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* Both the authors contributed equally

Abstract

One approach for improving lithium transference in electrolytes is through the use of bulky 

multivalent anions. We have studied a multivalent salt containing a bulky star-shaped anion with 

a polyhedral oligomeric silsesquioxane (POSS) center and lithium counterions dissolved in a 

solvent. The charge on each anion, is equal to -20. The self-diffusion coefficients of all species ��

were measured by pulsed field gradient NMR (PFG-NMR). As expected, the anion diffusion was 

significantly slower than the cation diffusion. An approximate transference number, also referred 

to as the current fraction (measured by Bruce, Vincent and Watanabe method), was higher than 

those expected from the PFG-NMR. However, the rigorously defined cation transference number 

with respect to the solvent velocity measured by electrophoretic NMR was negative at all salt 

concentrations. In contrast, the approximate transference numbers based on PFG-NMR and current 

fractions are always positive, as expected. The discrepancy between these three independent 

approaches for characterizing lithium transference suggests the presence of complex cation–anion 

interactions in solution. It is evident that the slow self-diffusion of bulky multivalent anions does 

not necessarily lead to an improvement of lithium transference.
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Introduction

There is significant interest in multivalent electrolytes due to their relevance in 

rechargeable batteries.1–6  Electrolytes used in lithium-ion batteries comprise univalent ions 

dissolved in a mixture of organic solvents. Lithium transference in these electrolytes is low, 

implying that a large fraction of the current is carried by the anions.7,8  It has been postulated that 

bulky multivalent anions may lead to improvement of lithium transference.9–11   In a recent study, 

Nguyen et al. studied ion transport in solutions containing bulky multivalent star-shaped anions 

where one also expects ion transport to be dominated by that of the cation.1

Irrespective of the valency of the ions, the performance of binary electrolytes, comprising 

two ions and a solvent, in batteries depends on three transport parameters: ionic conductivity, , �

salt diffusion coefficient, , and cation transference number, . The purpose of this paper is to � �0
+

study lithium transference in a solution comprising star-shaped multivalent anions presenting a 

valency of -20, univalent Li+ counterions, and a low molar mass solvent – a mixture of ethylene 

carbonate (EC) and dimethyl carbonate (DMC). The transference number, , is defined as the �0
+

fraction of current carried by the cation relative to the solvent velocity.12–14  The most popular 

approach to study lithium transference is one wherein the electrolyte is sandwiched between two 

lithium metal electrodes and the current  under a steady applied potential  is monitored as a 
 ��

function of time.  Following the work of Bruce, Vincent, and Watanabe et al.,15–17 we define the 

current ratio  as the ratio of steady state current ( ) to that of the initial current ( ) + 
�� 
0

+ =

��


0
 .   (1)

Equation 1 is valid when the current through the cell is dominated by bulk impedance (not 

interfacial impedance). While the currents depend on the magnitude of ,   is a material �� +

property that is independent of   when the applied potentials are sufficiently small. Another �� 

approach for determining transference number employs pulsed field gradient NMR (PFG-NMR) 

which can be used to measure the self-diffusion coefficients of the cations and anions,  and �+ ��

.18 The PFG-NMR-based cation transference number can be defined as

�+���� =
�+�+

�+�+ � ����
.    (2)
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Here,  represents the charge on species  (valency).19�� �

In the limit of infinite dilution, , , and  must be equal to each other.20,21  At �0
+ + �+����

finite concentrations, however, the relationships between these parameters is nontrivial; they 

depend on other transport and thermodynamic parameters that reflect correlations between 

different species.12,22

An alternative approach for measuring  is electrophoretic NMR (eNMR).23–32 In this �0
+

approach, pioneered by Zawodinski and coworkers,27,28 a steady electric potential is applied �� 

across the electrolyte and the displacement of the NMR-active species in a fixed time window is 

measured by quantifying spectral phase shifts.  This enables determining species velocities that 

are directly related to . For the case of univalent ions,24,25 it was shown that�0
+

�0
+ =

�+ � �0

�+ � ��
.    (3)

Here, ,  and  are the average velocities of cation, anion and solvent, respectively.  While �+ �� �0

the species velocities are proportional to ,  is a dimensionless material property that is �� �0
+

independent of  when the applied potentials are sufficiently small.  �� 

The salt we have chosen for our study is lithiated polyhedral oligomeric silsesquioxane 

(POSS) nanoparticles (Figure 1).  These nanoparticles can be thought of as eight-armed stars with 

two or three anions in each arm, yielding  -20.  A similar salt with  ranging from 6.6 to �� = ��

