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Abstract. The electrolytic conductivity of two electrolytes as solutions in the nonpolar solvent, n-dodecane,
as a function of concentration has been studied. One was a small molecule electrolyte (tetraalkyl cation
and a highly-fluorinated tetraphenylborate anion), and the other was a macromolecular electrolyte (cation-
containing poly(alkyl methacrylate) chain with the same anion). Two series of the macromolecular cation
were prepared: one with entirely cation-containing molecules and the other with a small proportion (10%)
cation-containing and the rest nonionic. The conductivity data were qualitatively similar for all systems,
which formed both single ions and triple ions. The data from the two series of macromolecular electrolytes
were particularly informative to understand some recent and counterintuitive electrokinetic data for par-
ticles that were stabilized by these polymers. Reducing the proportion of cationic chains in the stabilizer
of the particles was found to increase their electrophoretic mobility. In the conductivity data in this study,
reducing the proportion of cationic chains in solution was found to increase the magnitude of the single ion
equilibrium constant and suppress the formation of triple ions. These data should support the development
of models to understand these electrokinetic results.

1 Introduction

The generation and stabilization of ionic species in nonpo-
lar solvents (with relative permittivities or dielectric con-
stants, εr ≈ 2) is experimentally challenging, and the use
of large molecules or self-assembled species is required to
reduce the probability of ion pair formation [1–3]. The
low relative permittivity of such solvents has some in-
teresting consequences on the properties of the charged
species, resulting in, for example, triple-ion formation and
counterion condensation [4–8]. There are few reports of
macromolecules that are electrolytes in nonpolar solvents;
only statistical copolymers of tetraalkylammonium ionic
monomers and aliphatic monomers have been reported [9].
When polymers have been used as molecules to stabilize
charge in nonpolar solvents, they have primarily been as
an inverse micelle forming polymeric surfactants [10,11]
rather than as formal electrolytes. As self-assembled ag-
gregates [2,10,12], weakly-coordinating ions [13,14], and
dendrimers [3] have been used to stabilize the formation of
charged species in nonpolar solvents, ion-containing macro-
molecules would seem to be another way to form a steric
stabilizer than can protect ions against recombination.

The motivation to study the conductivity of ionic poly-
mers in a typical nonpolar, aliphatic solvent, n-dodecane
(with a relative permittivity or dielectric constant of εr =
2.01 at 25 ◦C [15]), is to aid the understanding of a recently
unexpected and seemingly counterintuitive result regard-

ing the electrokinetics of charged shell (“soft particles ” in
the electrokinetics parlance [16,17]) in a salt-free, nonpo-
lar medium. In this system, the electrophoretic mobility
of colloids was found to strongly depend on the location
of the ionic units (in the core or in the shell) and on the
proportion of stabilizer polymer chains that possessed an
ionic unit [7,8]. Specifically, the magnitude of the elec-
trophoretic mobility was lower for particles with charged
shells (“soft” charged particles) than for otherwise equiv-
alent particles with charged cores (“hard” charged parti-
cles, in contrast to “soft” particles). Also, particles where
only a fraction of the number of stabilizer chains (. 30%)
were ionic had a higher magnitude electrophoretic mobil-
ity than ones where all the stabilizer chains were ionic [7,
8]. It is surprising that reducing the concentration of ions
at the interface should increase the magnitude of the elec-
trophoretic mobility. Existing theories for the electroki-
netics of charged colloids in salt-free media cannot explain
this [18–22].

In order to understand the Coulombic interaction be-
tween anionic counterions and the cationic surface of these
types of particles, in this study, a simpler model system for
the charged interface has been studied using electrolytic
conductivity. Solutions of the ion-containing poly(stearyl
methacrylate) (PSMA) polymer that is used as the steric
stabilizer of the polymer nanoparticles previously reported
[7,8,23] were prepared and their response to an electric
field were studied. The electrolytic conductivity measure-
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ments and analysis were benchmarked by studying a sim-
ple, non-macromolecular electrolyte first, before the ion-
containing macromolecules themselves were studied. From
these data, it was possible to quantify the strength of the
binding between the ion-containing macromolecule and
the weakly-coordinating counterion.

