polymer

E LS EVI E R Polymer 40 (1999) 39453955
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Abstract

The pulsed field gradient spin echo technique has been used to measure the self-diffusion coeffiéigntSFoind protons in two
electrolyte solutions, based on LigF0; in either tetraglyme or N,N-dimethylformamide, respectively. In addition, the ionic conductivities
were determined by ac conductivity measurements and the viscosities with an Ostwald viscometer. Predicted values for the ionic conduc-
tivity were obtained from the n.m.r. diffusivities using the Nernst—Einstein equation and compared with those from direct measurements, to
provide estimates of the degree of ionic association as a function of temperature and salt concentration. The possible correlations between
solution viscosity and the self-diffusion coefficients of the ions were explored on the basis of the Stokes—Einstein equation. Finally, the
results were considered in the light of previously reported Raman spectroscopy measurements and in terms of the Walden product of the
molal conductivity and viscosity of the electrolyt®.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction ’Li and *°F nuclei on the basis of the Nernst—Einstein equa-
tion. Next, the possible correlation between the measured
Recent research on ionically conducting polymers at macroscopic viscosity of the electrolyte solutions and the
Leeds University has concentrated on the development ofself-diffusion coefficients of the ions and protons is consid-
polymer gel electrolytes [1,2]. It has been shown that poly- ered by application of the Stokes—Einstein equation,
vinylidene fluoride (PVDF) can be dissolved in an electro- making the simplistic assumption that the macroscopic visc-
lyte solution at high temperatures to form a osity can replace the microscopic viscosity experienced by
thermoreversible gel with excellent mechanical properties the diffusing ions and solvent molecules. Finally, the impli-
on cooling. Furthermore, for selected electrolyte solutions, cations of the n.m.r. results for understanding the effect of
notably lithium trifluoromethanesulphonate (lithium salt concentration on the molal conductivity are considered
‘triflate’ (LiT), LICF3SQ;) in tetraglyme (TG) or N,N- in the light of the Walden product and Raman spectroscopy
dimethylformamide (DMF), very satisfactory levels of measurements.
ionic conductivity were obtained (approx. 10Scm ! at
room temperature).
N.m.r. pulsed field gradient spin echo measurements offer 2. Experimental
the opportunity to obtain quantitative measurements of ionic
diffusion coefficients to compare with measurements of 2.1. Preparation of samples

ionic conductivity and hence gain understanding of the o _ _ _ o

concentration and temperature. vacuum oven at 13C for 48 h prior to dissolution in the
In this paper the self-diffusion coefficients @fi, **F and solvents. Tetraglyme and DMF were also obtained from
protons in the two liquid electrolyte systems are compared Aldrich and stored over a molecular sieve prior to use.
and the relationship between the measured ionic conductiv-  Liquid electrolytes in the molality rangan = 0.23—
ity and that predicted from the diffusion coefficients of the 1.88 mol.kg* (O:Li = 100:1 to 12:1) for TG andn =
0.14-4.56 mol.kg" (O:Li = 100:1 to 3:1) for DMF were

* Corresponding author. Tel.+ 44-113-233-3808; fax:+ 44-113-233- prepareq by dissolving L'T in the solvents. All s_ample
3809. preparation took place in an oxygen-free nitrogen
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Fig. 1. Comparison of proton, lithium and fluorine diffusion coefficients in
DMF/LIT liquid electrolytes. The solid lines represent the best fit lines of
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the data to Eqg. (1).
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Fig. 2. Comparison of proton, lithium and fluorine diffusion coefficients in
TG/LIT liquid electrolytes at salt concentrations of 12:1 and 18:1. The solid
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lines represent the best fit lines of the data to Eq. (1).

3.3

atmosphere in a glove box. For the n.m.r. measurements, the
liquid electrolytes were pipetted into 7-mm diameter n.m.r.
sample tubes to a depth of approximately 10 mm. The
samples were then subjected to several freeze—pump-—
thaw cycles to remove any dissolved oxygen before the
tubes were sealed.

2.2. N.m.r. measurements

The nuclei selective nature of n.m.r. has been used to
obtain separate measurements of self-diffusion coefficients
for solvent molecules' measurements), Fications (Li
measurements) and ¢¥0; anions {°F measurements) in
the liquid electrolytes by use of the pulsed field gradient
(PFG) spin echo technique [3].

This technique involves the application ofi@2( + x) rf
pulse at time zero, followed by#&( + y) pulse at timer so
that a spin echo is formed at time.an addition, a square
shaped field gradient pulse of magnitudeG and duration
d is applied between the two rf pulses and a second identical
gradient pulse is applied following the( + y) pulse at a
time A after the first one. The echo amplitude is attenuated
by an amount dependent on how much the position of the
spins has changed by the process of self-diffusion in the time
interval A. In practice it is found that unattenuated echoes
are more stable if a very small field gradient, G applied
rather than no field gradient at all. It can then be shown that
the attenuation of the echo amplitude is given by:

MG _ 2 ~22fs_ O
= MGy —exp{ v’D(G? — G3)8 (A 3)}

whereD is the self-diffusion coefficient angl is the gyro-
magnetic ratio of the spin.