10 was studied by Bouchet and coworkers where they report high PFG-NMR-based cation 

transference numbers.1   While the star-shaped anions are similar to charged dendrimers that have 

been studied in prior literature,33–38 we are not aware of any measurements of transference in 

solutions of such systems.  In the present work our main objective is to study the relationship 

between , , and  in our multivalent POSS system.  �0
+ + �+����
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intensities were compared with the calibration curve as shown in Figure 2 and this enables 

determining the molar concentrations of lithium ions, . The  values thus obtained are 0.071, �+ �+

0.21, 0.40, 0.53 and 0.73 mol/L. These NMR experiments also enable calculation of the average 

number of lithium ions per POSS particle in each electrolyte. Data obtained from all five solutions 

were used to determine the average valency of the anions. This analysis gave   -20  2. �� = ±

This implies that the average number of monomers per chain is 2.5 assuming that the chains 

emanate from all eight corners of the POSS particles.

0.73 M

0.53 M

0.40 M

0.21 M

0.071 M

Figure 2. Determination of salt concentration by 7Li NMR spectroscopy. The y-axis represents the 

intensity of the NMR spectra and the x-axis represents the concentration of lithium salt. The data 

points in black circles and the connected black dotted lines represent the calibration curve with 

different LiTFSI salt concentrations. Magenta diamonds represent the POSS-PSLiTFSI data and 

the vertical line to the x-axis represents the determined concentration. The numbers in the figure 

represent  of the electrolytes used in this study.�+

Page 5 of 26 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
7 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
by

 A
rg

on
ne

 R
es

ea
rc

h 
L

ib
ra

ry
 o

n 
7/

6/
20

23
 1

0:
59

:5
8 

PM
. 

View Article Online
DOI: 10.1039/D3CP00923H

https://doi.org/10.1039/d3cp00923h


Electrochemical characterization

Conductivity measurements

Conductivity of the electrolytes were measured with a Mettler Toledo InLab-751 

conductivity probe with platinum blocking electrodes. The temperature of the electrolytes was 

measured using the probe and was maintained at 30 ± 1 oC during the measurements. Each 

measurement was carried out three times to ensure reproducibility. The conductivity probe was 

calibrated prior to the experiment using a potassium chloride standard with conductivity 1413 

H�F � to determine the cell constant. 

Current fraction measurement

The current fraction was determined using Li/POSS-PSLiTFSI(EC/DMC)/Li symmetric 

cells assembled in coin cell conformation. Five layers of Celgard 2500 separators were soaked in 

the electrolyte and stacked between lithium chips of 14 mm diameter and 600 H� thickness (MTI 

Corp.). The cell stack was backed with a stainless-steel shim of diameter 15.5 mm and a wave 

spring before crimping. At least three to four cells were made at each salt concentration to check 

reproducibility. The cells were cycled at 30 oC inside an environmental chamber connected to a 

thermocouple.

The cells were preconditioned by polarizing at 0.02 mA/cm2 for four hours in both positive 

and negative directions followed by one hour of open circuit potential relaxation steps between 

each of the polarization steps. Five preconditioning cycles were carried out to ensure the formation 

of stable solid electrolyte interphase (SEI) between the lithium metal and the electrolyte. After that 

the cells were polarized at  = 10 mV, -10 mV, 20 mV and -20 mV to ensure that the ��

measurements were independent of applied potential. The steady state current, , was measured 
��

for 1 hour and the impedance was monitored before ( , ) and after the polarization ( , ���� �
�� �����

,).  and  represent the bulk and interfacial resistances, respectively. The initial current �
��� �� �


density is determined based on Ohm’s law assuming the absence of any concentration gradient at 

the initial instant of polarization as
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 =
��

�
�� + ����
  .    (4)

The current fraction was determined using the following equation15–17

+ =

��


 
 (
�� � 
 �
� 0

�� � 
���
���) .   (5)

Equation 5 is an extension of equation 1 for the case when interfacial impedance cannot be 

neglected.

