatures: 243 K (black symbols), 263 K (purple symbols), 283 K (olive symbols), 303 K (magenta symbols), 323 K (red symbols), 343 K (navy
symbols), 363 K (orange symbols), and 383 K (blue symbols).

Figure 7.Composite diagram of the thermomechanical state in relation
to the dc-conductivity. Temperature dependence of heat flow (rate = 10
K·min−1) (blue line), normalized ionic conductivity by the volume
fraction of the conductive phase (green symbols) and storage (black
symbols), and loss (red symbols) moduli (rate = 5 K·min−1,ω = 10 rad·
s−1) for the PS-b-P(AA-co-OEGA) block-random copolymer electro-
lyte doped with LiTf (filled green symbols and solid lines) and LiTFSI
(open green symbols and dashed lines) at a fixed salt concentration (r =
0.08).
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ρLiTf = 2.136 g·cm−3, ρLiTFSI = 2.392 g·cm−3).64−67 The volume
fraction of the salt-containing phase amounts to ∼0.82.
Figure 7 compares the thermomechanical characteristics in

relation to the ion conduction properties for the block-random
copolymer electrolytes doped with LiTf or LiTFSI. In
electrolytes doped with LiTf, the σdc(T) is sensitive to the
Tg

PS (non-VFT dependence in Figure 8a), suggesting that the
transport of Li ions takes place also within the PS/P(AA-co-
OEGA) interphase, as anticipated by SAXS (Figure 5). As a
result, the maximum ionic conductivity, at an ambient
temperature, is only ∼5 × 10−8 S·cm−1. Parenthetically, Epps
et al. report an ionic conductivity of 6× 10−7 S·cm−1 (at T = 293
K = Tg + 63 K) for a PS-b-POEGMA diblock copolymer
electrolyte doped with LiTf (r ∼ 0.06).48 Anion size has a strong
effect on the morphology (Figure 5). Employing the weakly
coordinated [TFSI−], the σdc(T) follows a VFT temperature
dependence (Table 2), reflecting the transport of Li ions solely
within the P(AA-co-OEGA) nanophase.
Figure 8 depicts the σdc(T) for the diblock copolymer

electrolytes doped with LiTf or LiTFSI with different Li salt
concentrations. The DSC data, depicting the two Tgs, are also
included (low and high Tgs are shown, respectively, by filled and
empty symbols). The σdc at Tg can be estimated through the

Nernst−Einstein equation as = ne d
Tdc 6

2 2

B
, where n [= ρNA/Mw,

where Mw is the molar mass of the ionic block including the
conducting ions and ρ (∼1.6 g·cm−3)64 is the density] is the
number density of the mobile anions, d (= R+ + R−, where R+ =
RLi = 0.076 nm, R− = R[TFSI] ([Tf]) = 0.37 (0.28) nm)53,68 is the
distance between the [Li+] and the [TFSI−] or [Tf−], assuming

contact pairs, τ is the characteristic relaxation time at Tg, and kB
is the Boltzmann constant. By employing τ = 100 s, the σdc at Tg
amounts to ∼10−14 S·cm−1.
The effect of AA incorporation along the POEGA backbone

on ion conduction can be discussed with respect to the
conductivity results of Figure 8b. At a fixed temperature, the dc-
conductivity of PS-b-P(AA-co-OEGA)/LiTFSI decreases with
increasing salt concentration, despite the absence of ion
complexation with the EO side groups (Figures 2 and 8b).
This reflects solely the anion/cation complexation with the
carbonyl group (C�O) in PAA.59,60 The latter restricts the
backbone dynamics and increases the dielectric Tg (by about 18
K), as also evidenced by the DSC results (Figure 4). Apart from
ion complexation, the increased intermolecular interactions via
the H-bonding between AA and OEGA69,70 significantly affect
the backbone rigidity (Figures 7 and S11). Evidently, these
factors have a small impact (by about 1 decade) on ion
conduction due to the small percentage of AA and its random
incorporation along the backbone. The main source of ion
mobility is through the segmental mobility of EO side groups. As
a result, the PS-b-P(AA-co-OEGA)/LiTFSI, with r = 0.08,
exhibits relatively high ionic conductivities (∼ 10−6 S·cm−1) at
an ambient temperature.
The comparison of Li-ion conductivities, at a fixed Li salt

concentration (r ∼ 0.08) and at approximately the same
temperature (T ∼ 293 K), for different polymer electrolytes
comprising linear and densely grafted architectures is made in
Figure 9. Conductivities in the PS-b-P(AA-co-OEGA) copoly-
mer when doped with LiTFSI are similar to reported systems but
are more robust mechanically.

Figure 8. Normalized ionic conductivity by the volume fraction of the conductive phase P(AA-co-OEGA)/LiX plotted as a function of inverse
temperature for the PS-b-P(AA-co-OEGA) block-random copolymer electrolytes doped with (a) LiTf and (b) LiTFSI at different salt concentrations; r
= 0.08 (red symbols), r = 0.13 (green symbols), and r = 0.25 (purple symbols), obtained on heating. Dotted lines represent the ionic conductivities of
the respective POEGMA homopolymer electrolytes. Dashed lines are fits to eq 2 for the block copolymer electrolytes doped with LiTFSI. Low and
high calorimetric Tgs are shown at σdc of ∼10−14 S·cm−1 by filled and empty hexagons, respectively.

