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ABSTRACT: Connecting continuum-scale ion transport properties such as con- | PEO- PFPE PEO PF,::E
ductivity and cation transference number to microscopic transport properties such as . =

ion dissociation and ion self-diffusivities is an unresolved challenge in characterizing -_) -9
polymer electrolytes. Better understanding of the relationship between microscopic and Li* =3
continuum scale transport properties would enable the rational design of improved |™ .. ngher = P p—

electrolytes for applications such as lithium batteries. We present measurements of
continuum and microscopic ion transport properties of nonflammable liquid electrolytes consisting of binary mixtures of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and perfluoropolyethers (PFPE) with different end groups: diol, dimethyl
carbonate, ethoxy—diol, and ethoxy—dimethyl carbonate. The continuum properties, conductivity and cation transference
number, were measured by ac impedance spectroscopy and potentiostatic polarization, respectively. The ion self-diffusivities were
measured by pulsed field gradient nuclear magnetic resonance spectroscopy (PFG-NMR), and a microscopic cation transference
number was calculated from these measurements. The measured ion self-diffusivities did not reflect the measured conductivities;
in some cases, samples with high diffusivities exhibited low conductivity. We introduce a nondimensional parameter, f3, that
combines microscopic diffusivities and conductivity. We show that f# is a sensitive function of end-group chemistry. In the
ethoxylated electrolytes, /3 is close to unity, the value expected for electrolytes that obey the Nernst—Einstein equation. In these
cases, the microscopic and continuum transference numbers are in reasonable agreement. PFPE electrolytes devoid of ethoxy
groups exhibit values of § that are significantly lower than unity. In these cases, there is significant deviation between microscopic
and continuum transference numbers. We propose that this may be due to electrostatic coupling of the cation and anion or
contributions to the NMR signal from neutral ion pairs.

B INTRODUCTION clustering, and diffusion of salt ions in the polymer matrix. One
approach for obtaining some of this information is pulsed field
gradient nuclear magnetic resonance spectroscopy (PFG-
NMR)."”™"" Other studies have provided insight into ion
dissociation and clustering in polymer electrolytes using
. . 18—21 . .

spectroscopic techniques, molecular dynamics simula-
. 15,22 . 2324
tions, X-ray and neutron scattering, and more recently
developed methods such as electrophoretic NMR.*>~**

In simple dilute electrolytes containing fully dissociated
species, the Nernst—FEinstein equation can be used to relate

There is continuing interest in developing new ion-conducting
polymer electrolytes for lithium batteries.'~* Polymer electro-
Iytes typically comprise a lithium salt dissolved in a polymer.
Most studies on electrolyte characterization only report ionic
conductivity, o, a property that is measured by ac impedance
using blocking electrodes such as stainless steel or nickel.
However, in the continuum limit, complete characterization of
electrolytes requires the measurement of two additional
transport properties: salt diffusivity, D, by restricted diffusion,

and cation transference number, f,, by combining concen- conductivity and ion diffusivity.”'? This framework does not
tration cell data with galvanostatic polarization.’™ These necessarily apply to concentrated electrolytes or electrolytes
experiments are more challenging because they involve that contain ion clusters. There is also a lack of understanding
contacting the electrolyte with lithium metal electrodes, of the relationship between ion self-diffusion coefficients
which are highly reactive.'”'" Rational design of new polymer

electrolytes will only be possible when the relationship between Received: February 25, 2016

these transport properties and molecular structure is estab- Revised:  April 18, 2016

lished. This requires understanding the state of dissociation, Published: April 29, 2016
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Table 1. Electrolytes Used in the Study”
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“Functional groups containing ethylene oxide moieties are shown in blue. Dimethyl carbonate groups are shown in red.

measured in PFG-NMR and the salt diffusion coefhicient
measured by restricted diffusion. While some papers on
polymer electrolytes report on properties beyond conductivity,
few studies fully characterize systems at the continuum level,
and fewer still attempt to characterize systems at both the
continuum and molecular level. To our knowledge, complete
characterization of the continuum properties of polymer
electrolytes has only been done in two systems, both based
on poly(ethylene oxide) (PEO), a widely characterized polymer
electrolyte material.”>” While the same electrolytes have been
studied by PEFG-NMR,** ™" the relationship between molecular
parameters, e.g. the self-diffusion coefficient of the ions, and
continuum transport parameters, e.g. D, has not yet been fully
established. Furthermore, electrolytes based on PEO mixed
with low lattice-energy lithium salts such as lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI), are thou%ht to
exhibit low ion pairing at practical concentrations.”””* This
simplification may not be generally applicable to concentrated
polymer electrolytes.

