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Abstract—Ion-exchange membranes based on polymethylpentene and sulfonated polystyrene with different
grafting degrees were obtained. Solvation and mobility of lithium ions depending on the composition of initial
organic solvents were studied. The highest ionic conductivity at room temperature (30°C) are obtained for
the membranes containing dimethylsulfoxide (σ = 1.31 × 10–4 S/cm for membrane with GD = 78%). Mem-
branes containing dimethylformamide are characterized by a constant phase composition in a broad tem-
perature range and the highest ionic conductivity at low temperature (σ = 9 × 10–6 S/cm at –20°C for a poly-
mer with GD = 78%).
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INTRODUCTION
Despite the relatively short time which has elapsed

after the creation of lithium-ion batteries (LIBs), they
have become the most widely used rechargeable por-
table energy sources. The most important characteris-
tics of the electrolyte of LIBs are high ionic and low
electronic conductivity, as well as a wide window of
electrochemical stability. The most commonly used
liquid electrolytes are characterized by an ionic con-
ductivity of ~10–2 S/cm at room temperature. Such
electrolytes are the solution of a lithium salt (perchlo-
rate LiClO4, hexafluoroarsenate LiAsF6, hexafluorob-
orate LiBF6, trifluoromethanesulfonate LiTf, hexaflu-
orophosphate LiPF6, etc.) in various mixtures of polar
aprotic organic solvents. The disadvantages of liquid
electrolytes are the hygroscopy and aggressive decom-
position products of the salts being used, the parallel
transport of the cation and anion in the process of
charge/discharge, low thermal stability, and inf lam-
mability, as well as the possible dendrite formation
in the course of operation of a battery, which makes
it unsafe [1].

Solid electrolytes [2, 3], e.g., on the basis of phos-
phates with the structure of Nasicon [4, 5], oxides with
the structure of garnet [6], and polysulfides [7], as well
as gel–polymer [8, 9] and solid polymer electrolytes [10,
11], can serve as an alternative for liquid electrolytes.

Polymer electrolytes are also characterized by flexibility,
which provides a convenient design for a battery.

Materials constructed on the basis of polymer
matrices with lithium salts with a bulky anion ( ,

, , etc.) dissolved in them are the most com-
monly used class of solid polymer electrolytes for LIBs
[12]. The essential condition for the provision of the
solubility of these salts is the presence of electronega-
tive ions capable of coordinating lithium ions in the
polymer matrix. Poly(ethylene oxide), various poly-
carbonates, polysiloxanes, etc., are such polymers
[13]. Ionic transport is mainly fulfilled in the amor-
phous region of the polymer of such electrolytes and is
due to the local segmental mobility [14].

Polymeric membranes containing ionogenic
groups ( , COO–, [SO2NSO2CF3]–, etc.) in the
lithium form can be considered promising electrolytes
for LIBs [15, 16]. Perfluorinated Nafion-type mem-
branes where lithium ion ionically connects to func-
tional group were the most widely studied for the use
in LIBs [17–19]. Such membranes have high conduc-
tivity only in the solvated form. To make their use in
LIBs possible, they are intercalated with anhydrous
organic solvents such as linear and/or cyclic organic
carbonates, ethers, dimethylsulfoxide, and dimethyl-
formamide [18, 20–24]. The disadvantage of perfluo-
rinated membranes is their high cost.
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Table 1. Physical properties of the solvents: dynamic viscos-
ity at 25°C (μ), dielectric permeability (ε), dipole moment (d),
and crystallization and boiling points (Tcr and Tb)

Sol-
vent

Chemical 
structure

μ, 
mPa s ε Tb, °C Tcr, °C d, D

DMF 0.92 36.7 153 –61 3.8

DMSO 2.00 45.0 189 18 4.0

DME 0.46 7.2 85 –71 1.1
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Because of this, an important direction is the study
of the properties of materials obtained, e.g., with the
use of graft polymerization of monomers onto an inert
polymer [25–28]. The active centers for grafting are
generally formed under the action of high-energy radi-
ation or via plasma treatment [25, 27, 29]. Various
polymers, e.g., on the basis of hydrocarbons [25, 27,
28] or perfluorinated polymers [25, 30], are used as the
matrix for grafting. Monomers containing ionogenic
groups [30] or styrene with subsequent sulfonation [31,
32] are used as the reagents for polymerization grafting.
Here, properties of membranes such as ionic conduc-
tivity, moisture content, and mechanical strength
strongly depend on the degree of grafting [27].

The aim of this work was to synthesize and study
the lithium-ion conductivity of a polymer electrolyte
made of an ion-exchange membrane based on poly-
methylpentene and sulfonated polystyrene with the
addition of anhydrous low-molecular-weight organic
solvents.

