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Abstract

We have measured the effect of added salt on the chain dimensions of mixtures of
poly(ethylene oxide) (PEO) and lithium bis(trifluoromethanesulfonyl)imide salt
(LITFSI) in the melt state through small angle neutron scattering (SANS)
experiments. Scattering profiles from blends of hydrogenated and deuterated PEO
mixed with LiTFSI were measured as a function of salt concentration. Scattering
profiles from pure deuterated PEO/LITFSI mixtures were used for background
subtraction purposes. The densities of PEO/LITFSI mixtures of varying salt
concentrations were measured to calculate partial molar monomer volumes of PEO
and LiTFSI to account for non-ideal mixing . Kratky
plots of the scattering profiles were used to calculate the salt concentration
dependence of statistical segment length. At low salt concentrations, segment
length decreases with increasing salt concentration, before increasing with
increasing salt concentration in the high salt concentration regime. The Random
Phase Approximation was used to predict theoretical scattering profiles from the
calculated segment lengths ; there is excellent agreement
between the theoretical and measured scattering profiles at all salt concentrations.
There appears to be a correlation between chain dimensions and coordination
between lithium ions and EO monomers. The scattering profiles of the pure

deuterated PEO/LITFSI mixtures suggested the presence ofkhewed ion clusters of

characteristic size of 0.58-6 _nm at high salt concentrations. Fhepresence—ofion
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Introduction

Solid polymer electrolytes are of significant current interest due to their
potential use in rechargeable lithium metal batteries.®> The most widely studied
polymer electrolyte system is poly(ethylene oxide) (PEO) mixed with lithium
bis(trifluoromethanesulfonyl)imide salt (LiTFSI), PEO/LITFSI. It is well known that
the ether oxygens of the PEO backbone solvate Li ions, which leads to high ionic
conductivity.*® The electrochemical and transport properties of PEO/LITFSI have
been fully characterized at temperatures above the meting temperature of PEO,
e.g. 90 °C.”8 lon conduction in amorphous polymer electrolytes takes place through
two mechanisms: ion hopping between the polymer chains as well as diffusion of
the entire polymer chain, which is coordinated with the ions.® It has been previously
shown that at high polymer molecular weights (Mreo = 4 kg mol™), ion conduction is
attributed only to the ion hopping mechanism and the conductivity reaches a
plateau as a function of molecular weight.?°! It is well known that the ionic
conductivity of PEO/LITFSI increases with increasing salt concentration due to an
increase in charge carriers, until it reaches a maximum at moderate salt
concentrations.® From there, the conductivity decreases with increasing salt
concentration, which has been attributed to the decrease in segmental dynamics of
the PEO chains.®'? As salt concentration increases, the monomeric friction
coefficient of the PEO chain increases, which decreases the segmental motion of the
polymer chains. The non-monotonic relationship between salt concentration and
ionic conductivity can be attributed to the exponential increase in the friction

coefficient experienced by the PEO monomers.*3

While there have been many theoretical and experimental studies conducted

on the ion transport mechanisms in PEO/LITFSI, very few studies have focused on
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the effect of added salt on the size of the PEO chains. Annis and co-workers studied

the effect lithium lodide (Lil) salt on the radius of gyration, R;, of PEO in the

amorphous state.'* They showed through small angle neutron scattering (SANS)

experiments that at a salt concentration of r = 0.067, where r is the molar ratio of Li
Li,

to ethylene oxide (EO) repeat units (r:ﬁ), there is a 10% decrease in Ry

compared to the salt free state at 90 °C. These results were qualitatively confirmed
with accompanying molecular dynamics (MD) simulations. MD simulations have
shown that the preferred conformation is the coordination of one Li ion to six EO and
each Li ion is solvated by at most two PEO chains.>*” This increases the population

of gauche conformers thereby reducing Ry.***>*® Accurate measurements of Ry, and

- RZ . -
therefore the statistical segment length, / (/2:%), in salt-containing systems are

important because they provide insight into the effect of salt on the polymer chain
conformations. Unfortunately, the experimental data on this important subject is

restricted to a single salt (Lil) and a single salt concentration (r = 0.067).