In this paper, we measure ¢ by ac impedance and estimate ¢,
by potentiostatic polarization in a systematic series of
electrolytes based on perfluoropolyethers (PFPEs). Specifically,
we study binary mixtures of LiTFSI and four PFPEs with
different end groups: diol (PFPEp,,-Diol), dimethyl carbonate
(PFPEp,(-DMC), ethoxy—diol (PFPEg,,-Diol), and ethoxy—
dimethyl carbonate (PFPEg;;-DMC). Many ether and carbo-
nate-based molecules have good ion transport characteristics.
By incorporating these functional groups into the end-group
moieties of the PFPE electrolytes, we explore their effects on
ion transport properties. We find that changes in the end
groups have a significant effect on both ¢ and t,. Measurements
of the self-diffusion coeflicients of the ions by PFG-NMR
provide some insight into the relationship between microscopic
phenomena and continuum transport. The nonflammable
nature of PFPE is a promising characteristic for developing
intrinsically safe rechargeable lithium batteries.'”**~*

B EXPERIMENTAL SECTION

Materials. The chemical structures of the PFPE electrolytes are
given in Table 1. The polymers PFPEp, y-Diol and PFPEg,,-Diol were
purchased from Santa Cruz Biotechnology and Solvay-Solexis,
respectively. However, Santa Cruz Biotechnology and Solvay-Solexis
no longer sell these polymers. The polymers PFPEp,,-Diol and
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PFPEg,-Diol were chemically modified to convert the diol groups to
dimethyl carbonate. The approach used for synthesis and character-
ization of these polymers are discussed in refs 37 and 41. The PFPEg,,
polymers have backbones that are chemically similar to the PFPEp ),
polymers and ethylene oxide moieties that are chemically similar to
PEO. For comparison to the PFPEp, and PFPEg, electrolytes, we
characterize the transport properties of a PEO electrolyte. With the
exception of ionic conductivity which was measured at 28 °C, the
transport properties of the PFPE electrolytes were measured at 30 °C,
at a LiTFSI concentration of 9.1 wt % (0.57 M for PFPE},, polymers
and 0.56 M for PFPEg,, polymers). The PEO sample used in this
study was purchased from Sigma-Aldrich and had a viscosity-averaged
molecular weight of approximately 5000 kg mol™". The transport
properties of a 12.7 wt % (0.56 M) LiTFSI/PEO mixture were
measured at 90 °C, above the melting point of the electrolyte.

Because LiTFSI is extremely hygroscopic, materials were thoroughly
dried prior to use and maintained in an air-free environment during
preparation and characterization. Salt was dried at 120 °C and PFPE
was dried at room temperature, both for 72 h, in the vacuum
antechamber of an Ar glovebox with O, and H,O levels maintained
below 1 ppm. Electrolytes were prepared by directly mixing salt into
the PFPE liquid and stirring at 60 °C for 48 h. The as-received PEO
contained butylated hydroxytoluene (BHT) inhibitor, which was
removed by rinsing 3 g of polymer with 500 mL of acetone. The PEO
was dried at 90 °C under vacuum for 24 h. Salt and PEO were
dissolved in anhydrous 1-methyl-2-pyrrolidone (NMP) and cast into a
polytetrafluoroethylene dish. The NMP was evaporated for 72 h at
90 °C in an Ar environment and then for an additional 72 h at 90 °C
under vacuum. The concentrations of water, solvents, and, in the case
of PEO, BHT were below the detection limit of 'H NMR in the
electrolytes.

Electrochemical Characterization. For electrochemical measure-
ments, three samples were measured and averaged, and the standard
deviation of the three measurements is reported as the error. The ionic
conductivities of the PFPE electrolytes were measured by ac
impedance spectroscopy in home-built liquid cells with two stainless
steel electrodes of unequal area at 28 °C.*” Cell constants were
determined by modeling the current distribution using Laplace’s
equation and calculating the effective cross-sectional area. A
description of the cells and the methods used to determine the cell
constants are given in ref 42. The amplitude of the ac input signal was
20 mV, and the frequency was varied from 1 MHz to 1 Hz using a
potentiostat (Bio-Logic VMP3). The conductivity was determined by
taking the minimum in a Nyquist plot of the magnitude of the
imaginary impedance versus the real impedance.

