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Abstract

This study evaluates the solution properties of binary dimethyl sulphoxide
(DMSO)/tetrahydrofuran (THF) mixtures containing magnesium perchlorate
(Mg(Cl0Oy,),) for potential application as magnesium-ion battery electrolytes. Binary
DMSO/THF mixtures were prepared over DMSO mole fractions of 1.00, 0.85, 0.75,
0.50, 0.25, 0.15 and 0.00, and measurements were performed from 25 to 55 °C.
Mg(ClO,), concentrations of 0.1, 0.5, 1.0 and 2.0 M were investigated. Density,
kinematic and dynamic viscosity, as well as electrical/molar conductivity were
measured. On the other hand dielectric constant, critical ion-pair distance,
Grunberg—Nissan interaction parameter and excess properties were calculated.
Density and viscosity decreased generally with increasing THF fraction and
temperature, whereas salt addition increased the viscosity of the electrolyte
solutions. The highest reported molar-conductivity value in the supplied dataset
was 3.025 S m? mol™ at Xpmso = 0.50 for 1.0 M Mg(ClO4),. At 25 °C, the salt-
containing mixtures were predominantly negative for excess molar volumes,
although small positive deviations occurred at selected compositions and
concentrations. Excess viscosity and excess Gibbs free energy of activation also
showed composition- and concentration-dependent deviations. The dielectric
constant decreased with increasing THF fraction, while the calculated critical
distance and Grunberg—Nissan parameter varied with composition. These results
indicate that combining DMSO and THF can modify the balance between ion
dissociation and mobility, although the optimum composition should be regarded
as system-specific.

Keywords: DMSO, tetrahydrofuran, magnesium perchlorate, conductivity,
viscosity, excess properties, magnesium-ion battery electrolyte

1. Introduction

Electrolytes control ion transport between electrodes,

continued large-scale deployment presents several
challenges such as limited resource availability of critical
raw materials, safety concerns associated with thermal

and strongly influence conductivity, rate capability,
temperature response and cycle life in rechargeable
batteries [1-5]. Mixed-solvent electrolytes are attractive
because a solvent with relatively high dielectric constant
can promote salt dissociation, whereas a lower-viscosity
co-solvent can facilitate ionic transport [6, 7]. These
properties are often difficult to optimize simultaneously in
a single solvent [1, 2, 8].

Lithium-ion batteries (LIBs) remain dominant in
portable electronics and electric mobility, but their

runaway, environmental impacts, high production costs,
and difficulties in recycling and end-of-life management
[9-12] Lithium supply chains are geographically
concentrated: the International Energy Agency reports
that the three largest mining countries accounted for 85%
of lithium mining in 2023 and the three largest refining
countries accounted for 96% of global lithium refining [13].
Such concentration creates exposure to supply disruption
and geopolitical risk [13]. LIBs also face safety challenges
associated with thermal runaway, which can lead to fire or

Published by The Center for Science Innovation


mailto:ngozi.maduelosi@ust.edu.ng
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Chemistry and Materials

Maduelosi et al. / Chem. Mater. Vol. (No.) 2026, page

explosion under severe thermal, electrical or mechanical
abuse [14-19]. In addition, current life-cycle assessments
identify resource use, environmental impacts, recycling
and end-of-life management as continuing sustainability
challenges [20-23]. These limitations do not imply that
LIBs are unsuitable; rather, they motivate investigation of
complementary chemistries that can diversify raw-
material supply and provide different safety and
performance characteristics.

Rechargeable magnesium-ion batteries (MIBs) are
among the post-lithium-ion systems being investigated
because magnesium is abundant, divalent and capable of
high theoretical volumetric capacity. Recent reviews,
however, emphasize that MIB development remains
constrained by strong Mg?* interactions, sluggish solid-
state diffusion, electrolyte compatibility and passivation at
the Mg interface [24-26]. Consequently, electrolyte
formulation is a central research problem in the
development of magnesium-ion batteries [27-30]. DMSO
and THF offer contrasting solvent characteristics that may
be exploited through mixing to balance ion dissociation
and mobility.