Table 2. Vogel−Fulcher−Tammann (VFT) Parameters of the dc-Conductivity and the Dielectric Tg for PS-b-P(AA-co-OEGA)/
LiTFSI

r = [Li+]/[EO −log[σ0 (S·cm−1)] B (K) T0 (K) Tg (K)
a

0.08 0.48 ± 0.05 1450 ± 20 181.6 ± 0.8 228.2 ± 0.8
0.13 −2.4 ± 0.2 3100 ± 100 157 ± 3 239 ± 3
0.25 −0.25 ± 0.01 1673 ± 2 194.5 ± 0.1 245.5 ± 0.1

aDielectric Tg extracted at σdc = 10−14 S·cm−1.
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The rheological characteristics of the PS-b-P(AA-co-OEGA)/
LiTf electrolyte, under isochronal conditions (ω = 10 rad/s),
nicely reflect the observed two calorimetric Tg′s. Precise
information on the viscoelastic properties can be obtained by
studying the frequency dependence of the storage and loss
moduli at some selected temperatures above and below the Tg

PS.
Such measurements require low strain amplitudes, correspond-
ing to the linear viscoelastic regime (Figure S11). The frequency
response of PS-b-P(AA-co-OEGA)/LiTf with r = 0.08 is purely
elastic (G′ ≫ G″ andG′∼ ω0,G″ ∼ ω0) atT = 273 and 293 K (T
< Tg

PS). Parenthetically, at 273 K, the respective POEGMA
electrolyte is liquid (G′ ∼ ω2 and G″ ∼ ω1). At 323 K, a strong
dependence on frequency is evidenced, reflecting the Tg

PS, i.e.,
the backbone stiffness of the ion-containing phase as well as the
weakly ordered nanodomainmorphology. At 353 K (T >Tg

PS), a
typical terminal relaxation is observed (G′ ∼ ω2 and G″ ∼ ω1),
reflecting the low molar mass of the copolymer (Table 1).
Importantly, at T < Tg

PS, the random diblock copolymer
electrolyte doped with LiTf exhibits the preferred mechanical
properties (G′ ∼ 0.1 GPa) for application as SPE, reflecting the
presence of PS glassy domains combined with the mechanically
robust P(AA-co-OEGA) phase. Noticeably, the storage moduli
significantly increase (by about 4 orders of magnitude) as
compared to the POEGMA homopolymer or PS-b-POEGMA
diblock copolymer electrolytes with similar salt concentration
(Figure S11b).42 Overall, the incorporation of PAA provides a
trade-off between the increased mechanical stability and cation/
anion complexation with the PAA carbonyl group. The high
mechanical stability suggests that they can be employed as films
in batteries without the need for a separator.
Lastly, the thermomechanical, structural, and ion conduction

properties of the PS-b-P(AA-co-OEGA) electrolytes are
compared with those found in PS-b-P(AA-co-OEGA)-b-PS
triblock copolymer electrolytes (bearing the same Li content).
SAXS measurements revealed a weaker degree of segregation
(mixing) between the PS and P(AA-co-OEGA) phases, as
compared to the diblock case (Figure S12). As a result, at an
ambient temperature, the dc-conductivity is reduced by 4 (one)
orders of magnitude, as compared to the respective diblock
copolymer PS-b-P(AA-co-OEGA) electrolytes doped with
LiTFSI (LiTf) (Figures S13 and S14a). At the same time, the
mechanical stability is maintained due to the presence of PS
glassy domains and the increased stiffness of the P(AA-co-
OEGA) backbone (Figure S14).

An important finding of the present investigation is that the
POEGA block can be engineered to simultaneously support ion
conduction (via the mobile EO/Li side groups) while
maintaining mechanical stability. The final block-random
grafted copolymer electrolytes with the incorporation of a
small percentage of acid to the ion-containing block (as in P(AA-
co-OEGA)) and the weakly coordinated anion, [TFSI−], can
simultaneously provide mechanical stability (G′ ∼ 108 Pa) and
relatively high ionic conductivity (up to ∼10−6 S·cm−1) at an
ambient temperature. Achieving similar conduction properties
for the triblock copolymer electrolytes requires much higher
molar masses.

IV. CONCLUSIONS
The successful synthesis of a series of block-random grafted
copolymer electrolytes composed of the PS mechanical block
and the ion-containing P(AA-co-OEGA) block facilitated a
study of the effect of (i) acrylic acid incorporation into the ion-
containing phase as well as of (ii) the anion type ([Tf−],
[TFSI−]) on the thermomechanical, structural, and ion
conduction properties. Importantly, the ion-containing P(AA-
co-OEGA) block can independently provide ion conduction (via
the mobile EO/Li side groups) and tunable mechanical
properties (via the backbone stiffness). Moreover, despite the
employed low molar masses, the existence of weakly ordered PS
spheres in a matrix composed of the ion-containing phase
facilitates the continuous 3D transport of Li ions. Between the
two ions, the larger and weakly coordinated [TFSI−] is
preferable for Li-ion conduction due to the suppression of ion
complexation with the EO side groups. Summing up, the grafted
copolymer electrolytes composed of an acid-containing charged
block, doped with a weakly coordinated anion ([TFSI−]),
simultaneously support mechanical stability (G′ ∼ 108 Pa) and
relatively high dc-conductivity (∼ 10−6 S·cm−1) at an ambient
temperature. For further triggering the nanophase separation
and concomitantly increasing the ionic conductivity, future
efforts would emphasize on the (i) acrylic acid content and (ii)
higher molar masses. Overall, this work provides promising
alternative ways for designing SPEs, which combine mechanical
stability with relatively high ion conductivity, both of which are
important to future battery technologies avoiding the need for a
separator material.
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