Typically values of6 = 3 ms,A = 40ms andr = 30 ms
were used an@ could be controlled to 1 part in 4096 up to a
maximum of 2 Tm™. D is determined from the slope of a
graph of InRagainstG? — G2. The field gradient coils were
calibrated on a sample of distilled water at@5using the
diffusion data reported by Mills [4].

The diffusion measurements were carried out&tibter-
vals in the temperature range 35=8Qusing an extensively
modified Briker SXP-100 spectrometer with a resonance
frequency of approximately 100.6 MHz for protons,
95.6 MHz for fluorine and 39.1 MHz for lithium. The
measurements were undertaken with the aid of a commercial
pulse programmer/data acquisition system run from a PC.

(€]

2.3. Viscosity measurements

Viscosity measurements were made using an Ostwald
Viscometer immersed in a temperature-controlled water
bath in the temperature range 0-80In samples of suffi-
ciently low viscosity, measurements were extended down to
—20°C by using a bath which contained a mixture of acet-
one and solid carbon dioxide. The Viscometer was cali-
brated using a sample of distilled water using published
data for the viscosity of water [5]. In this paper the results
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Table 1 o o ) o Li ¥ ions and CESO; ions in the DMF/LIT and TG/LIiT
Summary of activation energies (in units of kl.mylfor diffusion and  sglytions, respectively, at selected salt concentrations.
fluidity processes for DMF/LIT liquid electrolytes In each case the echo attenuation decayed exponen-

oLi Diffusion coefficient Fluidity tially with G2 — G5 as expected for a single diffusing
species.

Proton Fluorine Lithium A similar pattern of behaviour can be discerned for both
31 27.0 28.7 29.1 27.7 the polar solvent DMF and the less polar solvent TG. First,
4:1 23.8 22.3 24.1 22.6 the diffusion coefficients for the solvent molecules are
5:1 211 19.6 20.8 19.8 always greater than for the Liand CRSO; ions. Secondly,
61 17.2 16.5 18.1 17.0 there is a close correspondence between the values of the
9:1 14.6 161 18.9 135 lithium and fluorine diffusion coefficients with the fluorine
15:1 13.2 12.0 14.0 12.2 . -
33:1 125 — _ 10.9 values always greater than the lithium values, but becoming
50:1 12,5 — — 10.4 increasingly similar, in fact almost coincident, at the highest
100:1 12.0 — — 9.4 salt concentrations.
DMF 12.1 — — 9.8

As suggested by Clericuzio et al. [6] for electrolyte solu-
tions based on LiBE the fast diffusion coefficients observed
for the solvent can be attributed to the fact that the n.m.r.
measurements relate primarily to the larger number of
solvent molecules which are not solvating the salt. The
o somewhat larger diffusion coefficients for the fluorine ions
2.4. Conductivity measurements compared with the lithium ions is consistent with the view

- . - that some degree of association between the lithium ions
The ionic conductivities of the liquid electrolytes were o
and the solvent molecules is likely.

measured using a Schiumberger 1260 Impedance/gain-phase There are two possible explanations for the general obser-
analy_ser (f_requency_range_ 1 Hz-400 kHz). The sar_n_ple WS, ation that the fluorine and lithium diffusion coefficients
contained in ampdmed Philips PW9550/60 _conduct|V|ty ceI_I become increasingly similar in value with increasing salt
and after degassing on a vacuum line, remained sealed durln%oncentration. First, this could be due to an increase in

the experiment. The cell was immersed in a temperature-.” . L . . )
e . ; ionic association so that many ions pair and effectively
controlled bath containing a mixture of water and antifreeze . ) :
move as a single species. Secondly, this could be due to

nd m rements were taken rvals on a heatin . . . i
and measurements were taken ¥ fntervals on a heating correlated motion of the ions at high salt concentrations as

cycle in the temperature range20 to +80°C. Further ; )

details of the ionic conductivity experimental apparatus previously suggested by Boden et al. [7’8].’ on the basis of

have previously been provided in reference [1]. n.m.r. measu_re_ment_s on low molecular weight polyethylene
glycols containing LiT.

Fig. 1 and Fig. 2 also show that the Arrhenius plots for the
diffusion of each species at each salt concentration are
essentially linear, which suggests thermally activated
processes. Therefore the diffusion data have been fitted to
the Arrhenius equation:

Fig. 1 and Fig. 2 show the variation with temperature of

are presented in terms of the fluidities, where the fluidity
is defined as reciprocal viscosity.