Potentiostatic polarization was performed on 2325 coin cells, using
a potentiostat (Bio-Logic VMP3). Lithium foils 150 ym thick (MTI
Corporation) were used as the electrodes, and the PFPE electrolytes
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were contained in a Celgard 2500 separator (a polypropylene film with
25 pm thickness and SS % porosity). The area of the electrodes was
2.39 cm’. Samples were annealed at 50 °C for 24 h prior to
measurement at 30 °C. The ac impedance and potentiostatic
polarization experiments on the PEO electrolyte were measured in
hermetically sealed lithium—lithium pouch cells using similar
techniques to those described above; samples were annealed at 90
°C for 24 h prior to measurement at 90 °C. The conducting area in the
pouch cells was 0.32 cm® The ac impedance spectroscopy measure-
ments were performed prior to the potentiostatic polarization. Cells
were polarized using potentials, AV, of 40 and 80 mV to confirm that
measured jon transport characteristics were independent of the
magnitude of the applied potential. The numbers reported herein are
from the experiments using 40 mV; however, data obtained with 80
mV were within the experimental error of the measurements at 40 mV.
Current was monitored during polarization using a time interval of 1 s,
and potential was applied for 30 min, until steady state was reached.
The cell resistances were monitored as a function of time by
performing ac impedance spectroscopy at t = 0.5, 15, and 30 min
during polarization. The center of the ac signal was offset by AV to
minimize the effect of ac impedance measurement on the polarization
signal. The input signal for ac impedance was 10 mV, and the
frequency was varied from 1 MHz to 250 mHz.

In the absence of concentration polarization, current is given by

Ohm'’s law (eq 1):

AV
Ry,

Io

(1)

where AV is the applied potential and Ry, is the initial total cell

resistance measured by ac impedance spectroscopy. Following Bruce

and Vincent, the transference number determined by potentiostatic
ization. £ is oi 43,44

polarization, t,”, is given by eq 2.

PP _ ISS(AV - IORi,O)
= —
I(AV — ISSRi,SS)

otal

@)

Here, the initial current measured at t = 1 s is I, the steady state
current measured at ¢ = 30 min is I, the initial interfacial resistance is
Ry, and the steady state interfacial resistance is R;gs. The interfacial
impedance was determined by taking the difference between the
abscissa values of the minima at the bounds of the low-frequency
semicircle of Nyquist plots.

Diffusivity Measurements. NMR measurements were performed
on a Bruker Avance 600 MHz spectrometer with a Z-gradient direct
detection broad-band probe. Temperature was maintained throughout
the experiments using a variable temperature unit. The isotopes "Li
and 'F were used to probe the diffusion of lithiated and fluorinated
species. Lithium-containing ions produced peaks around 233 MHz and
fluorine-containing ions produced peaks around 565 MHz. A bipolar
pulse longitudinal-eddy-current delay sequence was used to measure
the diffusion coefficients DNR.** The attenuation of the echo E was fit
to

E= e—yzgzazp,”MR(A—é/a—r/z) 3)
where 7 is the gyromagnetic ratio, g is the gradient strength, ¢ is the
duration of the gradient pulse, A is the interval between gradient
pulses, 7 is the separation between pulses, and DM® is the diffusion
coefficient of the cation (DYM®) or anion (DMM®). The 90° pulse
lengths were optimized for each sample to achieve maximum signal
amplitude, and T relaxation times were independently measured for
each sample nuclei using inversion—recovery (180—7—90—acq) to
ensure the choice of an appropriate diffusion time interval A. The
acquisition parameters were diffusion intervals A = 0.3—0.6 s and pulse
lengths 6 = 10—20 ms. For each diffusion calculation, gradient strength
was varied up to 0.5 T m™' over 32 separate measurements, and the
change in amplitude of the attenuated signal as a function of gradient
was fit to obtain the parameter D™®. The measured signal
attenuations were single-exponential decays with fit errors less than
2% ("F) and 4% ("Li). The gradient strength, g, was calibrated using
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an ethylene glycol standard. Because of the complexity and length of
the PFG-NMR measurements at slow diffusion times, single data
points are presented for each PFPE measurement. The methods used
to validate the ion diffusivity measurements are described in ref 32. Ion
diffusivity measurements were performed for a PEO/LiTFSI mixture
in addition to the PFPE electrolytes, and the ion diffusivities obtained
for the PEO electrolyte are in good agreement with those reported in
the literature.’*™>> The diffusivity values were found to be
independent of 6 and A. The cation transference number measured
by NMR, which we refer to as ™%, is calculated using eq 4.