2 Experimental

2.1 Materials

The oil-soluble electrolyte tetradodecylammonium tetra-
kis (3,5-bis(trifluoromethyl)phenyl)borate
([NDod4] +[TFPhB]−, CAS 1240083-77-5) was obtained
from a salt metathesis reaction, using a method previously
developed to isolate the tetramethyl analogue [24] that has
been used successfully to prepare this tetradodecyl species
[25]. The ionic comonomer [(2-(methacryloyloxy)ethyl)tri-
methylammonium] tetrakis(3,5-bis(trifluoromethyl)phen-
yl)borate ([MOTMA]+[TFPhB]−, CAS 1379079-92-1) was
obtained from a similar salt metathesis reaction, with ap-
propriate precursors as previously described in the lit-
erature [26]. The oil-soluble macromolecular electrolyte
[poly(stearyl methacrylate-stat-((2-(methacryloyloxy)eth-
yl)trimethylammonium)]+ tetrakis(3,5-bis(trifluorometh-
yl)phenyl)borate ([P(SMA-stat-MOTMA)]+ [TFPhB]−,
CAS 2413538-61-9) was synthesized using reversible addi-
tion–fragmentation chain-transfer (RAFT) solution poly-
merization [27,28]. This polymer had a mean degree of
polymerization of 13 PSMA units and 1 [MOTMA]+ unit
per chain, with the cationic monomer distributed statisti-
cally in the chain without any preferential location. Fur-
thermore, there will be a distribution of the number of
ionic units per chain. A nonionic, but otherwise similar,
oil-soluble poly(stearyl methacrylate) (PSMA, CAS 25639-
21-8) analogue was prepared using the same protocol. For
all materials, further details on the synthesis and char-
acterization are provided in the Supporting Information.
All of these final products were purified by precipitation
or dissolution to separate them from precursors, as much
as possible. This was necessary as ionizable impurities are
known to influence charging in nonpolar solvents [29].

Solutions of the polymers were prepared by weighing
the desired mass of solute into the a vial and adding n-
dodecane CAS 112-40-3). The solutions were left to equi-
librate for more than 24 hours before analysis. The n-
dodecane was purified by running it over a basic alumina
column to remove polar impurities and then stored over
molecular sieves prior to use [7], and the vials kept sealed
before measurement, to reduce the concentration of resid-
ual water. There are surface active impurities in n-alkane
solvents that must be removed before use [30], especially
in a system such as this where polar impurities may have
an impact [29]. Ensuring a low concentration of water is
also necessary, as the presence of trace amounts of water
can also impact the properties of systems of polar com-
pounds in nonpolar solvents [31–33].

2.2 Electrolytic conductivity

Measurements were performed on solutions in n-dodecane
over a range of concentrations using a DT-700 non-aqueous
conductivity probe (Dispersion Technology Inc., NY, USA).
The meter has a dynamic conductivity range from hydro-
carbon solvents to deionized water.

Before performing measurements, the probe was cali-
brated using the conductivity of air and of toluene (stored
over molecular sieves to reduce the concentration of trace
water [31–33]). Once calibrated, the probe was cleaned
with toluene as cleaning solvent and then by the back-
ground solvent. This was repeated until the conductivity
of the solvent was on the order of 10−11 S m−1. This sol-
vent conductivity was used as the background value for
the measurements of electrolyte solutions, as the experi-
mentally measured electrolytic conductivity (σinst) cannot
distinguish between the conductivities of all components
in the solution (σi) and is, in this case, a sum of the elec-
trolytic conductivity of the solvent (σsolvent) and solute
(σsolute).

σinst =
∑
i

σi = σsolvent + σsolute (1)

For each sample, 20 measurements were performed, and
the mean electrolytic conductivity was calculated from
these data.

3 Results and Discussion

Even for a solvent with a relative permittivity as low as
n-dodecane, it is still possible to produce charged species,
although this requires the appropriate choice of cation and
anion (fig. 1). Electrolytic conductivity data were obtained
for the both of these systems, which both responded to an
electric field.

3.1 Molecular electrolyte, [NDod4]+[TFPhB]−

[NDod4]+[TFPhB]− is a small molecule electrolyte sim-
ilar in structure to ones known to form electrolytically
conductive solutions in nonpolar solvents [14,25,34–37].
Electrolytic conductivity data were analyzed in the frame-
work of Fuoss and Krauss [4], which was devised for sys-
tems consisting of both conductive single and triple ions.
A modified form was used in this study to account for the
activity coefficient through the term g(c) [38,39]. This is
derived from a consideration of the following equilibria for
single ions (eq. 2) and triple ions (eq. 3).