Pulsed-field-gradient NMR 

All 7Li, 19F, and 1H NMR experiments were performed at a field strength of 9.4 T using a 

400 MHz Bruker NEO spectrometer and a Bruker 5 mm water-cooled double resonance broadband 

diffusion (diffBB) probe, which was equipped with z-axis gradient capabilities permitting a 

maximum gradient strength of 17 T/m and variable-temperature control. The observed 7Li and 19F 

resonances unambiguously corresponded to Li+ cations, and to the polyanions, respectively; the 

1H resonances corresponding to the carbonate solvents were chosen for analysis. For PFG 

experiments, a standard stimulated-echo sequence (diffSte) using sine-bell magnetic field gradient 

pulses was employed, wherein only the gradient strength was varied for each measurement; spoiler 

gradient pulses of 2 ms and a longitudinal eddy current delay (LED) period of 20 ms were used 

for all experiments. Additionally, dummy gradient pulses were performed prior to the first spectral 

acquisition. Typical 19F, 7Li and 1H PFG parameters, i.e., gradient pulse length ( ), diffusion time #

2K3� and maximum gradient strength (g) were equal to or ranged as follows:   = 1 ms, K = 20 ms, #

g = 1.4–5.3 T/m (1H);  = 1.5 ms, K = 50 ms, g = 2.0–12.8 T/m (19F);  = 1 ms, K = 50 ms, g = # #

4.1–9.8 T/m (7Li). All measurements were performed at a calibrated sample temperature of 30 °C. 

Temperature and pulsed field gradient strength calibrations were performed with a standard 

consisting of 80% ethylene glycol in DMSO-d6 (Cambridge Isotope Labs), using the known 1H 

self-diffusion coefficient of ethylene glycol at the calibrated temperature.40 Data were processed 

and analyzed in Bruker TopSpin 3.6 and/or 4.1, and Bruker Dynamics Center.

Electrophoretic NMR 
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The electrophoretic NMR (eNMR) instrumentation employed in this work is based upon 

the setup described by Fang et al.,41 and was supplied by P&L Scientific Instrument Service 

(www.plscientific.se; Lidingö, Sweden); details of our eNMR measurements have been previously 

reported in detail.25  All electrolyte samples were loaded into the eNMR cell within the argon-

filled glovebox used for electrolyte preparation; the cells were previously dried at 60°C overnight. 

We used a convection-compensated double stimulated echo (DSTE) PFG-NMR sequence,42 with 

electric field pulses of opposite polarity applied during the two halves of the sequence.43–45 Typical 

applied voltages ranged from 10–160 V. Although a range of electric fields were applied, in this 

work all eNMR species velocities are reported relative to an applied electric field of -1 V/mm. For 

all experiments, the drift time K during which the electric field was applied was fixed at 100 ms. 

Typical recycle delays were 60–120 s, to allow for equilibration following the electric field pulses. 

The calibrated sample temperature was 30°C for all measurements. Calibration of the electric field 

was previously performed with a 10 mM solution of tetramethylammonium bromide (TMABr) in 

D2O (supplied by P&L Scientific) at 25°C. Analysis of eNMR phase shifts was performed as 

previously described25 using an automated procedure comparing the “phase spectra” of the eNMR 

data.

Theory

In this section, we derive expressions that are necessary to interpret experimental data from 

multivalent systems. Our derivations are built on the approach described in ref. 24.  We assume 

that we have a one-dimensional system with a potential  applied across an electrolyte of length ��

 (Figure 3).  We are interested in predicting the initial species velocities before the onset of $

concentration polarization. Under these conditions, the gradient of the electric field inside the 

electrolyte, , is given by .  %� ���&$
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of the different environments (dissociated ions, ion pairs, solvent separated ion pairs, charged 

triplets, etc.).   Molecular-scale simulations are usually used to identify these environments, and 

the correspondence between the continuum and molecular approaches has been established in 

several previous publications.25,46–49

Using quasi-electrostatic potentials in an electrolyte of uniform composition,12 we have

%µ + = �+�%�    (9)

%µ� = ���%�    (10)

%µ0 = 0    (11)

Combining equations 8 and 11, and noting that  and  , where  are the moles �+ = �/+ �� = �/� /�

of ions produced by dissociation of one mole of electrolyte, we get

)0 +

)0�
=�

/+ (�+ � �0)

/� (�� � �0)
    (12)

                                                                                                                                         

The transference number is defined in terms of the Stefan-Maxwell diffusion coefficients as

�0
+ =

�+)0 +

�+)0 + � ��)0�
    (13)

where  is the charge of species j. Substituting equation 12 into equation 13, and noting that  �� �+ /+

, we get=� �� /�

�0
+ =

�+ � �0

�+ � ��
.    (14)

The absence of  in equation 14, in spite of their presence in the definition of  in equation 13, �� �0
+

is noteworthy. In other words, the expression for  for multivalent ions is identical to that for �0
+

univalent ions (equation 3).