The purpose of this study is to systematically measure the effect of salt on

the chain dimensions of PEO/LITFSI in the melt state through SANS experiments.
Our work covers salt concentrations in the range of 0<r<0.30. In the low salt
concentration regime, r<0.125, | decreases monotonically with increasing salt
concentration. However, in the high salt concentration regime, r=0.125, |/
increases with increasing salt concentration. The SANS data suggestindicate the
presence of ion aggregates with characteristic dimensions of about 0.5 nm at

high salt concentrations, r =0.25.



Materials and Methods

Electrolyte Preparation and Density Measurements: Electrolytes were
prepared according to ref. 7. The hPEO and dPEO (Polymer Source) used in this
study have a molecular weight of 35 kg mol* and polydispersity of 1.08 and 1.09,
respectively. All electrolytes are homogeneous mixtures of hPEO, dPEO, and LiTFSI
(Sigma Aldrich). Both isotopes of PEO as well as the LiTFSI were dried in a glovebox
antechamber under vacuum at 90 °C and 130 °C for 1 and 3 days, respectively.
Electrolytes were prepared by dissolving PEO and LiTFSI in anhydrous
tetrahydrofuran (Sigma Aldrich) and stirring at 60 °C until completely dissolved. The
composition of the polymer blends was 10% dPEO : 90% hPEO by volume (densities
of dPEO and hPEO were assumed to be equivalent). The amount of salt was varied
such that the r value ranged from values of 0.03 to 0.30. All polymer/salt solutions
were transparent. The solvated electrolytes were subsequently stirred on a hotplate
at 60 °C until dry and placed in a glovebox antechamber under vacuum for 24 hours
at 90 °C to remove any trace solvent. All dried electrolytes are transparent above
70 °C. Density measurements were conducted according to ref. 7 and conducted at
90 °C on pure hPEO/LITFSI mixtures for 0.18<r=<0.28 in 0.02 increments. Three
measurements were taken and the average measurement is reported. No
measurements were taken for electrolytes with r = 0.30 because the system phase

segregates.

SANS Sample Preparation and Experiments: SANS sample preparation was

conducted in inert Argon gloveboxes due to the hygroscopic nature of the Li salt.



PEO/LITFSI mixtures were melted into 1 in. inner diameter, 1 mm thick stainless-
steel spacers placed on top of 1.5 mm thick, 25.4 mm outer diameter quartz
windows (Esco Optics). Samples were degassed in the glovebox antechamber for 15
minutes at 90 °C before placing the second quartz window on top of the polymer.
Quartz-polymer-quartz sandwiches were then sealed in custom built air-free

titanium holders.

SANS experiments were conducted on the NG7 and NGB 30m beamlines at
the National Institute of Standards and Technology Center for Neutron Research in
Gaithersburg, MD. On both instruments, measurements were performed with a
neutron wavelength of 6 A and three sample-to-detector distances of 13, 4, and 1 m
were used. Neutron lenses were also used with a neutron wavelength of 8.4 A on

the NGB and 8.09 A on the NG7, which allowed for access to a scattering wave-

an

) sing, ranging from 0.03 to 4 nm™.** A 0.5” aperture was

vector magnitude, g= >

used for all measurements. All measurements were conducted at 90 °C. On the NGB
a 9 position Peltier cooling/heating block was used and on the NG7 a 10-position
heating block with a circulating fluid was used to maintain constant sample
temperature. Samples of thickness of 1 mm were employed. The total scattering
intensity was corrected for detector sensitivity, background, and empty cell

contributions as well as sample transmission and thickness.?%%!

Results and Discussion



The measured absolute SANS intensity, /(qg), for the 10% dPEO/90%
hPEO/LITFSI (referred to as blends) is shown in Figure la, as a function of the
scattering vector, g (nm™). All of the data in this paper were taken at 90 °C and
error bars represent one standard deviation.?®?! The scattering profiles from all of

the blends are similar. Adding salt mainly shifts the curves downward. At high g (

g>2nm), the scattering profiles approach a plateau due mainly to incoherent
scattering. In the range 0.2<q(nm?) =0.9, /(q) is proportional to g 2 The

scattering intensity is a much weaker function of g at g<0.2 nm™. All of these
features are generally consistent with scattering from blends of hydrogenous and

deuterated polymers obeying random walk statistics.