Previous studies of binary organic electrolytes have
shown that solvent composition, dielectric response,
viscosity and salt concentration can strongly affect
conductivity and ion association [31-34]. The present
study therefore examines DMSO/THF mixtures containing
Mg(ClO,4), and evaluates density, viscosity, conductivity,
dielectric constant, critical ion-pair distance, Grunberg—
Nissan interaction parameter and excess functions.

2. Materials and Method
2.1. Materials and sample preparation

All chemicals were commercially sourced and used
without further purification except otherwise. Analytical-
grade DMSO (99.5%), THF (95.5%) and dry Mg(ClO4), (99%)
were used as reported in the supplied manuscript.

2.2. Sample preparation

Binary mixtures were prepared at DMSO mole fractions
of 1.00, 0.85, 0.75, 0.50, 0.25, 0.15 and 0.00. Mg(ClQ4),
concentrations of 0.1, 0.5, 1.0 and 2.0 M were prepared;
the corresponding reported salt masses were 1.117, 5.581,
11.165 and 22.323 g dissolved in 100 cm? of the binary
mixture. Measurements were made at 25, 35, 45 and 55
°C.

2.3. Measurements

A 20 mL capillary Ostwald viscometer was used for
viscosity measurements and calibrated with distilled water
at 25 °C. Flow time was measured with an electronic
stopwatch (£0.01 s), and measurements were performed

in triplicate. Density was determined using a calibrated 10
mL borosilicate-glass pycnometer. Electrical conductivity
was measured using a Hanna E-214 conductivity meter
after calibration with KCl. Temperature was controlled
using a thermostated water bath [35].

2.4. Equations and calculations

Density:
p=7 (1)

p is density, m is sample mass, and V is sample volume.
Kinematic viscosity:

v =kt (2)
v is kinematic viscosity, k is the viscometer constant, and t
is flow time.

Dynamic viscosity:

n=pv 3)
n is dynamic viscosity, p is density, and v is kinematic
viscosity.

Electrical conductivity:

1

k=6 (5) = KeeuG (4)
k is electrical conductivity, G is conductance, / is the
distance between the electrodes, A is the electrode area,

and Kcer is the cell constant.
Equation 5. Molar conductivity:
Ay, = (5)

Am is molar conductivity, k is electrical conductivity, and C
is the molar concentration of the electrolyte in mol m=3,
WithkinSm™and Cin mol m=3, A, isin S m? mol™.

C

Equation 6. Stokes—Einstein relation:
_ kpT

- 6TNTp (6)

D is translational diffusion coefficient; ks is Boltzmann

constant; T is absolute temperature; n is dynamic viscosity;

rp is hydrodynamic radius [36].

Dielectric constant of the binary mixture:
_ P1E1t@rE2 (7)

Emix 100

@, and ¢, are the reported percentage compositions and
& and g; are the dielectric constants of the pure solvents.

Critical ion-pair distance:
zizile?

_ @)
ziand zjare ion charge numbers; e is elementary charge; &
is vacuum permittivity, & is relative permittivity; ks is
Boltzmann constant; T is absolute temperature. This is a
Bjerrum-type criterion for electrostatic ion pairing [37, 38].

- 8megerkpT
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Grunberg—Nissan interaction parameter:

d= [In Nimix—x1Inn1—x2 Inn3] (9)
X1X2

Nmix is mixture viscosity, n; and n, are pure-component
viscosities; x; and x, are mole fractions [39].
Excess molar volume:

oo () s ”

Pmix

M; and M, are molar masses; pmix is mixture density; p; and
p2 are pure-component densities.

Excess viscosity:

N% = Nmix — X101 — X174 (11)
nfis the viscosity deviation from the ideal mole-fraction-
weighted value.

Excess Gibbs free energy of activation for viscous flow:
AG*E = RT[IN(mixVinix) = ¥1In(1V1) — 22 In(m2V2)]  (12)
R is the gas constant, T is absolute temperature, V terms
are the corresponding molar volumes.

Redlich—Kister representation:

YE = xx, X1 A (22 — DY (13)
YE represents an excess property and A; are fitted
coefficients [40, 41].

Standard deviation of the fit:

(m-n)

(14)

1
Z(Ygfp_ygll)] 2

m is the number of experimental points and n is the
number of fitted coefficients.