A+ +B− � AB (2)

AB+ B− � AB−
2 ; AB + A+ � A2B

+ (3)

The molar conductivity, Λ (given by σ/c, where σ is the
electrolytic conductivity and c the concentration) is a func-
tion of the molar conductivity at infinite dilution for single
ions (Λs

0) and for triple ions (Λt
0 = (2/3)Λs

0) [40] and the
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(b) Poly(stearyl methacrylate-stat-[2-(methacryloyloxy)ethyl] 
trimethylammonium) statistical copolymer

([P(SMA13-stat-MOTMA1)]+[TFPhB]– or [P(S13-stat-M1)]+[TFPhB]–)
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Fig. 1. Chemical structures of the ionic species used in this
study: (a) the electrolyte tetradodecylammonium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate ([NDod4][TFPhB]−) and
(b) the cationic macromolecule poly(stearyl methacrylate-
stat- [2-(methacryloyloxy)ethyl]trimethylammonium)
with the same [TFPhB]− counterion ([P(SMA13-stat-
MOTMA1)]+[TFPhB]−). A nonionic analogue poly(stearyl
methacrylate) (PSMA13 or S13) of (b) is also used but not
shown in this figure. The abbreviations used in subsequent
legends are shown.

corresponding equilibrium constants for single ions (Ks,
eq. 2) and for triple ions (Kt, eq. 3). It is not possible to
determine Λs

0 by extrapolation, and so it has been calcu-
lated in accordance with the literature [35].

Λ
√
cg(c) = Λs

0

√
Ks +

(
Λt
0

√
Ks

Kt

)(
1− Λ

Λs
o

)
c (4)

This calculation depends on the radius of the cation (5.98
Å), the anion (5.92 Å), the relative permittivity of the
solvent (εr = 2.01), and the viscosity of the solvent (1.383
mPa s). All values were taken from the literature [15,35,
41,42].

Systems that form conductive triple ions are character-
ized by a minimum in a plot of Λ as a function of

√
c [4,34,

35]. This is indeed observed in the electrolytic conductivity
data shown in fig. 2 for solutions of [NDod4]+[TFPhB]−
dissolved in n-dodecane. Due to the limits of the axis in
fig. 2, the minimum in the molar conductivity is challeng-
ing to see, but this is due to the low conductivity of this
solution. The data are qualitatively similar to previous
systems in the literature [34,35], where all measurements
observe this minimum in Λ as a function of

√
c. Data were

fitted up to a solution concentration of ∼ 0.8 mol m−3.

Saturated[NDod4]+[TFPhB]-

Ks = 3.18×10-11 mol m-3

Kt = 0.0957 mol m-3
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Fig. 2. The molar conductivity (Λ) of the [NDod4]+[TFPhB]−

electrolyte in n-dodecane as a function of the square root of
the concentration (

√
c). The data are fit to a modified Fuoss–

Krauss equation (eq. 4) as explained in the text. A minimum
in Λ with concentration is indicative of the formation of triple
ions, making this equation appropriate. The values of the equi-
librium constants for single ions (Ks) and triple ions (Kt) are
shown in the legend. Above a critical concentration (∼ 0.8 mol
m−3), the solutions become turbid, and the conductivity (σ)
is constant. This is a sign that the electrolyte is saturated and
that additional material is phase separated, and so these data
have not been included in the fits to the Fuoss–Krauss equa-
tion.

Above this critical concentration, the solutions became
turbid, and the conductivities were unchanged. The val-
ues of Ks and Kt are given in the inset of fig. 2, and the
magnitudes are in good agreement with literature data for
similar electrolytes [35]. There are few other examples of
electrolytic conductivity studies of this specific electrolyte
in n-dodecane [25,37,43,44], but the concentration ranges
of those literature studies overlap with the data presented
here. Fitting these literature data using the same modi-
fied Fuoss–Krauss equation shows reasonable consistency
between the different measurements. (This comparison is
shown in Supporting Information.) The differences be-
tween the measurements emphasize the challenge in ex-
perimentally determining the conductivity of electrolytes
in nonpolar solvents, particularly ones where equilibrium
constants and, thus, conductivities are low as for these
molecular electrolytes.

3.2 Macromolecular electrolyte,
[P(S-stat-M)]+[TFPhB]−

Solutions of RAFT-synthesized PSMA polymers were pre-
pared to study the interaction between the [TFPhB]− an-
ions and the cationic macromolecules that are used as
the steric stabilizer for charged shell (“soft”) particles syn-
thesized by RAFT-mediated polymerization-induced self-
assembly (PISA [45]). A digital image of the solutions at a
range of concentrations is shown in fig. 3. The color of the
polymer arises from the RAFT agent, which is magenta
for dithiobenzoate RAFT agents used in this study [46].
This image provides a clear demonstration of the varia-
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tion in concentration from the most dilute to the most
concentrated solution.