The measured absolute SANS intensity for the dPEQ/LITFSI mixtures, I ;:0(q),
are shown in Figure 1b. We mainly use these data for background correction
following ref. 22. Note, that the magnitude of the scattering intensity from the
dPEO/LITFSI samples at low g (g<0.1 nm™) is much larger than that of the blends.
While high scattering from pure deuterated samples has been seen previously?3, the
reason for this observation has not been fully established. We believe that the
scattering intensity of the pure deuterated sample is higher than that of the salt-
containing samples due to its higher concentration of dPEO, the main contributor to
high intensity scattering. At high g in Figure 1b, we see a plateau that is
independent of salt concentration when r<0.10. The plateau rises at higher salt

concentrations.
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Figure 1: Measured absolute SANS intensity, /(q), vs g (nm™) at 90 °C for the
(a) blends of hPEO/dPEOQ/LITFSI and (b) pure dPEO/LITFSI samples at varying
salt concentrations, r. Error bars represent one standard deviation.

Following the analysis in ref. 22, the data in Figure 1b were used to subtract
the scattering from the fully deuterated chains from the scattering intensity of the

blends (Figure 1a) to obtain the coherent scattering intensity,

Icoh(qlr):I(qrr)_fIdPEO<qrr)_Iinc(q'r) (1)



where f is the volume fraction of dPEO (f=0.1) and /,.(q) is the estimated
incoherent scattering from hydrogen atoms in our samples calculated using
software provided by NIST.?® Note that the coherent scattering intensity at a given

value of r is obtained after subtracting IdPEO(q,r) at the same r-value. When

l pe0(@, 1) was not measured for specific values of r, the interpolated scattering
profiles obtained using the weighted average between the appropriate salt
concentrations was used. The interpolated scattering profiles for all of the salt

concentrations are provided in the Supporting Information (Figure SI1).
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Figure 2: Coherent SANS intensity, /..,(q), for the blends after dPEO background
subtraction taken at 90 °C for varying salt concentrations, r, as function of the
scattering vector, g (nm™). Error bars represent the standard deviation of the
scattering data.

Figure 2 shows the coherent SANS intensities, /.,(q), for all salt

concentrations. The relationship between scattering intensity and salt concentration
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seen in the raw data (Figure 1la) persists for /.,(Q): mixtures with lower salt

concentrations have a higher scattering intensity. Error bars represent the standard

deviation of the scattering data.

The coherent scattering intensity for a homogeneous polymer blend can be

calculated using the Random Phase Approximation (RPA).?*?® We assume that the

isotopic interaction parameter, Xgpeompeor @S Well as the interaction parameter

between PEO and LiTFSI, Xpeouites» 1S Negligible and that the salt is randomly

distributed throughout the solution. Under these approximations the coherent

scattering intensity is given by
2 S11522

leonlq|=(B1—B,) S 45
11 22

where component 1 is hPEO, component 2 is dPEO, B, is the neutron scattering

b, ,
length density of component i given by B,-:‘,)—’, and vV, and b; are the partial molar

I
monomer volumes and neutron scattering lengths of component i, respectively. The

neutron scattering lengths of hPEO and dPEO are 4.13 x 10** cm and 4.58 x 102

cm, respectively. Partial molar monomer volumes \'),- were used to account for the
non-ideal mixing between PEO and LiTFSI if it exists.” We note in passing that

mixtures of salts and low molecular weight liquids exhibit large volume change of

mixing.?° The structure factor, S;, is given by

Si=¢;N;V;P(q) (i=1,2) (3)
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where @, is the volume fraction of component i, N; is the degree of polymerization of

component j, and

expl—x|-1+x

X2

Plql=2

(4)

with X:qZRZ. We assume that the monomer volume and degree of polymerization

are the same between the hydrogenated and deuterated PEO samples (e.g.