3. Results and discussion

3.1. Proton,’Li and *°F self-diffusion measurements

the self-diffusion coefficients for the solvent molecules, p _— —Ep 2
D = Dgex (2
RT
Table 2 h ial fitti i f q
Summary of activation energies (in units of kJ.m9lfor diffusion and ) The preexpor.]entla .Ittlng parameteby, 'S_ ound to
fluidity processes for TG/LIT liquid electrolytes increase with increasing salt concentration for each

species in both liquid electrolytes, as do the activation
energies,Ep, which are given in Table 1 for the DMF/
Proton Eluorine Lithium LiT electrolytes and in Table 2 for the TG/LIT electro-
lytes. In both cases it can be seen that the activation energies

O:Li Diffusion coefficient Fluidity

12:1 24.0 25.0 21.0 219 for protons, fluorine and lithium ions are very similar

igi gig ;ig ;ig igi despite there being significant differences in the actual
241 20.7 — _ 18.3 values of diffusion coefficient. This may indicate that the
30:1 19.4 — — 16.6 mechanisms responsible for diffusion are similar for each
40:1 19.0 — — 16.4 species. For the DMF/LIT electrolytes, it appears that the
60:1 18.1 - - 156 activation energy for lithium is marginally greater than that
#%0'1 1177_'3 _ : 115’_'3 for fluorine, which indicates a stronger association of the

lithium cation to DMF molecules.
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Fig. 3. Comparison of the measured ionic conductivity to the ionic conduc- Fig, 5. Behaviour of the Nernst—Einstein deviation parameter with salt

tivity calculated from the Nernst—Einstein equation using fluorine and ¢oncentration and temperature for DMF/LIT liquid electrolytes.
lithium diffusion coefficients for DMF/LIT liquid electrolytes.

3.2. Mean displacements of species during diffusion

experiments

argument [9], it can be shown that the mean displacement,
d, of a diffusing particle in a timécan be approximated as:

d =+ Ad? = /6Dt )

The measurement of diffusion coefficients allows us 10 \yhere Ad? is the mean square displacement dhds the
calculate the mean displacements of diffusing species ongjfysion coefficient. The timescale that should be substi-
different experimental timescales. Using a random walk {ted into Eq. (3) for the diffusion experiments is the diffu-
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Fig. 4. Comparison of the measured ionic conductivity to the ionic conduc-
tivity calculated from the Nernst—Einstein equation using fluorine and
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3.3

sion time of the PFG n.m.r. experiments, giveri syA — 3/3,
which is of the order of 40 ms.

Displacements in the range 3.2—2ih and 4.8—1%um
are calculated for DMF and TG molecules, respectively,
with the larger displacements occuring at higher tempera-
tures and lower salt concentrations. The displacements of
Li * and CRSQ; ions in both electrolytes are slightly smal-
ler than those of solvent molecules, but are still of the order
of a few microns.

3.3. lon mobility and ionic conductivity: use of Nernst—
Einstein equation

A calculated route to the ionic conductivity can be
derived from the Nernst—Einstein equation
o= %[D(Lﬁ) + D(CFR:SG3)]
where n is the number of anions and/or cations per unit
volume of solution,q is the charge on each ion and
D(Li ) and D(CF;SQ;) are the diffusion coefficients of
the cation and anion, respectively. Because the n.m.r. tech-
nigque does not distinguish between a free ion and an ion pair
or correlated motion of anions and cations in neutral pairs or
clusters, the ionic conductivityy.,. calculated from the

4
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0.90 —— T increased association of the ions under these conditions
that lead to a greater proportion of currentless diffusion.

For the TG/LIT electrolytes, values défin the range 0.8—
0.88 | R 0.9 are obtained, depending on the salt concentration and

. temperature, indicating a large degree of currentless diffu-

. . a sion in the TG/LIT electrolytes at these high levels of salt
. . concentration. This range of values fdris in good agree-
0.86 1 . . 1 ment with values calculated on other related systems.
¢ s ° * Cruickshank [11] reported values afof the order of 0.82
for end-esterified PEG with a molecular weight of 200,
0.84 | * J salted with lithium triflate to a concentration of O:k&

. 12:1. A value ofA = 0.87 has been reported for a LiBF
a e 1211 TG system at 2C salted to a concentration of 4.2% salt
P * © 18 | content by weight [6].

‘ Fig. 6 shows that the value afand hence the proportion
of currentless diffusion for the TG/LIT electrolytes
increases as the temperature increases and also as the salt
0.80 —_— concentration falls. This is in good agreement with the

30 35 40 45 50 55 60 65 70 75 80 85 trends reported by Cruickshank in his studies of low mole-
cular weight PEGs salted with LiT [11].

The calculations ofA highlight both similarities and
Fig. 6. Behaviour of the Nernst—Einstein deviation parameter with salt differences in the behaviour of ionic association in DMF/
concentration and temperature for TG/LIT liquid electrolytes. LiT and TG/LIT liquid electrolytes. For both electrolyte

systems, the trends iA suggest that ionic association is
n.m.r. data as the basis of Eq. (4) is often found [7,8] to be increasing with increasing temperature. However, the trends

Nernst—Einstein deviation parameter, A
L
[ ]

Temperature (°C)

higher than that measured directtyyeqs By definingA by: in A with salt concentration suggest that ionic association is
increasing with increasing salt concentration for the DMF/
Omeas= Ocalc(1 — 4) ) LiT electrolytes, but is decreasing with increasing salt

concentration for the TG/LIT electrolytes.