EXPERIMENTAL

The membranes were obtained according to a proce-
dure described in [33]. A film of polymethylpentene of
the TPX®MX-002 (Mitsui, Japan) was irradiated with
ultraviolet light in air. Graft polymerization was carried
out in a mixture of styrene and methanol at a boiling
point of the solution of 68°C. The grafting solution con-
tained iron(II) sulfate as the homopolymerization inhib-
itor and coinitiator. The grafting degree (GD) of polysty-
rene was determined by the change in the weight of the
film after graft polymerization.

The films were sulfonated in a 1.5 vol % solution of
chlorosulfonic acid in dichloroethane at room tem-
perature. The reaction was terminated by adding
methanol. To transform the films into the lithium
form, they were placed into a 1M solution of LiOH in
methanol and conditioned at 60°C. To remove the
alcohol from the membrane, the samples were dried
under vacuum at 40°C.
NANOTECHNOLOGIES IN RUSSIA  Vol. 13  Nos. 5–6
The ion-exchange capacity (IEC) of the mem-
branes was determined via acid–base titration related
to the dry cationite.

The choice of solvents for filling the pores of the
membranes was determined by the wide range of tem-
peratures in which their existence in the liquid state is
possible, high dielectric permeability, low dynamic
viscosity, and high value of the dipole moment favor-
ing the solvation of ions. In connection with this, the
following solvents were chosen: dimethylformamide
(DMF) and dimethylsulfoxide (DMSO). To decrease
the viscosity and crystallization point of the liquid in
the intrapore space, mixtures of solvents on the basis
of DMF and DMSO containing an equal volume of
dimethoxyethane (DME) were used. The properties of
this solvents being used are listed in Table 1.

To obtain polymer electrolytes, the membranes
were conditioned in these solvents over activated
molecular sieves (3 Å) for 7 days with a single replace-
ment of the solvents for new solvents. The works with
the polymer electrolyte were carried out in a dry argon
box (concentration of O2 of <1 ppm and level of
humidity of <10 ppm).

Degree of solvation n (the number of solvent mol-
ecules accounting for one sulfo group of the mem-
brane) was determined on the basis of the values of
IEC and the weight solvent content. In the case of
binary mixtures, the molecular weight of the mixture
was calculated from the assumption of the equality of
the volumes of the components of the mixture.

The ionic conductivity of the samples was studied
via impedance spectroscopy in a range of temperatures
of –20 to 50°C in an airtight cell filled with argon. To
set the required temperature, a Binder MKF115 cli-
mate chamber with stationary conditions was used.
The measurements were performed using an Elins
Z-1500J alternating current bridge (a range of fre-
quencies of 10 kHz–2 MHz) on carbon/mem-
brane/carbon symmetrical cells. The value of the
resistance was found by the interception on the axis of
active resistances in the Nyquist coordinates.

RESULTS AND DISCUSSION
With the increase of grafting degree of the mem-

branes under study from 41 to 78%, IEC increases
from 1.8 to 2.4 mmol/g (Table 2). When a dry mem-
brane is placed into a liquid, the sorption of the solvent
by the membrane occurs. In generally, solvation
degree of membranes increases with increasing GD
(Table 2). Hereinafter, the membranes are denoted
as (GD = 41%) and (GD = 78%).

A clear dependence of the degree of solvation on
the nature of the intercalated solvent is observed for
the studied membranes. The degree of solvation of the
membranes increases in the following series: DMF–
DME < DMSO–DME < DMF < DMSO (Fig. 1,
Table 2). The highest conductivity of the membranes
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Table 2. Grafting degree, ion-exchange capacity, and degree of solvation of the studied membranes

GD, wt % IEC, mmol/g
Degree of solvation

DMSO DMF DMSO–DME DMF–DME

I 41 1.8 7.8 ± 0.3 4.8 ± 0.2 4.4 ± 0.1 2.0 ± 0.1
II 78 2.4 8.8 ± 0.1 5.4 ± 0.1 4.5 ± 0.1 2.5 ± 0.1

Fig. 1. (Color online) Dependence of the ionic conductiv-
ity (at 30°C) on the degree of solvation of the samples
under study conditioned in different solvents.
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containing DMSO is explained by its high solvating
capability [34, 35], which is due to the high dipole
moment. Membranes containing DMF are also char-
acterized by a quite high degree of solvation. Adding
DME to these solvents in order to decrease the viscos-
ity and crystallization point of a solvent leads to a
decrease in the degree of solvation. Thus, the degree of
solvation of polymer I in the case of a transition from
DMSO to the DMSO–DME mixture decreases from
n = 7.8 to n = 4.4, while, in the case of a transition
from DMF to the DMF–DME mixture, it decreases
from n = 4.8 to n = 2.0 (Table 2).

Figure 1 presents the values of conductivity of the
membranes under study at 30°C depending on the
degree of solvation.