N, peo=Ng4peo=N=795). Both components are modeled as flexible Gaussian chains

and
2
R? A%—(5)

where [ is the statistical segment length of both hPEO and dPEO. Note that the

reference volume was taken to be the monomer volume for PEO, V.. The polymer

volume fractions are given by

¢,=(1-f)¢, (6)

and

¢,=fd, (7)

where d)p is the volume fraction of polymer in the PEO/LITFSI mixture calculated

from ¢,=1—@, ;-5 and

\’) LiTFSI ( 8 )

@ Liresi= X Lites) v

EO, salt

12



where Vg, o, is defined as the volume occupied by a mole of a given PEO/LITFSI
mixture divided by Avogadro’s number,-a#¢ xires is the mole fraction of salt given

by

r
XLiTFS/:m (9)

and Vgo oo Was calculated according to

(Wg)d0504
DD()T.D'-VEO,Q&:(’ D)()EDD D_(lo)

where M., and M, are the molar masses of EO and LiTFSI, 44.05 g mol? and

287.09 g mol?, respectively, and N, is Avogadro’s number.

Figure 3a shows p(l), the density of a given PEO/LITFSI mixture, measured

at 90 °C as a function of salt eerncentrationmole fraction,+ X 7r5. Some of the data

in Figure 3a were taken from ref. 7. It is evident that (J.|()- is_approximately a

linear function of X, —+: the dashed line in Figure 3a is a linear fit through the

datar—Fhe-datoinF-Errerbarsrepresentthe standard—deviation—efthe-measured

withThe fit in Figure 3a gives A = 2635 g L' and B = 1114 g L. Partialmelar

veldrmes—efcomponents—are—obtained by plottingthemolar—velume—ofmixtures;

VEolsa,tEa&a#&H&eﬂ—e%%e#m&%%—_ihe—data—M—F@H%—weFeEquations 10

and 11 were used to calculate Vgy o, pusing-egs—30—ane—1, and this parameter is

plotted as a function of salt—melefraction,—Xxumws; iN Figure 3b. The solid curve in

13



Figure 3b represents a continuous function obtained by combiningef egs. 10 _and

I e A B

The values of partial molar volumes, V., and V,, at a given salt concentration are
calculated by constructing tangents to the solid curve in Figure 3b at that salt
concentration and noting the intercepts at xums = 0 and 1, respectively.?’ The slope

of eg=—3Btangent is given by the analytical expression

SR
= ——7.(12)
DE‘ DD(DD)D

Fhetangentswere-constructedusingeg—112-An example of a tangent is shown for

r=0.20_as a dashed line in Figure 3b. The partial molar volumes thus obtained are

plotted as a function of xurs in Figure 3c. The partial molar volumes of both

components are mmonotenically—dependent—enmonotonic _ functions of salt

concentration. We find that: tlu increases with increasing salt concentration from

Vgo=0.064 to 0.076 nm’® mon' from r = 0 to 0.30. In contrast, Fhe—salt

eeneeﬂtmtieﬁ—deaendeﬂee—e#bums—me#e—wene&need—wmh—bgexhibits a_more

pronounced dependence on salt concentration, dewdecreasing with increasing salt

concentration from 0.26 to 0.16 nm3 mon!in the same salt concentration window.

In a previous study, where volume change of mixing was ignored, the values of PES/

LiITFSbehaves—almostidealy—in-this-salt-concentration-window—V ,and-V s -are
nearly—irdependent-of-x ms—as—showninFigure 3c—This—analysis—givesV,=0.066

am® mentand -V rg=0.32-am’ mon ' —Both-valuesThe range of caleulated-velumes

volumes used




were Ve,=6 Q5 3! To our knowledge, the data presented in
Figure 3 represents the most exhaustive measurement of density as a function of

salt concentration in PEO/LITFSI mixtures.
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Figure 3: Properties of PEO/LITFSI mixtures at 90 °C. (a) Dependence of density,
p(0yg), on salt eeneentrationmole fraction, Uy~ _Error bars represent the standard
deviation of measured samples. Molar properties are calculated on the basis of EO
monomers (not PEO chains). Errerbarsrepresentthe standard deviationof-the
measured-valbes—(b) The volume occupied by a mole of a given PEO/LITFSI mixture

divided by Avogadro’s number, Vg, oo, a@s a function of salt mole fraction, X x.
Solid curve represents eq. 10 and the dashed line is an example of a tangent,

constructed at r=0.20_using eq. 12%.isapelyrnremialfit-through-thedata{eg—11)-

(c) Partial molar volumes of EO monomer (circles), LiTFSI (squares) divided by
Avogadro’s number as a function of salt mole fraction, X,;r. These volumes are

used to compute the scattering length densities and volume fractions of the two
components in our mixture.