A is a parameter which is a measure of ionic association, The trend of increasing ionic association with increasing
taking a value oA = 0 for an electrolyte in which the saltis  temperature is somewhat counter intuitive—one might
fully dissociated, withA — 1 for complete association of expect the increasing thermal energy of the electrolyte to
ions in neutral pairs or clusters. disrupt the formation of ion pairs. However, this is beha-

In Fig. 3, the measured conductivity [10] for DMF/LIT  viour that has been widely observed in other electrolyte
liquid electrolytes at three salt concentrations over the systems [12-16], and can be related to thermodynamic
temperature range used in the n.m.r. diffusion measurementsffects [17,18]. In the model of Nitzan and Olender [17]
is shown, together with the conductivity calculated from the in which the dissolved salt dissociates to free ions
Nernst—Einstein equation from the measured lithium and according to MA= M* + A, the free energy of formation,
fluorine diffusion coefficients. An equivalent plot for TG/ AG° is given byAG® = AH® — T AS’. The equilibrium
LiT liquid electrolytes is shown in Fig. 4. In both cases, the constantK, which relates to the experimentally deter-
plots show a clear difference between the measured andmined free and associated ion concentrations, is given by
calculated conductivity for each salt concentration, with K = exp(~AG%RT). Assuming thatAH® and AS® do not
the implication being that the Nernst—Einstein relation depend on temperature, the chang& iwith temperature is
does not hold for either DMF/LIT or TG/LIT liquid electro-  given byd(InK)/dt = AH%RT? and the temperature depen-
lytes at these high levels of salt content. Therefore, to obtain dence of the observed change in ionic association is there-
a quantitative measure of ionic association and how this fore determined byAH®. This enthalpy change includes an
changes with salt concentration and temperature, Eq. (5)energy termAHg associated with the salt dissociation reac-
was used to calculate the discrepancy fadtoifhe varia- tion which is expected to be positive, but this is outweighed
tion of A with salt concentration and temperature is shown by a negative contribution to the enthalgyily = pAV due
in Fig. 5 for DMF/LIT electrolytes and in Fig. 6 for TG/LIiT  to electrostriction with a decrease in volume accompanying
electrolytes. ion solvation. Thus, an overall negativiH® leads to a

In the case of the DMF/LIT electrolytes, the valuesdof  decrease in free ion concentration with temperature, as
vary from 0.43 to 0.75, depending on the salt concentration observed. It has also been pointed out by Forsyth et al.
and temperature. Inspection of Fig. 5 indicates an increase[19] that the reduction in dielectric constant of a solvent
in the value ofA as the temperature increases and as the saltwith increasing temperature also favours the formation of
concentration is increased. This implies that there is jon pairs.
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ionic melt, conduction takes place when an ion diffuses into
a vacancy. In this case the currentless diffusion is due to the
correlated motion of ions, which occurs when a cation and
anion simultaneously move into a vacancy of sufficient size
to accommodate both ions [27], rather than being due to the
formation of discrete uncharged ion pairs. Boden et al. [7,8]
proposed that as the proportion of solvent in an ionic melt-
like electrolyte is increased (i.e. as the salt concentration is
reduced), the correlated motion increases because the
increased amount of solvent serves to disrupt the symmetry
of the Coulombic fields surrounding the ions.
Bruce and Vincent [28] suggested that it is likely that

several mechanisms are responsible for the rise in molal

o 9 - conductivity observed for electrolytes with a low dielectric
21 9 s \\ constant and concurred with Boden et al. [7,8] that at high

+ 33 levels of salt concentration these electrolytes are better
1F ° sot - described as ionic melts.

v toon Examination of the plot ofA against salt concentration
oL . e for the TG/LIT electrolytes [10,29] indicates that for the salt
2.8 3.0 3.2 3.4 3.6 38 concentrations for which values &f have been calculated