The fact that  reduces to  in the limit of infinite dilution for both univalent and + �0
+

multivalent ions was proved in ref. 22.  This is the justification for equation 1.  Equation 2 is 
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obtained by replacing the Stefan-Maxwell diffusion coefficients in equation 13 by self-diffusion 

coefficients.  Thus, we have justified all of the equations presented in the introduction.

In concentrated solution theory, conductivity is given by (equation 12.23 in ref. 12):

1

�
=�

�(

�(�+ ���
2( 1

)+�
+

�0�
0
�

�+)0�
)   (15)

Substituting equations 6 and 9 into equation 15 gives (after some algebra) 

�=
�(�+ /+ (�� � �+ )

%�
=
�+ �+ (�� � �+ )

%�
.    (16)

Note that in Figure 3, we assume that  is negative. While we conduct eNMR experiments at %�

different values of , all of the reported species velocities are scaled to  = -1 V/mm.  In this %� %�

case we expect  to be positive and  to be negative if the salt dissociates into free anions and �+ ��

cations. The two velocities thus make additive contributions to  which is always positive.�

Equations 14 and 16 are the main results of our analysis.  We will use these equations along 

with equations 1 and 2 to analyze data from our POSS-PSLiTFSI/EC/DMC electrolyte.  While 

velocities depend on the reference frame used to measure them, they appear in equations 14 and 

16 in combinations that are independent of the reference frames.  Our treatment assumes the 

solutions contain 3 species: cations, anions and solvent.  We ignore the polydispersity of the anion.  

We also ignore the complications arising from the presence of a mixture of solvents. 

Results and Discussion

Figure 4 shows the concentration dependence of the PFG-NMR-based self-diffusion 

coefficients of the four species of interest, the Li+ cation, the POSS-PSTFSI20-, EC, and DMC (

, ,  and ).  We have chosen , the molar concentration of Li+ ions per unit �+ �� ���01 ����21 �+

volume of solution, as a measure of salt concentration. Note that  appears naturally in the �+
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expression for conductivity (see equation 16).  The overall trends seen in Figure 4 are not 

surprising.  The solvent diffusion coefficients are largest, followed by  which is significantly �+

higher than  at all salt concentrations. Some of the differences in ion self-diffusion coefficients ��

can be explained by the difference in molar masses of Li+ (7 g/mol) and POSS-PSTFSI20- (10,648 

g/mol).  Note however that in the dilute limit,  is only a factor of 2 larger than . One might �+ ��

expect a larger factor based on the ratio of molar masses (1500). The PFG-NMR data suggest the 

presence of complex interactions between ions. The diffusion of Li+ is slower than that of the 

solvents in spite of the fact that the solvent molecules have larger molar masses. This effect, which 

arises due to coordination between Li+ and solvent molecules, is consistent with all previous PFG-

NMR studies of electrolytes.18,20  The diffusion coefficients of all the species decrease with 

increasing salt concentration due to an increase in frictional interactions.20,50 While  decreases �+

more-or-less linearly by a factor of 5,  decreases more sharply when  exceeds 0.40 mol/L.  �� �+

The overall decrease in  over our concentration window is a factor of 20.  One might expect ��

the dependence of  on concentration in the dilute limit, wherein the anions are widely spaced, ��

to be different from that in the semi-dilute regime, wherein the anions overlap with each other. If 

we assume that the crossover from dilute to semi-dilute occurs at 0.40 mol/L (i.e., = � 3+ =  � 3�

0.40/20 = 0.02 mol/L), the size (length ) of the anion is estimated at 4.4 nm,  , � �= �456�
3
� )

�1/3

where  is Avogadro’s number. This is commensurate with the chemical structure shown in 456

Figure 1 suggesting that the star-shaped anions are “entangled” with each other in the  0.40 �+ >

mol/L concentration range. We will use the data in Figure 4 in conjunction with equation 2 to 

obtain the concentration dependence of .�+����
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Figure 4. Self-diffusion coefficients of cation (up triangle, pink), polyanion (down triangle, blue) 

and solvents (square, green for DMC; square, brown for EC) measured by PFG-NMR as a function 

of salt concentration at 30 oC.