DNMR
tNMR — +
* DYMR 4 pNMR (4)
B RESULTS

In Figure 1, ionic conductivities measured at 28 °C are plotted
for each PFPE electrolyte. The ionic conductivity values in

4
10 E ' ' '
6:
A ¢
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5 :
n 10 F
© 41+ § i
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Figure 1. Ionic conductivities measured at 28 °C and 9.1 wt % salt
loading (0.56 M for PFPE,, and 0.57 M for PFPEg ) are plotted for
each perfluoropolyether electrolyte. Ionic conductivities were averaged
over three samples, and error bars represent the standard deviation of
the measurements.

Figure 1 for the PFPEp -Diol and PFPEp;-DMC are in
agreement with the values published earlier in ref 37. The ionic
conductivities of the PFPEg,,-Diol and PFPEg,,-DMC electro-
lytes are approximately an order of magnitude higher than the
ionic conductivities of the PFPEp,,-Diol and PFPEp,,-DMC
electrolytes. The ethoxylation of the PFPE chain has a
significant effect on the ionic conductivity, even though on
average the number of ethoxy repeat units, g, is only two per
chain end (see Table 1). The ionic conductivity of PEO was
found to be (1.1 + 0.3) X 107> S cm™ at 90 °C, a value that is
similar to previous measurements reported for high molecular
weight PEQ at similar temperature and LiTFSI concentration.*®

The self-diffusivities of the salt cation and anion in PFPE
electrolytes measured at 30 °C are shown in Figure 2. Typical
’Li and ""F NMR spectra are given in the Supporting
Information (Figure S1). The diffusivities of the ions in
PFPEp,o-Diol, PFPEg,,-Diol, and PFPEg,-DMC electrolytes

DOI: 10.1021/acs.macromol.6b00412
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Figure 2. Diffusivities of Li and TFSI ions, measured by "Li and '°F
NMR at 30 °C, are plotted for each PFPE electrolyte.

are similar (between 1.7 X 107 and 3.9 X 107 cm?® s7%).
Surprisingly, the ions in PFPEp;;-DMC have the highest
diffusivity (both at 8.5 X 10™® cm® s7'). The effect of end
groups on conductivity and ion diffusion are qualitatively
different (compare Figures 1 and 2). PFPE,,-Diol is the most
conductive electrolyte, while self-diffusion of salt ions is
maximized in PFPEp,,-DMC. For completeness, we also report
the diffusivities of ions in PEO: 1.4 X 1077 cm? s™* for Li* and
5.6 X 1077 cm? s™* for TFSI™ at 90 °C. These values are similar
to those obtained in the literature.’* ™

For ideal dilute binary electrolytes, the relationship between
ionic conductivity and diffusivity is given by the Nernst—
Einstein relationship:’

F*«(D, + D_)
cC= —-
RT (5)

In eq S, F is Faraday’s constant, ¢ is the bulk molar salt
concentration, R is the gas constant, T is temperature, and D,
and D_ are the self-diffusivities of the cation and anion. The
cation and anion diffusivities presented in Figure 2 are DYM*
and D™R which, in general, are not equivalent to ion self-
diffusivities, D, and D_. We could not distinguish associated
and dissociated ions in the "Li or '’F NMR spectra in this study
(Figure S1). Thus, if ion pairing is prevalent in the electrolyte,
then the diffusivities measured by NMR, DYMR and DMK
reflect the diffusion of neutral ion pairs, D,, and dissociated
ions, D, and D_.”"? Additional complications arise if the ions
form charged clusters. In contrast, conductivity is only affected
by the diffusivity of the charged species.”®

We combine ac impedance and NMR measurements to
define an ideality parameter, f, given by eq 6.

= oRT
Fr(Dy™ + DIMR)

(6)

For an electrolyte that obeys the Nernst—Einstein equation, =
1. In Figure 3a, the value of f is shown for each electrolyte. For
PFPEp, electrolytes, /3 is below 0.1, for PEO, f is close to 1,
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Figure 3. In (a), the nondimensional ideality parameter /3 is plotted for
each electrolyte. In (b), the transference number determined by NMR
measurements is plotted for each electrolyte. The data for PFPE
electrolytes were taken at 30 °C, and the data for PEO were taken at
90 °C.

and the values of § of PFPEy,, electrolytes lie between 0.1 and
1. Equation 6 bears resemblance to a model introduced by
Boden et al,'”” and some authors label f as the charge
dissociation fraction, a."*~'® If we assume that the electrolytes
contain only dissociated ions and neutral ion pairs, then™"?