In general, the ionic conductivity increases with
the increase in the degree of solvation among the stud-
ied polymers, i.e., in the case of transition from mem-
branes containing DMF–DME to membranes con-
taining DMSO. With the growth in the solvation from
2.0 to 8.8, the ionic conductivity of the membranes (σ)
increases from 3 × 10–6 to 1.31 × 10–4 S/cm (at 30°C).
In the case of membranes with the same IEC, the con-
centration of charge carriers in a solvated membrane is
determined by the concentration of functional groups,
which only decreases in the process of sorption of a
solvent. The effect of an increase in the conductivity
with the increase in the solvent content in the pores is
determined by the increase in the size of the pores and
channels of the membrane and, consequently, the
mobility of charge carriers.

Among the studied polymers with different GD
containing the same solvent, a membrane with higher
GD is characterized by higher conductivity. This is
explained by the higher concentration of charge carri-
ers. With the growth in the degree of solvation, the
fraction of lithium ions coordinated by solvent mole-
cules increases, which corresponds to a higher degree
of dissociation of the functional groups and leads to an
increase in the lithium-ion mobility. Such regularities
are noted in works [36–38] for perfluorinated sulfoca-
tionite and carboxyl membranes in the lithium form.
With the increase in the degree of solvation, the num-
ber of counterion–ionogenic group contact ion pairs
in the membranes decreases, while the number of sep-
arated ion pairs increases.

One of the most important characteristics of the
electrolyte is the constancy of the phase composition
in a wide range of temperatures. The linear section of
NANOTEC
the temperature dependence of conductivity in the
logσ–1000/T coordinates means the absence of phase
transitions of the samples under study in the tempera-
ture region under consideration. Given that the sam-
ples under study contain two phases, a liquid and a
solid polymer, they can have phase transitions which
are characteristic for both phases. For the polymer,
these are glass transition and melting points which are
above the temperatures under study; for the liquid they
are crystallization and boiling points which can be in
the range of temperatures under study (Table 1).

The deviation of the temperature dependence of
conductivity from a linear dependence is observed for
the membranes containing DMSO (Figs. 2a, 2b).
Thus, for the membranes containing individual
DMSO, kinks are observed at ~15°C, which is associ-
ated with the gradual melting of DMSO in the mem-
brane. Adding an equal volume of DME to DMSO
decreases the crystallization point of the liquid, which
is evidenced by the linear temperature dependence of
ionic conductivity in a range of temperatures of –20 to
~35°C (Fig. 2b). Above ~35°C, the evaporation of
highly volatile DME from the pores of the membrane
occurs, which leads to the deviation of the temperature
dependences of conductivity from linear dependences.

For membranes containing DMF, which is charac-
terized by a low melting point and a high boiling point
HNOLOGIES IN RUSSIA  Vol. 13  Nos. 5–6  2018
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Fig. 2. (Color online) Temperature dependences of the ionic
conductivity of membranes I and II conditioned in (a)
DMSO, (b) DMSO–DME, (c) DMF, and (d) DMF–DME.

4.03.83.63.43.2
1000/T, K−1

1000/T, K−1

−3.5 (a)

I
II

60

3.0

−4.0

−4.5

−5.0

lo
gσ

, S
/c

m
lo

gσ
, S

/c
m

lo
gσ

, S
/c

m
lo

gσ
, S

/c
m

−5.5

−6.0

50 40 30 20
T, °C

10 0 −10−20

4.03.83.63.43.2

−3.5 (b)
I
II

60

3.0

−4.0

−4.5

−5.0

−5.5

−6.0

50 40 30 20
T, °C

T, °C

1000/T, K−1

1000/T, K−1

T, °C

10 0 −10−20

4.03.83.63.43.2

−3.5 (c)

I
II

60

3.0

−4.0

−4.5

−5.0

−5.5

−6.0

50 40 30 20 10 0 −10 −20

4.03.83.63.43.2

−3.5 (d)

I

II

60

3.0

−4.0

−4.5

−5.0

−5.5

−6.0

50 40 30 20 10 0 −10 −20
(Table 1), a linear dependence of the logarithm of
ionic conductivity on temperature is observed in the
studied range of temperatures (Figs. 2c, 2d). The con-
ductivity of the membranes containing individual DMF
retains relatively high values at negative temperatures
(σ = 9 × 10–6 S/cm at –20°C for membrane II).

CONCLUSIONS
Membranes in the lithium form based on poly-

methylpentene and sulfonated polystyrene with differ-
ent grafting degrees of polystyrene with aprotic
organic solvents intercalated into the pores have been
obtained. It has been found that membranes condi-
tioned in DMSO-containing solvents are distin-
guished by the highest degree of solvation. A mem-
brane with a grafting degree of 78% conditioned in
DMSO (σ = 1.31 × 10–4 S/cm) is characterized by the
highest ionic conductivity at 30°C. DMF-containing
membranes are characterized by the constancy of the
phase composition in a wide range of temperatures
and the highest ionic conductivity at negative tem-
peratures (σ = 9 × 10–6 S/cm at –20°C for the poly-
mer with GD = 78%).
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