Based on equations- 2-10, eq. 2 can be rewritten as
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L eonlq)=(B,~ B, 29, F 11— F| Voo NP(g) (132)

| Note that the all of the parameters on the right side of eq. 1 have been
determined independently except for /, which is found in P(q). We do not expect

the LiTFSI to have any preference for dPEO relative to hPEO. Thus, the scattering

length density of LiTFSI is irrelevant. In addition, Icoh(q) is directly proportional to ¢p,
which monotonically decreases with salt concentration. Eq. 132 explains the trend
in low-g SANS intensity seen in Figures 1 and 2, where /(q=0) decreases with

increasing salt concentration due to the decrease in polymer concentration, which is

the main contributor to scattering in these systems.* It is convenient to define the

structure factor, S¢) as

_ Icoh(q)
S(q)_(Bl_Bsz

In the limit of large q, S¢) is proportional to q*2 and thus the product qZS(q) is given

by33,34

¢’Slql_124,f(1-f)

Veo I?

2
Figure 4a shows a plot of M

> versus g, for different salt concentrations. Such
EO

plots are referred to as Kratky plots.?> The Kratky plots in Figure 4a are typical of

polymeric samples. They begin at the origin, level off to a give a plateau at
intermediate g, and at large g values (g>2 nm™), we see deviations from the

plateau. All of the features except the high-q deviations are consistent with eq. 1

17



On monomeric length-scales, deviations from random-walk statistics become

evident due to correlations between neighboring bonds within a repeat unit.3®

The height of the intermediate-q plateau of a Kratky plot can be used to
determine Jas all other parameters in eq. 14 have been independently
determined.?” It is important to note that the height of the plateau does not
decrease monotonically with salt concentration like the scattering profiles seen in
Figures 1 and 2. For example, the Kratky plateau for r = 0 is not that different from

that of r = 0.15 (Figure 4a). To focus on this fact, Figure 4b shows normalized

q°Slq
Veo @, (1—F)

concentrations in the g range where the Kratky plateau is observed (

Kratky plots where is plotted versus q for selected salt

0.6sq(nm‘1)51,6). Normalized Kratky plots for the remaining salt concentrations

are provided in the Supporting Information (Figure SI2). The circles in Figure 4b

represent the SANS data and the solid horizontal lines show the averaged value of

9°Slq
Veo @, f(1—F)

in the range of 0.6<g(nm™ ){1.6. This value is then used to

determine [ using eq. 1

18
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g (nm™), for the blends at different salt concentrations. Error bars represent the
standard deviation of the scattering data and are smaller than the symbols.

In a related study, Hayashi et al.® studied mixtures of deuterated and
hydrogenated polyisobutylene as a function of composition. They used an
expression to similar to eq. 154 to analyze their data and found that the plateau in
the normalized Kratky plot was independent of composition indicating that the
statistical segment length of that system was also independent of composition. This

is clearly not the case in the present study (Figure 4b).
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1/r = [E0/[Li]
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Figure 5: Statistical segment length, | (nm) (left axis), and radius of gyration, R,
(nm) (right axis), of PEO/LITFSI blends at 90 °C as a function of salt concentration. /
was calculated according to eq. 154 from the Kratky plateau values and Ry was
calculated according to eq. 5. Error bars represent the standard deviation between
the data and the fit in Figure 4b. The top y-axis shows selected values of 1/r, which
quantifies the ratio of Li ions to EOs.