from Eg. (5), we are situated in the high salt concentration
region whereA is falling with increasing salt concentration
due to the rapid increase in solution viscosity. However, the
values ofA suggest that the ionic association is continuing
to decrease with increasing salt concentration in this region,
Prior to any attempt to explain the fall ik with increas- suggesting that the mechanisms responsible for the rise in
ing salt concentration in the TG/LIT electrolytes, it is first at lower salt concentrations (whether they be the formation
worth considering the behaviour of the molal conductivity, ofion triplets, re-dissociation of ions or trends towards ionic
A = o/m, for electrolytes where the solvent has a low melt-like behaviour) are continuing to occur at higher salt
dielectric constant [20,21] or more specifically, where the concentrations, but are masked by the rapid increase in
solvent is a low molecular weight polyether [22,23]. In the viscosity of the electrolytes in this region.
case of low molecular weight polyether electrolytes, the  The increase in ionic association as the salt concentration
molal conductivity was found to fall with increasing salt increases for the DMF/LIT systems is consistent with the
concentration at low salt concentrations, before passingbehaviour of ‘strong’ electrolytes [30]. In strong electrolytes
through a minimum and starting to rise again. At higher the salt s fully ionized at all salt concentrations and a fall in
salt concentrations\ passed through a broad maximum molal conductivity with increasing salt concentration
before falling away with further increases in the salt concen- (which has been observed for the DMF/LIT electrolytes
tration. This type of behaviour of with salt concentration  [10,29]) is due to the formation of contact and/or non-
has also been observed by Hall et al. [24] in Leeds in their contact (solvent-shared or solvent-separated) [31] ion
studies of LiCIQ and LiBF, in tetraglyme. pairs, thus reducing the number of potential conducting
The initial fall in A with increasing salt concentration was species in the electrolytes. At higher salt concentrations
attributed to the formation of ion pairs and the final fall to a reductions in the mobility of the ions as the viscosity rapidly
rapid increase in the viscosity at high salt concentrations. increases will, as in the case of low molecular weight poly-
There have been a number of proposals put forward to ether electrolytes, also serve to reduce the molal conductiv-
explain the rise inA at intermediate salt concentrations. ity with increasing salt concentration.
The first proposal, by Fuoss and Kraus [25] was that the
rise in A was due to the increased Coulombic forces 3.4. Correlations between ion diffusion and viscosity
between free ions and ion pairs as the salt concentrationmeasurements: use of Stokes—Einstein equation
increased which resulted in the formation of charged ion o )
triplets. It has also been suggested that the risA imay A route to obtaining a molecular understanding of the

be due to a re-dissociation of the ion pairs [23] owing to a ionic conductivity is to ex_plor_e the_ relationship _betyveen
rise in the dielectric constant of the polyether with increas- e measured macroscopic viscosity and the diffusion of
ing salt concentration [26]. the ions and solvent molecules through use of the Stokes—

A further possible explanation is that at high salt concen- Einstein equation:
trations the electrolyte is better described as an ionic melt, in kT
which small amounts of solvent have been dispersed. In anP = 6ma ©®)

10°/T (K™)

Fig. 7. Arrhenius plot of the fluidities of DMF/LIT liquid electrolytes. The
solid lines represent the best fit lines of the data to Eq. (6).
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o, fits very well to an Arrhenius equation:

b= ¢oexi{—%]

where ¢q increases with increasing salt concentration, as
doesE,, which reflects increasing ion—ion and ion—solvent
interactions. These results are shown in Fig. 7, with the
activation energies given in Table 1.

Similar viscosity data for the TG/LIiT electrolytes are
shown in Fig. 8. There is, however, a difference from the
DMF/LIT electrolytes in that the TG/LIiT temperature
dependence plots show curvature, suggesting that a
Vogel-Tamman—Fulcher (VTF) type model [32-34] is
appropriate so that:

(N

H(T) = AT‘”exp{ - ] (8)

T-To
Previous research [29] has suggested that for the TG
systemsT, andA are constants, independent of salt concen-
tration, wherea® (often referred to as a pseudo activation
energy) increases linearly with increasing salt concentra-
tion.
In the case of proton diffusion coefficients, which are

temperature range over which the n.m.r. measurements were taken is als@vailable over the entire concentration range in addition to

indicated.

which relates the fluidityb to the diffusion coefficienD and
the effective radiusa, of the diffusing species.

The viscosities of the DMF/LIT liquid electrolytes were
measured at six temperatures in the range 0669 he

the solvents themselves, their values may be normalized
with respect to their values in the pure solvent, and these
may be directly compared with normalized fluidity values.
The results of the normalization at“8are given in Fig. 9

for the DMF/LIT electrolytes. There is good agreement in
the behaviour of the proton diffusion and fluidity over the

temperature dependence, expressed in terms of the fluidityentire concentration range, giving an initial indication that
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Fig. 9. Comparison of the behaviour of the fluidity and proton diffusion
coefficient with salt concentration in DMF/LIT liquid electrolytes af@5
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the processes of solvent diffusion and viscous flow are
related. Similar results have been obtained for the TG/LIT
electrolytes.

To compare the behaviour of the diffusion of the ions with
that of the fluidity (and further compare the solvent diffusion
and fluidity) as the salt concentration changes, the natural
logarithm of each of the proton, lithium and fluorine diffu-
sion coefficients has been plotted against the natural loga-
rithm of the viscosity at a temperature of °85 Fig. 10
shows this plot for the DMF/LIT electrolytes, with the
plot for the TG/LIiT systems shown in Fig. 11. If the
Stokes—Einstein equation is valid in these systems, with a
constant radius of diffusing species at all salt concentrations
at 35C, a gradient oft-1 would be expected in the plots and
this is indicated by the dotted lines on the figures. However,
for both electrolytes the best linear fit to the plots (indicated
by the solid lines) gives slightly shallower gradients for all
diffusing species. This implies that either the measured
viscosities are not a completely reliable measure of the
‘microscopic’ viscosity experienced by diffusing solvent
molecules and ions, or that the effective radius of diffusing
species is changing as the salt concentration of the electro-
lytes changes.