3. Results and Discussion
3.1. Density and viscosity

The measured density decreased systematically as
Xomso decreased from 1.00 to 0.00 (Table 1). At 25 °C,
density changed from 1.099 g cm™3 for pure DMSO to 0.893
g cm™3 for pure THF. The decrease is consistent with the
lower density of THF and indicates that composition is a
major determinant of the mixture density.
Table 1. Density of DMSO/THF mixtures at 25-55 °C.

Xbpmso 25°C 35°C 45 °C 55°C
1.00 1.099 1.095 1.089 1.087
0.85 1.092 1.082 1.071 1.061
0.75 1.069 1.053 1.054 1.044
0.50 1.019 1.008 0.996 0.990
0.25 0.954 0.945 0.951 0.934
0.15 0.918 0.918 0.899 0.897
0.00 0.893 0.888 0.883 0.869

Density also generally decreased with temperature,
consistent with thermal expansion and reduced cohesive
ordering. Similar composition- and temperature-
dependent behaviour has been reported for mixed organic

electrolyte systems [31, 32]. The kinematic and dynamic
viscosities also decreased as the THF fraction increased
(Table 2 and 3), while increasing temperature reduced
viscosity. The lower viscosity of THF provides less
hydrodynamic resistance to molecular and ionic motion,
consistent with the Stokes—Einstein relation [36].

In the salt-containing solutions, the source data show
an increase in viscosity with increasing Mg(ClO4),
concentration, indicating that ion—solvent interactions and
increased solution structuring contribute to the resistance
to flow. Comparable concentration effects have been
reported for mixed organic electrolytes [33, 34].

Table 2. Kinematic viscosity of DMSO/THF mixtures at 25-55 °C.

Xpmso 25°C 35°C 45 °C 55°C
1.00 1.989 1.876 1.671 1.402
0.85 1.651 1.661 1.489 1.212
0.75 1.211 1.231 1.157 0.976
0.50 0.881 0.867 0.806 0.779
0.25 0.735 0.702 0.682 0.673
0.15 0.669 0.615 0.552 0.552
0.00 0.525 0.499 0.460 0.419

0.15 0.614142 0.564570 0.496258 0.495144
0.00 0.468825 0.443112 0.406180 0.364111

Table 3. Dynamic viscosity of DMSO/THF mixtures at 25-55 °C.

Xpwmso 25°C 35°C 45°C 55°C

1.00 2.188911 2.054220 1.819719 1.523974
0.85 1.802892 1.797202 1.594719 1.285932
0.75 1.294559 1.296243 1.219478 1.018944
0.50 0.897739 0.873936 0.802776 0.771210
0.25 0.701190 0.663390 0.648582 0.628582

3.2. Conductivity and concentration effects

Molar conductivity varied strongly with both solvent
composition and Mg(ClO,4), concentration (Table 4). The
highest reported value in the supplied dataset is 3.025 S m?
mol™" at Xpmso = 0.50 and 1.0 M Mg(ClOa),.

Table 4. Molar conductivity values reported for Mg(ClO,), in
DMSO/THF at 25 °C.

Xpwmso 0.1M 0.5M 1.0M 20M
1.00 1.290 0.646 1.401 0.858
0.85 1.440 0.656 2.422 2.055
0.75 1.280 0.670 2.399 2.047
0.50 1.920 0.764 3.025 2.090
0.25 1.090 0.476 2.308 2.248
0.15 1.020 0.452 1.832 1.783
0.00 4.100 1.064 0.950 0.690

The maximum at an intermediate composition is
consistent with a balance between DMSO-mediated ion
dissociation and THF-mediated reduction in viscosity.
Related mixed-solvent studies have reported improved
conductivity when a high-dielectric solvent is combined
with a lower-viscosity co-solvent [31-34]. Increasing salt
concentration can increase the number of charge carriers,
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but the conductivity response is governed by the product
of carrier concentration and ionic mobility. At sufficiently
high concentration, stronger electrostatic
interactions, ion pairing/aggregation and increased
viscosity can reduce the fraction and mobility of charge
carriers. The observed decline in molar conductivity at 2.0
M relative to the maximum at 1.0 M may be due to the
competing carrier concentration and mobility. This
interpretation is consistent with Nwokobia et al., who
reported that conductivity in LiCIO4/PC-DME mixtures
depended on salt concentration together with viscosity,
dielectric constant and ion—ion/ion—solvent interactions;
their lowest concentration (0.1 M) gave the highest molar
conductivity in that particular system [33].

ion—ion

3.3 Excess properties

At 25 °C, the excess molar volumes of the salt-
containing mixtures are predominantly negative across the
interior composition range (Fig. 1).
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Figure 1. Excess molar volume (V) of DMSO/THF mixtures
containing Mg(ClQ,), at 25 °C.