D™ = aD, + (1 — a)D, 7)

(8)

Equations 7 and 8 were proposed by Videa et al.”"® These
equations illustrate that for an ideal electrolyte with a high
degree of charge dissociation (a ~ 1), DY™® and DM™® are
equivalent to D, and D_. For a nonideal electrolyte with a low
degree of charge dissociation (a < 1), the diffusivity of neutral

DR = gD _+ (1 — a)D,

~
~
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Figure 4. In (a), the normalized current is shown as a function of time for PFPE and PEO electrolytes. Gaps in the data occur when impedance
spectra were collected. In (b), an alternative normalization is used to show the current as a function of time for PFPE and PEO electrolytes. In (c),
the initial and steady state Nyquist plots are shown for each electrolyte. The vertical axis is complex impedance, —Z”, and the horizontal axis is real

impedance, Z'.

ion pairs dominates the measured diffusivity (DYM® ~ DNMR »
D,). Based on eqs 4, 7, and 8, in the limit of low charge
dissociation, the value of £™* should be 1/2.

In Figure 3b, we show £y® of the PFPE and PEO
electrolytes. The value of ;™" that we measure for the nonideal
PFPEy, electrolytes is indeed nearly 1/2 (0.49 for PFPEp,,-
Diol and 0.50 for PFPE},;-DMC). For the PEPE,, system,
ion-pairing, @, may contribute to nonideality, ﬂ.lz_w However,
it is evident from eqs 6, 7, and 8 that when « is significantly
lower than unity, f is very different from a. Hence, a simple
interpretation of # and D, should be avoided.'> Interpretation
of the measured values of £ in terms of a molecular picture is
outside the scope of this paper.

The results of potentiostatic polarization experiments are
shown in Figure 4a, where the measured current I normalized
by I is plotted as a function of time, t. Note that the
electrolytes covered in Figure 4a have widely different
conductivities and ion diffusivities. The currents obtained in
response to the applied potentials were also widely different.
The proposed normalization enables the measured currents
from the different systems to be displayed on the same axes.
For all samples, I(t)/I is nearly unity at short times and decays
to a steady state plateau in about 30 min. The qualitative
differences between PFPE- and PEO-based electrolytes are
clearly seen in Figure 4a. In particular, the decay of I(t)/I, in
the PEO-based electrolyte is much larger in magnitude than
that observed in PFPE-based electrolytes. The gaps in the data
represent times when ac impedance measurements were made.
In Figure 4b, an alternative normalization, [I(t) — Iss]/[Io —
I], is used to plot the current as a function of time. The data
in Figure 4b demonstrate that for the PFPE and PEO
electrolytes the current reaches steady state in the 30 min
window. The initial impedance spectra taken before potentio-
static polarization and those obtained at steady state after 30
min of polarization are shown in Figure 4c. Both interfacial and
bulk impedances did not change appreciably during the
polarization experiment. Impedances obtained in PEO are
appreciably lower than those obtained in the other systems. We

do not include data obtained from PFPEg,,-Diol because large
changes in impedance spectra were observed during polar-
ization, and no evidence of steady state was found.

The data in Figure 4 enable evaluation of I, Iss, R;p, and R;gs
and thus the calculation of ¥ (eq 2). For PFPE electrolytes,
the cell area of 2.39 cm?* was used to obtain resistances from the
impedance spectra shown in Figure 4c. For PEO, the cell area
of 0.32 cm® was used. The transference numbers measured by
potentiostatic polarization, t,*, are shown in Figure 5. The
values of £;° of the PFPEp, electrolytes are above 0.9,
consistent with previous reports.”” The value of £¥ of PFPEg,-

1.2+ ® NMR
O Potentiostatic Polarization

1.0 B

©

Figure 5. Cation transference numbers of PFPE and PEO electrolytes
were determined using two methods: PFG-NMR (filled symbols) and
potentiostatic polarization (open symbols).
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DMC is significantly lower, 0.36. It is perhaps surprising that
adding a few ethoxy groups to PFPEs dramatically affects f.".
The value of ££¥ of PEO is 0.16, similar to values found in the
literature.””***” The value of £ for PFPEg,,-DMC is thus
between that of PFPEp,;-DMC and PEO. Also shown in Figure
5 are the £, data from Figure 3b. For the PFPEy, polymers,
£2F and M® are dramatically different, at approximately 0.9 and
0.5. In contrast, for PEO and PFPEg,,-DMC, £ and ™ are
both similar, 0.16 and 0.19 for PEO and 0.36 and 0.39 for
PEPE,, ;- DMC.