For both DMF/LIT and TG/LIT electrolytes, the tempera-

Each value has been normalized with respect to its value in unsalted DMF. ture dependence of the diffusion coefficients and the fluidity
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Fig. 10. Plot of the natural logarithm of the diffusion coefficient of protons,
lithium and fluorine against the natural logarithm of the fluidity for DMF/
LiT liquid electrolytes. The solid lines represent the best linear fits to the
data and the dashed lines have a gradient-df, predicted by the Stokes—
Einstein equation.
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Fig. 11. Plot of the natural logarithm of the diffusion coefficient of protons,
lithium and fluorine against the natural logarithm of the fluidity for TG/LIT
liquid electrolytes. The solid lines represent the best linear fits to the data
and the dashed lines have a gradient of 1, predicted by the Stokes—
Einstein equation.
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Table 3

Effective spherical radii of diffusing DMF molecules, Lions and CESO;

ions in DMF/LIT electrolytes, calculated using experimental measurements
of diffusion coefficient and viscosity in Eq. (6)

O:Li T/°C Radius/A
DMF Li* CRSGO;
3:1 35 1.34 2.35 2.26
65 1.44 2.22 2.23
6:1 35 1.78 3.13 2.37
65 1.75 2.99 2.35
15:1 35 1.87 4.20 2.77
65 1.99 4.49 3.00
DMF 35 1.74 — —
65 1.64 — —

can be compared. In the case of the DMF/LIT electrolytes,
both the fluidity and diffusion of solvent molecules and ions

exhibit Arrhenius-type temperature dependence and the
activation energies obtained from the fits to the data can
be directly compared.

The values of activation energies for diffusion and fluidity
for DMF/LIT electrolytes, shown in Table 1, indicate that at
low salt concentrations, the activation energy for proton
diffusion is consistently higher than that of the fluidity.
However, at high salt concentrations, the activation energies
for the fluidity become very similar to the activation ener-
gies for the diffusion of DMF molecules (which we have
already stated are reasonably similar to activation energies
for the diffusion of anions and cations).

In contrast, the fluidity of the TG/LIT electrolytes has
been found to be best modelled by a VTF-type equation
over the temperature range studied, whereas the diffusion
of all species is adequately fitted to an Arrhenius equation.
However, if we restrict the temperature range of the fluidity
measurements on the TG/LIiT electrolytes to that of the
n.m.r. diffusion measurements (as indicated in Fig. 8), the
data can be very well described by a thermally activated
process and very reasonable fits to Eq. (7) are obtained.
Comparison of the activation energies for diffusion and
fluidity over the restricted temperaure range (Table 2)
shows that the activation energies obtained from the fluidity
data are again consistently lower by approx. 2—3 kJ/mol
than those derived from the proton diffusion data.

It is therefore concluded that the activation energies asso-
ciated with the processes of viscous flow and solvent diffu-
sion are similar but not identical. This is not unexpected
because the viscosity measurements relate to the bulk move-
ment of the electrolyte solutions, whereas the diffusion
measurements are sensitive to the movement of individual
molecules over distances of the order of micrometres. There
is also the related issue of the effective frequency of the
macroscopic viscosity measurements compared with that
relevant to the mobility of the solvent molecules and ions.

It is therefore with some reservations that we combine
the viscosity measurements with the n.m.r. diffusion
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Fig. 12. Comparison of the effective radii of diffusing species in DMF/LIT
liquid electrolytes. The radii were determined using experimental diffusion
and viscosity data in the Stokes—Einstein equation.

coefficients in the Stokes—Einstein equation in order to
calculate the effective radius of diffusing species in the
liquid electrolytes and investigate the changes in its value
with changing temperature and salt concentration.

For the DMF/LIT electrolytes the effective radii obtained
for the various diffusing species at four salt concentrations
at 35 and 6%5C are summarized in Table 3. The values of a
few Angstroms for the radius of a DMF molecule or a
solvated ion are physically reasonable. Leng [35] estimated
a radius of 2.65 Afor tetraglyme molecules in electrolyte
solutions containing lithium perchlorate. Radii of 1.6dx
propylene carbonate, 6.1far Li * and 3.1 Afor BF, have

Table 4

Effective spherical radii of diffusing TG molecules, Lions and CESO;

ions in TG/LIT electrolytes, calculated using experimental measurements
of diffusion coefficient and viscosity in Eq. (6)

O:Li T/°C Radius/A
TG Li* CR:SOy
12:1 35 1.77 3.61 2.91
65 1.79 3.25 2.90
80 1.81 3.17 2.89
15:1 35 1.79 3.59 3.08
65 1.90 3.44 3.01
80 1.90 3.62 2.89
18:1 35 1.87 3.83 3.26
65 1.83 3.72 3.23
80 1.78 3.63 3.03
TG 35 2.08 — —
65 2.08 — —
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been estimated [6] for constituents of propylene carbonate/
LiBF, electrolytes at 2°C, salted to a concentration of 4.2%
LiBF4 by weight.