Figure 5 shows the results for the salt concentration dependence of the
statistical segment length, [ (left axis), calculated using eq. 154 and the normalized
Kratky plateau (Figure 4b). The right axis of Figure 5 shows the salt concentration
dependence of the radius of gyration, Ry (right axis), calculated with eq. 5. Error
bars represent the standard deviation between the data and the fit in Figure 4b. The
PEO statistical segment length decreases linearly upon salt addition in the range
0<r<0.125, before linearly increasing with increasing salt concentration. The
dashed lines in Figure 5 represent two linear regressions through the data at

r0.125 and r=0.125. The magnitude of the slope of these lines is

/
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where the two dashed lines intersect.different—the—slope—in—the—tow—salt

moxtmoreduction—nl-isseen—at+=-0-15- The statistical segment length at this

salt concentration is 1921% lower than that of neat PEO. At r = 0.067, there is a
104% decrease in segment length relative to the neat state, which is in excellent
agreement with refs. 14 and 15 where the decrease in segment length relative to

the neat state in PEO/Lil mixtures at r = 0.067 is also 10%.

The top y-axis in Figure 5 plots selected values of 1/r, which quantifies the
number of EO present per Li atom. MD simulations of dilute mixtures of Li salts in
PEO show that the Li ions are each coordinated with six ether oxygens.®> In other
words, when 1/r = 6, all of the oxygen atoms in the mixture are coordinated with Li
ions. It is difficult to pinpoint the exact location of the crossover from chain

contraction to chain expansion using the data in Figure 5, however, we believe it is

close to r=0.125 as denoted by the dashed lines in Figure 5, which intersect at 1/r

appears to be a correlation between chain dimensions and coordination between

lithium ions and EO monomers.-
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Figure 6: Comparisons between theoretical and experimental scattering profiles for
(@) r=0, (b) r=0.08, and (c) r = 0.125. Circles represent the coherent SANS
intensity reproduced from Figure 2 and the solid lines represent eq. when [was
calculated according to eq. 154. Error bars represent one standard deviation.

Figure 6 shows the comparison between theory and experimental data for the
PEO/LITFSI mixtures at selected salt concentrations: (a) r = 0, (b) r = 0.08, and (c) r

= 0.215 (the remaining salt concentrations are presented in the Supporting

Information, Figure SI3). The circles represent the coherent scattering data, /..,(q),
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\ reproduced from Figure 2, and the solid curves represent eq. 1 where [ is
obtained from the Kratky analysis (Figure 5) and all other parameters are
determined independently. The agreement between theory and experiment is
remarkable. The experimental data exhibit two regimes, a high-q Kratky regime

2

where /_,,(q) scales with g ° and a low-g Zimm regime where l.,(q) is a weak

function of q. The crossover between the Zimm and Kratky regimes is accurately

predicted by eq. 132. At r = 0.08, the measured Icoh(q) at low g is very close to

theoretical predictions. At r=0and r = 0. 5, however, we see significant upturns

in the scattering data that is inconsistent with eq. 123. We attribute this to
imperfect background subtraction. It is clear that the dPEO sample contains some
impurity that gives rise to significant scattering at low-g, which in turn complicates

background subtraction.
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Figure 7: Scattering data from ion clusters, I ,..<|q|=I|q, r|—®,1(q,r=0), for the
pure dPEO/LITFSI mixtures at high salt concentrations. Circles represent the data
and lines represent a fit to eq. 176. Only salt concentrations r =0.25 could be fit to
eq. 167. Error bars represent the standard deviation of the scattering data and are
smaller than the symbols.

Returning to Figure 1b, it is clear that the scattering profiles of dPEO/LITFSI at
r=0.20 contain features at high g (g>¢ 0.2 nm™) that are absent in the samples
with lower salt concentrations. We posit that these features arise due to the
presence of ionic clusters. In order to investigate the nature of these clusters, the

scattering from the neat dPEO was subtracted from the salt containing samples:
Iclusters(q]:IdPEO(q' r)_d’P IdPEO(q' r:O) (1 )

In Figure 7 we plot .|| versus g at different salt concentrations as circles. For

r<0.20, ! u¢ers is independent of g. The solid curves through the high salt

concentration data (r =0.25) are fits to

| qusters| @)=Y o+ lo€XP(—R?q?4) i (176)

which represents the Guinier equation for scattering from random irregular objects
with characteristic size R.***° The origin of the background term, yo, is not clear. The
data in Figure 7 indicate that y, increases monotonically with salt concentration,

suggesting that the additional scattering in the dPEO/LITFSI mixtures arises from

the presence of salt. The fact that I ,.../q] is g-independent for r <0.20 may be an

indication that the salt is uniformly distributed in the samples. The Guinier equation
has been used to account for deviations from eq. 123 at high g for systems where

structure overlaps with Debeye scattering.** The fitted parameters, y, and R, are
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similar for r = 0.25 and r = 0.30 (with yo, = 0.0903%+ * 0.00045 and 0.09712 =+
0.0007+ and R = 0.589 + 0.01 nm and 0.56 = 0.01 nm for r = 0.25 and r = 0.30,

respectively, where the error represents one standard deviation from the fits).