Negative VE denotes contraction relative to the ideal
volume-additivity reference and is consistent with non-
ideal interactions between unlike components. In the
DMSO/THF system, the more polar DMSO can participate
in strong dipolar interactions, while the ether oxygen of
THF provides an electron-rich site; the observed
contraction is therefore consistent with specific unlike-
molecule interactions and volume additivity. Related
excess-volume studies of binary organic mixtures have
likewise used the sign and magnitude of VE as indicators of
molecular association [42, 43].

The excess viscosity values (Fig. 2) change sign with
composition, temperature and salt concentration rather
than remaining uniformly positive. Positive n indicates a
positive deviation from the ideal mole-fraction-weighted
viscosity and is consistent with increased structuring or
specific  unlike-molecule/solute—solvent interactions;

negative nf indicates the opposite deviation. The
concentration dependence supports the view that Mg?*
and ClO,~ alter the local solvent structure and flow
resistance [33, 34, 42]. The excess Gibbs free energy of
activation for viscous flow was positive at 25 °C (Fig. 3),
indicating positive deviation from ideal solution behaviour
and differences in molecular interactions within the mixed
solvent.
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Figure 2. Excess viscosity (nf) of DMSO/THF mixtures containing
Mg(C|O4)z at 25 °C.
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Figure 3. Excess Gibbs free energy of activation for viscous flow
(AG*E) of DMSO/THF mixtures containing Mg(ClO4), at 25 °C.

3.4 Dielectric constant and critical ion-pair distance

The dielectric constant decreased from 46.83 for DMSO
to 7.43 for THF as Xowmso decreased from 1.00 to 0.00 as
shown in Fig. 4. This trend is expected from the contrasting
polarity of the two solvents. Lower dielectric response
reduces electrostatic screening and can favour ion
association. The calculated critical distance also varied
non-monotonically with composition, with the largest
reported value occurring near Xomso = 0.50. Bjerrum-type
ion-pair criteria relate the characteristic association
distance to ionic charge, dielectric constant and
temperature; therefore, both solvent polarity and
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temperature must be considered when interpreting the
calculated distance [37, 38].
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Figure 4. Dielectric constant and critical ion-pair distance of the
DMSO/THF system as a function of Xpmso.

3.5 Grunberg-Nissan interaction parameter

The Grunberg—Nissan d parameter changed sign across
the composition range (Fig. 5). Positive values indicate a
positive deviation from the logarithmic ideal-mixture
viscosity relation and are commonly interpreted as
stronger unlike-molecule interactions, whereas negative
values indicate a negative deviation [39]. The present
values therefore support composition-dependent non-
ideality rather than a single interaction regime throughout
the DMSO/THF system.
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Figure 5. Grunberg—Nissan d parameter of the DMSO/THF system
as a function of Xpumso.

4. Conclusion

DMSO/THF mixed solvents containing Mg(ClO,), show
composition-dependent density, viscosity, conductivity
and excess-property behaviour relevant to electrolyte
design. Density and viscosity generally decrease with
increasing THF fraction and temperature, while salt
addition increases viscosity. The supplied conductivity
dataset gives its highest reported molar-conductivity value

at Xomso = 0.50 and 1.0 M Mg(ClO4),. The conductivity
response at high salt concentration is best explained by
competition between the increasing number of charge
carriers and reduced mobility arising from ion—ion
association, ion pairing and increased viscosity. At 25 °C,
salt-containing mixtures show predominantly negative VE
values, while the complete temperature-dependent
dataset contains sign changes that require verification
before a universal statement is made. The dielectric
constant decreases with increasing THF fraction, and the
Grunberg—Nissan parameter indicates composition-
dependent non-ideality. These results support further
evaluation of DMSO/THF mixtures as candidate Mg-ion
electrolyte media, but cell-level electrochemical testing is
required before claiming battery-performance superiority.
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