By examination of the effective radii of DMF molecules,
cations and anions at 35 and °65 (the two extreme
temperatures at which both viscosity and diffusion measure-
ments have been made) in Table 3, it appears that this
change in temperature has no significant effect on the effec-
tive radii of any of the diffusing species.

The effect of salt concentration on the effective radii of
DMF molecules, cations and anions at@5s shown in Fig.

12. Over the entire concentration range, the effective radii
calculated for diffusing Li ions are noticeably larger than
those calculated for diffusing G&O; ions, except at the
highest salt concentration, where the two radii are very
similar. There appears to be a general trend of a decrease
in the effective radii of both ions as the salt concentration is
increased, with the effect appearing to be the greatest for
Li " ions.

The higher diffusion coefficients measured for protons in
comparison with fluorine and lithium is reflected in the
lower effective radii calculated for diffusing DMF mole-
cules compared with the radii of the anions and cations. It
also appears that the effective radius of a diffusing DMF
molecule is relatively unchanged over the entire range of
salt concentrations studied, although at the highest salt
concentrations (above approximately O=%i 15:1), there
is perhaps an indication of a slight fall in the radius as the
salt concentration is increased. When the calculations of
radii of DMF molecules at all the salt concentrations are
considered it is found that the_mean value is (1¥8
0.06) Aat 35C and (1.81+ 0.07) Aat 65C.

The Stokes—Einstein equation has previously been
applied to the proton diffusion and viscosity data for the
TGILIT electrolytes [36], where it was found that the effec-
tive radii of diffusing tetraglyme molecules was invariant to
changes in both salt concentration and temperature. A& 35
the mean effective radius was found to be (1394.06) A
and at 80C the value was (1.9 0.05) A[36].

The Stokes—Einstein equation has now been used to esti-
mate the effective radius of diffusing cations and anions,
with the results at three temperatures summarized in Table
4, together with the calculated effective radii of TG mole-
cules. Once again physically reasonable sizes of the order of
a few Angstroms are calculated, with the effective radius of
the cation generally being slightly larger than that of the
anion at the same temperature and salt concentration.
There is no real evidence in the values presented in Table
4 to suggest dramatic changes in the effective radii of diffus-
ing cations or anions over the range of salt concentrations
and temperatures investigated, although there is perhaps a
slight trend towards the effective radii of both ions decreas-
ing as the salt concentration increases. However, in view of
the limited range of salt concentrations available for n.m.r.
measurements, it should be noted that this observation could
be simply the result of uncertainties in measured viscosities
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and diffusion coefficients, and therefore no great signifi- effective radii of diffusing cations and anions, suggested
cance should be made of this. by the Stokes—Einstein equation or the measured viscosities

Itis, however, perhaps a little surprising that the effective at higher salt concentrations deviating further away from the
radius of tetraglyme, which is a reasonably large solvent ‘microscopic’ viscosity experienced by the diffusing ions.
molecule, is of the order of 1.5-2 times smaller than the At salt concentrations of 6:1 and 4:1, the Walden product
effective radius of diffusing anions and cations. This is and Raman results indicate a fall in the free ion fraction as
consistent with the idea of ‘free’ tetraglyme molecules the temperature increases from 25 t6@0For this tempera-
contributing to the proton diffusion measurements (even at ture increase the fall in the free ion fraction was 23% and the
levels of salt concentration approaching the saturation Walden product fell by 33% for the 6:1 DMF/LIT solution;
limit), with the larger effective radius of ions accounted at a concentration of 4:1, the free ion fraction and Walden
for by a (partially) complete solvation shell which product fell by 24 and 23%, respectively. This can be
comprises tetraglyme molecules. The slightly larger effec- compared with the fall in (1A) for a temperature rise
tive radius of cations compared with anions may reflect a from 35 to 80C, which is calculated to be 13% for the
stronger attraction of tetraglyme molecules t6 tbmpared 6:1 electrolyte and 16% for the 4:1 electrolyte.

with CR;SG0;. We can also compare the trends Anfor the TG/LIT
electrolytes to the experimental evidence provided by
3.5. Comparison with other techniques Raman spectroscopic studies and Walden product interpre-

S o _ __ tations. The Raman studies at’@5show that the free ion
Patterns in ionic association in the DMF/LiT and TG/LIiT fraction is constant for low salt concentrations up to
liquid electrolytes have previously been reported using gpproximately 30:1, where the free ion fraction falls then
Raman spectroscopy measurements [37] and ‘Waldenjeyels off again at around 0.2. At this salt concentration

product’ interpretations [10,29]. there is a corresponding increase in the proportion of ions
In the case of the Raman measurements, Up to threepresent in contact pairs, which then remains approximately
components of the symmetric stretch of the;Sanit of constant at a value of 0.7. Higher ionic aggregates are only

the CRSO; anion were observed. These components were gpserved at salt concentrations of 15:1 and 12:1, but then
attributed to free anions, contact ion pairs and higher order gnly at a fractional content of less than 0.1. Throughout the
aggregates, with their relative concentrations determined by entire concentration range, the Walden product is observed
an analysis of the area of their respective peaks. to rise linearly with increasing salt concentration, which is