However, [, is approximately twice as high for the r = 0.30 sample versus the r =

0.25 sample (0.04 = 0.00068& vs 0.08 = 0.0010% cm’, respectively where the error

represents one standard deviation from the fits). In theory, /, is proportional to the

product of the volume fraction of aggregates and average aggregation number.*42

The volume fraction of salt increases by 158% when ris increased from 0.25 to 0.30

(from 0.362 to 0.3822). The measured value of /, suggests that the average
aggregation number at r = 0.30 is a factor of 1.97 larger than that of r = 0.25; the
average aggregate size remains constant at 0.578 nm between these two salt
concentrations. These results are supported by MD simulations, which have shown
that the number of ion clusters increases at these salt concentrations.® Further

characterization of ion clusters in PEQO/LITFSI using technigues such as X-ray

scattering and Raman spectroscopy seem warranted. —addition—thetensthatare

The . istical I I high-cal . o
S—rrayse—salorade—alsha s Laprateh—

Conclusions
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We have determined the effect of added salt on the chain dimensions of PEO/
LITFSI mixtures through SANS experiments on ternary mixtures comprising hPEO,
dPEO and LIiTFSI salt, conducted at 90 °C, above the melting transition of the
mixtures. Scattering profiles were corrected for impurities present in the dPEO
through background subtraction as described in ref. 22. Partial molar monomer
volumes of EO and LiTFSI were calculated from measured density values in order to

account for non-ideal mixing between PEO and LIiTFSI salt

The salt concentration dependence of statistical segment length
was calculated through the Kratky analysis of the intermediate-q scattering
plateaus, which were normalized by polymer volume fraction. At low salt
concentrations, r<0.125, / linearly decreases with increasing salt concentration; in
the high salt concentration region, r=0.125, lincreases with increasing salt
concentration. When the calculated value of |/ is used in the Random Phase
Approximation, along with the independently determined partial molar monomer

volumes and chain length, we see good agreement between theory and

experiment. The SANS data suggested the presence of iton clusters of

characteristics size of 0.5 nm were—detected-in electrolytesdPEOATFESHmixtures

with r=0.25. #lebyoatnecize faot fe speconee of Lo clpctops copicac oo cococyag

Frerense—ial—
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LIST OF SYMBOLS

b; neutron scattering length of species i cm mon?)
B; scattering length density of species i (cm?mon?)
C electron density contrast (cm™)

f volume fraction of deuterated species

I(q) scattering intensity (cm™)
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lon(Q) coherent scattering intensity (cm™)

linc(Q) incoherent scattering intensity (cm™)

g’)““e“( ionic cluster scattering intensity (cm™)

/ statistical segment length (nm)

M; number-averaged molecular weight of species i (kg mol?)
N; number-averaged degree of polymerization of species i (sites chain™)
Ny Avogadro’s number

g scattering vector (nm)

r salt concentration ([Li] [EO]?)

Ry radius of gyration (nm)

S(q) scattering structure factor

T temperature (K)

Xi mole fraction of species i
Greek

o, volume fraction of component j

X Flory-Huggins interaction parameter

molar volume of species i divided by Avogadro’s

V; 3 -1
! number (nm? mon™)
0 partial molar volume of species i divided by
i ’ 3 -1
Avogadro’s number (nm? mon™)
P; density of species i (g cm™3)

LIST OF ABBREVIATIONS

EO ethylene oxide

LiTFSI Ll’;kl\tlum bis(trifluoromethanesulfonyl) imide
MD molecular dynamics

Na Avogadro’s number

PEO poly(ethylene oxide)

RPA random phase approximation

SANS small angle neutron scattering
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