We observe that for electrolytes with high values of  (PEO
and PFPEg;,-DMC) the values of £F and ™R are similar
(Figure S), and for electrolytes with low values of # (PFPE,,-
Diol and PFPEp,,-DMC), the values of £° and £™M® are
dissimilar, and £M® is close to 1/2. In the latter case, DYM® and
DMR do not reflect the motion of charged ions. The value of
£2F depends on the mobility of the ions, i.e., the velocity of the
ion obtained upon application of an electric field when charge
migration is balanced by friction due to interactions between
the ions and other molecules in the electrolyte. In the absence
of external fields, the measured self-diffusion coefficients of the
ions may differ substantially from those inferred from mobility
measurements due to intrinsic coupling of the cation and anion;
the ion with lower mobility will slow down the diffusion of the
ion with higher mobility.”****’ Quantification of the effect of
this coupling on £ is outside the scope of this paper.

The ethoxy groups of PFPEg, electrolytes are chemically
similar to PEO, but the internal segments are chemically similar
to non-ethoxylated PFPEp,. As such, the transport properties
of the PFPEg, electrolytes are related to the transport
properties of both the PFPEp,, and PEO electrolytes. For
the PFPEg,, electrolytes, the measured value of /3 lies between
that of PFPEp,, and PEO. The values of £ and £™® for
PFPEg,;-DMC are similar to literature values reported for PEO
of similar degree of polymerization and LiTFSI concen-
tration,’”** while the values of DY® and D™R are similar to
those of PFPEp,, electrolytes. It appears that f;' is strongly
influenced by the ethoxy groups while the values of DY™* and
DYMR are more dependent on the perfluoropolyether groups.
The transference number we report for ethoxylated PFPE is
slightly higher than what was recently reported for PFPE/PEO
blends.”® The presence of ethoxy groups, whether chemically
bonded to the PFPE (PFPEg,,) or blended with it (PFPE/PEO
blends), reduces the transference number and increases the
ionic conductivity compared to non-ethoxylated PFPEy, . This
observation suggests that anion conduction is promoted by the
presence of ethoxy groups. End-group functionality has a strong
influence on the ion transport properties of PFPE electrolytes.
Hence, further improvements to the transport properties might
be realized by using more polar end-group moieties to promote
ion dissociation or by using lower molecular weight polymers
to increase the concentration of end groups.

B CONCLUSIONS

We report on continuum and microscopic scale ion transport
properties in a series of PFPE electrolytes. On the continuum
scale, we present conductivity measured by ac impedance
spectroscopy and cation transference number measured by
potentiostatic polarization, ¢ and £;*. On the microscopic scale,
we present ion self-diffusivities and cation transference number
measured by PFG-NMR, DYMX DNMR'and ANMR Eor PEPE
electrolytes the dependence of DY™* and DY® on the type of
end group is qualitatively different than the dependence of 6 on
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the type of end group. We use a nondimensional parameter, f3,
which depends on DNYMR DNMR' and 6, to compare the
continuum and microscopic properties. The value of f is unity
for electrolytes that obey the Nernst—Einstein relationship.
Electrolytes based on PEO and PFPEg,, have S values close to
unity, while electrolyes based on PFPEp;, have f values
significantly below unity. In electrolytes with high values of j
(PEO and PFPEg,;,-DMC), £ and £ are similar, whereas in
electrolytes with low values of f (PFPE,-DMC and PFPE,,-
Diol), £™® and £ are dissimilar.

One might expect a simple relationship between ion diffusion
measured by NMR and ionic conductivity. The data presented
in this paper clearly show that this is not true in the PFPE
electrolytes. Diffusivities measured by NMR are highest in
PFPEp,,-DMC, while conductivity is maximized in PFPEg,,-
Diol. This may be due to electrostatic coupling of the cation
and anion or contributions to the NMR signal from neutral ion
pairs. The present work is but one step toward understanding
the relationship between microscopic and continuum ion
transport properties.
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