The ‘Walden product’ is the product of the molal conduc- iy good agreement with the fall iA with increasing salt
tivity, A, and viscosityn of an electrolyte [27]. Combina-  concentration.

tion of the Stokes—Einstein and Nernst—Einstein equations  The behaviour with temperature for the TG/LIT electro-

leads to the relationship: lytes is qualitatively the same for (A), the Raman free ion
52 fraction and the Walden product. As the temperature is

Anoc — 9 increased from 25 to 8C, the free ion fraction falls by
6ma 33% for the 12:1 salt concentration and the Walden product

whered is the fractional salt dissociatiod ¢c n/m). There- falls by 21%. At the same concentration, 4]} falls by 19%

fore, the Walden product is proportional to the fractional as the temperature rises from 35 tG@0

salt dissociation. Therefore, we can identify that for both DMF/LIT and

The Raman results for the DMF/LIT electrolytes at a TG/LIT electrolytes, the Walden product, Raman measure-
temperature of 2T indicate that contact ion pairs form at ments andA calculations are all, at least qualitatively, in
salt concentrations of 18:1 and above, with higher aggre- agreement that there is increased ionic association as the
gates forming at salt concentrations above 5:1. The propor-temperature increases. There is also qualitative agreement
tion of ions in contact ion pairs increases with increasing between the three measures of ionic association with chan-
salt concentration, which is consistent with the observed rise ging salt concentration for the DMF/LIT electrolytes.
in A as the salt concentration is increased. At a concentra-However, there are some differences in the behaviour of
tion of 3:1, 60% of ions are accounted for in the form of the three measures with changing salt concentration for
contact ion pairs, which is in good agreement with the value the TG/LIT electrolytes. The Walden product afccalcu-

A = 0.70, that was calculated for the 3:1 electrolyte at a lations both suggest that there is greater association as the
temperature of 3%. salt concentration decreases. In contrast, the Raman

An observed fall in the Walden product with increasing measurements indicate an overall trend of an increasing
salt concentration also indicates that there is less dissocia-number of ion pairs with increasing salt concentration,
tion of the salt as the salt concentration is increased in DMF/ although it should be noted that there is very little change
LiT electrolytes, although the results also provide evidence in the ionic composition of the electrolytes indicated by
of a levelling off in the fractional dissociation at concentra- these measurements over the range of salt concentrations
tions above approximately 5:1. This effect at higher salt covered by the n.m.r. lithium and fluorine diffusion
concentrations could, however, be due to a fall in the measurements.
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This highlights some of the concerns regarding Raman References
measurements on electrolyte systems. The Raman measure-

ments are sensitive to the relative proximity of the anions

and cations, whereas the n.m.r. measurements indepen-

dently measure the diffusion of the ions over distances of
the order of micrometres. Gray [38] points out that at high
levels of salt concentration, packing considerations mean
that there is significant anion—cation contact which will
affect the Raman measurements, although ionic interactions
are likely to involve correlated motions in addition to the
formation of discrete ion pairs. In addition, Boden et al.

[7] and Torrell et al. [14] have both suggested that the

timescale of the Raman measurements (picoseconds)

may be too short to probe ion—ion interactions which
are of sufficient duration to affect the ionic conductivity of
an electrolyte.

4. Conclusions

The diffusion coefficients of solvent molecules, Land
CF;SG; ions in electrolyte solutions of TG/LIT and DMF/
LiT over a range of salt concentrations and temperatures
have been measured using PFG n.m.r. In both electrolytes
the solvent diffusion coefficient is always greater than either
the cation or anion diffusion coefficient, reflecting a contri-
bution from ‘free’ solvent molecules. The value of the diffu-
sion coefficient for CESO; ions in both electrolytes is, in
turn, always greater than that for Lions, although at the
highest salt concentrations the two become almost coinci-
dent, representing an increase in ionic association or corre-
lated motion of the ions.

The issue of ionic association was probed using the ionic
conductivity and diffusion data in the Nernst—Einstein equa-
tion. For both electrolytes, ionic association is seen to
increase with increasing temperature, which is consistent
with previous results from Raman spectroscopy measure-
ments and Walden product interpretations. However, ionic
association is seen to increase with increasing salt concen
tration for the DMF/LIT electrolytes but to decrease for the
TGI/LIT electrolytes. The behaviour of the DMF/LIT elec-
trolytes is typical of ‘strong’ electrolytes, whereas the TG/
LiT electrolytes at high levels of salt concentration are
better described as ionic melts.

Correlations between the macroscopic property of fluidity
and the microscopic property of diffusion have been
obtained, with small deviations from the Stokes—Einstein
equation with salt concentration and temperature being
attributed to the very different length and time scales over
which the measurements were taken.
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