Figure 5 shows the concentration dependence of the eNMR-based electric-field induced 

species velocities at -1 V/mm of the four species of interest: the Li+ cation, the POSS-PSTFSI20-, 

EC, and DMC ( , ,  and ).  Both the cation ( ) and polyanion ( ) velocities are �+ �� ���01 ����21 �+ ��

negative at all electrolyte concentrations: the cations migrate towards the positive electrode under 

the applied electric field. The magnitudes of these velocities decrease with increasing 

concentration, consistent with the increase in frictional interactions.  While the solvent velocities 

(  and ) are close to zero at all concentrations, the magnitudes of  and  decrease ���01 ����21 �+ ��

with salt concentration up to  0.40 mol/L.  At  0.40 mol/L,  approaches zero and is �+ = �+ = �+

comparable to the solvent velocity.  Increasing  further to 0.53 mol/L results in a slight increase �+

in the magnitude of .  In contrast, the magnitude of  decreases monotonically throughout our �+ ��
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concentration window. At the highest salt concentration,  0.73 mol/L, we arrive at the �+ =

interesting situation where  ; both the magnitudes and the signs of the ion velocities are �+ 8  ��

identical (or nearly so).

-10

-5

0

9
(µ

m
/s

 a
t 
1
 V

/m
m

)

0.80.60.40.20.0

c+ (mol/L)

Figure 5. Average species velocities measured by 7Li, 1H, and 19F electrophoretic NMR (eNMR) 

at 30 °C as a function of salt concentration, cation velocity (up triangle, red), polyanion velocity 

(down triangle, blue) and solvent velocities (square, green for DMC; square, brown for EC) at an 

applied field  = -1 V/mm.%�

In Figure 6, we plot the ac-impedance-based conductivity, , as a function of salt �

concentration.  The increase in  with increasing  at low concentrations (  0.40 mol/L) is � �+ �+ <

due to an increase in charge carrier concentration.  However, frictional interactions also increase 

with increasing .  Above  0.40 mol/L, the increase in frictional interactions dominate and �+ �+ =

�decreases with increasing concentration.   These data are consistent with the extensive literature �
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of monovalent salts dissolved in solvents.20,51,52  We can also calculate  using the eNMR data in �

Figure 5 and equation 16.  These values are also shown in Figure 6.  The agreement is reasonable 

at all concentrations. Our theoretical framework, which is based on concentrated solution theory 

of binary electrolytes, does not account for the polydispersity of the salt. For example, equation 

16, used to calculate  from the eNMR data, is an approximation for a polydisperse system. �

Equation 16 is derived from equation 15 assuming a fixed value of  whereas polydispersity will ��

lead to a range of values. We posit that the deviations between the two sets of data in Figure 6 is 

due to this.  

e-chem.

eNMR

1.2

0.8

0.4

0.0

;
(m

S
/c

m
)

0.80.60.40.20.0

c+ (mol/L)

Figure 6. Ionic conductivity at 30 oC measured as a function of salt concentration using two 

independent methods: electrochemical method (up triangle, red) and eNMR method (square, 

black)

Figure 7 compares cation transference numbers using the three independent methods.  The 

current fraction value ( ), measured electrochemically, is found to be constant around 0.55 for +
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all salt concentrations except at the highest salt concentration, where the value decreases slightly 

to 0.51. This suggests that lithium transference decreases only slightly as   increases from 0.53 �+

to 0.73 mol/L. The fact that this value is significantly higher than values obtained with univalent 

lithium salts, which range between 0.3 and 0.4,8,29,51,53,54 suggests that lithium transference has 

generally improved due to the presence of the bulky POSS-PSTFSI20-. The transference number 

measured by the PFG-NMR ( ) method is 0.15 in the  0.40 mol/L regime and increases �+���� �+ <

sharply to overlap with  at  0.73 mol/L. This observation by itself suggests that lithium + �+ =

transference increases sharply when  increases from 0.53 to 0.73 mol/L, a conclusion which is �+

at odds with that based on . At most concentrations, the current supported by our electrolyte is +

significantly higher than that expected from .  It is obvious that the motion of ions under an �+����

applied potential is very different from the self-diffusion of ions in the absence of an applied 

potential. 

The last measure of cation transference that we wish to discuss is . We calculate this �0
+

quantity using equation 14, assuming that  is the average velocity of the two solvents. The �0

surprising result is that  is negative at all salt concentrations, a result that cannot be anticipated �0
+

from either steady-state current measurements nor PFG-NMR. This finding is consistent with 

negative transference numbers observed by eNMR in analogous liquid electrolytes.23 A 

quantitative molecular level understanding of the differences between ,  and  is �0
+ + �+����

outside the scope of this paper. The fact that they differ substantially from each other across the 

concentration range studied indicates that our data are well-removed from the infinite dilution limit 

where agreement between the 3 parameters is expected.21   In an attempt to provide a qualitative 

explanation for negative  values, we posit that the Li+ counterions are in two states: a fraction �0
+

of the ions  are fully dissociated and migrate freely under the electric field in the  direction, = +>

while the remainder are tightly coordinated with the anions in accordance with the principle of 

Manning condensation,55–59 and migrate with anions in the  direction (Figure 3). Let us call the �>

migration velocity of the free cations .  The measured value of  reflects a weighted average �=+ �+

of these two populations.