The values of the electrolytic conductivity of the two
series of solutions containing the [P(SMA13-stat-
MOTMA1)]+[TFPhB]− statistical copolymer dissolved in
n-dodecane are shown in fig. 4. The two series were a uni-
tary cationic polymer ([P(S13-stat-M1]+[TFPhB]−) and a
binary mixture of 90% nonionic polymer and 10% cationic
polymer ((0.1) [[P(S13-stat-M1]+[TFPhB]−]–(0.9)[S13]).
The concentration dependence of the electrolytic conduc-
tivity of both is similar to [NDod4]+ [TFPhB]−; there is
a minimum in Λ as a function of c. This strongly sug-
gests that conductive triple ions are formed, despite the
macromolecular nature of the cation.

The data are fit using the same modified Fuoss–Krauss
equation as for the [NDod4]+[TFPhB]− electrolyte. The
relative permittivity and viscosity are the same, as the sol-
vent is the same. The anion radius is the same, as the anion
is the same. The difference is the radius of the cation. It is
calculated using the contour length of the polymer chain
(the product of the degree of polymerization and the bond
length of two carbon-carbon bonds in an all trans config-
uration, which is 2.54 Å, calculated from the mean C–C
bond length of 1.531 Å in similar sp3 hybridized carbons
and a C–C–C bond angle of 112◦ in gas phase propane
[47–49]) and the Kuhn length of PSMA (35 Å [50]). As-
suming that the polymers are Gaussian coils, the radius of
gyration (Rg) can be calculated from the contour length
(L) and the Kuhn length (b), where L/b ≡ N is the num-
ber of Kuhn segments [51] (eq. 5).

Rg =

√
L/b

6
· b ≡

√
N

6
· b (5)

As the two PSMA polymers (nonionic and anionic) have
nearly the same degree of polymerization, the Rg of both
is found to be essentially the same (within the reasonable
uncertainty) at 14 Å. This is confirmed by small-angle
neutron scattering measurements (performed on the in-
strument SANS2D [52] at the ISIS Facility) on solutions
of the two polymers, where a value of 14.8 ± 0.1 Å was
found for PSMA13 and 16.4 ± 0.1 Å for [P(SMA13-stat-
MOTMA1]+[TFPhB]−, using the Guinier–Porod model
to fit the data [53,54]. The polymers are found to have
a smooth surface, as previously observed for similar poly-
mers in nonpolar solvents [7] and can be approximated as
spheres. (Data and model fits are shown in the Support-
ing Information.) The radius (r) of a sphere with radius
of gyration Rg is equal to (

√
5/3 · Rg) [55]. This gives a

cation radius of 18 Å.
The results (equilibrium constants) of fitting the Fuoss–

Krauss equation to the data in fig. 4 are shown in table 1.
The concentration of the binary (90% nonionic and 10%
cationic) polymer was set to the total concentration of
polymer, so the actual concentration of cationic polymer
chains is 1/10 this concentration. This was done to enable
a like-for-like comparison between the two. As these were
selected to be models for the surface of sterically stabilized
particles, it is the total concentration of polymer that is
the important comparison.

As expected for a relatively large cation, both the sin-
gle ion and triple ion equilibrium constants are greater
than those for [NDod4]+[TFPhB]− (fig. 2). This is be-
cause propensity for ion dissociation is known to partly
be a function of ion size [3], which can be specifically
quantified as the ratio of the size of the ions to the Bjer-
rum length (λB) [56]. This is the separation between unit
charges where the thermal energy (kBT ) is equal to the
Coulombic attraction and is inversely proportional to εr.
In n-dodecane, the Bjerrum length is 28 nm [2]. Although
both ions are small on the order of λB , which results in
a low single ion equilibrium constant, the macromolecular
cation is sufficiently large to increase it by several orders
of magnitude.

By comparing the conductivity of the two polymer sys-
tems, it is possible to determine the relative strength of the
Coulombic interaction between anionic counterions and
cation macromolecules. The single ion equilibrium con-
stant (Ks) is less for the binary polymer system (with only
10% cationic macromolecules), but the concentration of
ionic polymer is also much less. The triple ion equilibrium
constant (Kt) is greater for the binary polymer system,
which indicates that triple ions dominate at a much higher
concentration in the binary 10% ionic case. In fact, this
concentration is essentially the maximum studied (8.0 mol
m−3), and so this shows that triple ions never dominate
in the binary 10% ionic case. As a comparison, the 0.1×
rescaled conductivity of the fully cationic macromolecules
is also shown in fig. 4. If the number of charge carriers
at every concentration were reduced by 10%, this would
be conductivity measured for the binary polymer system.
The conductivity is in actuality much greater than this.