�+ = =�=+ + (1� =)��     (17)
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The negative value of  indicates that the overall mobility of the cations is dominated by the �0
+

condensed counterions implying that the second term on the right side of equation 17 is larger than 

the first term. Assuming   0 (Figure 5) for simplicity,  is given by�0 8 �0
+

�0
+ =

=�=+ + (1� =)��

=�=+ + (1� =)�� � ��
     (18)

Equation 18 contains two unknown parameters,  and , and we expect both parameters = �=+

to be functions of . Measurement of cation transference alone does not permit determining both �+

these parameters. Detailed computer simulations and additional experiments are necessary to test 

the validity of our hypothesis and provide a consistent explanation for the observed relationships 

between ,  and .  In this preliminary analysis we mainly want to show that this + �+���� �0
+

framework provides a reasonable explanation for our observations of negative . For example, �0
+

at    0.071 mol/L, if we assume  0.5 then the measured values of  and  give  �+ = == �0
+ �� �=+ =

3 H�F! based on equation 18.  This possible value of  is positive, and several times smaller in �=+

magnitude than the anion velocity, which is consistent with eNMR measurements of fully 

dissociated electrolytes.25  In Figure S1 in the SI, we provide values for  for other possible �=+

values of  .  =

 Conductivity is proportional to the difference between the cation and anion velocities 

(equation 16).  In most electrolytes, these velocities are in the opposite directions, resulting in 

additive contributions to the conductivity.  We have shown that this is not the case for POSS-

PSTFSI20--based electrolytes.  Here  and  are both negative at all values of  and thus the �+ �� �+

ion velocities do not contribute additively to conductivity.  At  0.73 mol/L, we find that  �+ = �+

, and our analysis gives a value of -2 for .  There is, however, significant uncertainty due 8 �� �0
+

to the fact that the denominator of equation 14 approaches zero. Using standard error propagation, 

we obtain   -2  2 at  0.73 mol/L. Molecular dynamics simulations may provide some �0
+ = ± �+ =

insight into this unusual case. 
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Figure 7. Comparison of transference number measured as a function of salt concentration at 30 

oC using three independent methods. Current fraction ( ) measured electrochemically (up +

triangle, red), transference number measured by PFG-NMR method ( ) (circle, blue) and �+����

transference number measured by eNMR technique ( ) (square, black). The inset represents   �0
+ �0

+

at the highest salt concentration.

Conclusions

We studied lithium transference in a multivalent electrolyte containing a bulky star-shaped anion 

with  -20 using three experimental techniques: electrochemical polarization ( ), PFG-�� = +

NMR ( ) and electrophoretic NMR ( ). Interest in such electrolytes arises due to the �+���� �0
+

possibility of improving lithium transference by slowing down the mobility of the anion. In 

univalent electrolytes, the self-diffusion coefficient of lithium ions is much smaller than that of the 

anions. In our multivalent electrolyte, PFG-NMR shows that the reverse is true – the self-diffusion 
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coefficient of the cation is higher than that of the anions at all salt concentrations. Electrochemical 

polarization experiments show that the multivalent electrolytes are able to sustain a higher current 

than that expected from PFG-NMR. The cation transference number with respect to the solvent 

velocity, , is negative at all salt concentrations indicating that cation transference does not �0
+

necessarily reflect the slowing down of the self-diffusion coefficient of the anion. Similar effects 

were reported by Fong et al. in solutions of linear multivalent anions with lithium counterions.19,60 

Recently, using eNMR, Bergstrom et al. showed that  was negative for these systems.23  It is �0
+

evident that ion transport in our multivalent electrolytes depends on additional parameters such as 

the activity of the multivalent salt, and the diffusion coefficient measured by approaches such as 

restricted diffusion. In addition, computer simulations that account for anion–solvent, cation–

solvent and cation–anion correlations are necessary to understand the molecular underpinnings of 

ion transport in electrolytes with multivalent star-shaped ions.
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