What these data show is that the strength of the Coul-
ombic interaction between charged ions is less when the
fraction of ions are reduced. Because a nonionic analogue
of the cationic macromolecule can be introduced, the so-
lutions, aside from the number of macromolecules that
contain a charged moiety, are equivalent. This is consis-
tent with the electrokinetic data of nanoparticles that are
prepared using these macromolecules as a steric stabilizer.
The magnitude of the electrophoretic mobility is greater
when a small fraction of steric stabilizer molecules contain
an ionic unit than when all steric stabilizer molecules do
[7,8].

4 Conclusions

Producing and stabilizing ionic species in nonpolar sol-
vents requires bulky and hydrocarbon-rich molecules, such
as the ones used in this study (fig. 1). One of the best and
most fundamental ways to study the propensity for ioniza-
tion of ionic species is by measuring electrolytic conduc-
tivity as a function of concentration. The data presented
here show that all the electrolytes studied form ions and
also strongly interact, forming conductive triple ions.

These data are interesting in their own right, provid-
ing further information about the formation of ions in me-
dia where this challenging to do. This is particularly the
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Fig. 3. Digital image of solutions of the macromolecular electrolyte ([P(SMA13-statMOTMA1)]+[TFPhB]−) as a function of
concentration in n-dodecane. The most dilute solution (right) has a concentration of 0.03 mol m−3, and the most concentrated
solution (left) has a concentration of 7.08 mol m−3. The difference in concentration can be easily visualized due to the color of
the RAFT agent used to synthesize the well-defined polymers [46].

Table 1. Equilibrium constants for single ion (Ks) and triple ion formation (Kt) from fitting modified the Fuoss–Krauss for
PSMA macromolecules in n-dodecane (from Figure 4).

Ks / (10−9 mol m−3) Kt / (mol m−3)

[P(S13-stat-M1)]+[TFPhB]− 3.46 0.884
(0.1)[[P(S13-stat-M1)]+[TFPhB]−]—(0.9)[S13] 0.868 7.86

[P(S13-stat-M1)]+[TFPhB]-

(0.1)[[P(S13-stat-M1)]+[TFPhB]-]–(0.9)[S13]
0.1×[P(S13-stat-M1)]+[TFPhB]-
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Fig. 4. The molar conductivity (Λ) of two series of so-
lutions of PSMA macromolecules in n-dodecane as a func-
tion of the square root of the concentration (

√
c). One is a

fully cationic system of entirely [P(SMA13-stat-MOTMA1)]+-
[TFPhB]−, and the other is a fractionally ionic system (10%)
of cationic macromolecule with the remaining 90% being
nonionic macromolecule ((0.1)[[P(SMA13-stat-MOTMA1)]+-
[TFPhB]−]—(0.9)[PSMA13]) The data are fit to a modified
Fuoss–Krauss equation (eq. 4) as explained in the text. The
conductivity of the fully cationic system has also been rescaled
by 0.1 to enable a comparison between the experimental con-
ductivity of a system of 10% cationic macromolecule and a the-
oretical one if the number of ions were reduced by this amount.

case for the macromolecular electrolytes, where few ex-
amples are available in the literature. The data are also
applicable to the use of these polymers as steric stabilizers
for particles. Information about the surface of such parti-
cles can be obtained using the macromolecules as simpler
model materials (a homopolymer rather than a copoly-

mer) with very straightforward techniques (electrolytic
conductivity rather than electrophoresis). There are cur-
rently unexplained observations about the electrokinetics
of “soft” charged particles that have these macromolecules
as steric stabilizers. The electrophoretic mobility of parti-
cles with charged moieties in the shell is lower than that
with charged moieties in the core, and the electrophoretic
mobility of charged shell particles can be increased if the
proportion of charged moieties in the shell is decreased.
The conductivity data provide a potential explanation for
the origin of these observations. The propensity for ion-
ization of charged macromolecules is greater (higher single
ion and triple ion equilibrium constants) when there is a
small (10%) proportion of cationic macromolecules, which
could also result in a reduced Coulombic interaction be-
tween the anionic counterions and the cationic surfaces of
charged nanoparticles. These data suggest a route to de-
veloping a model to explain these observations, which will
be explored in the future.
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