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The structural dynamics of a polymer electrolyte model material, poly~prolyene oxide!
(PPO) – LiClO4 ~and PPO for reference!, has for the first time been studied usingcoherent
quasielastic neutron scattering. By a combination of neutron spin echo and inverse time-of-flight
techniques we investigate the relaxation function in an experimental time window 10212&t
&1028 s at a momentum transfer corresponding to the distance between neighboring interchain
segments. We find that the relaxation of the correlation between neighboring chains is slower and
more stretched in the polymer salt complex compared to the pure polymer. The data can, for both
PPO and PPO–LiClO4, be described by a stretched exponential function with temperature
independent stretching parameters. While the relaxation times follow the macroscopic viscosity for
the former, they do not for the latter. The slower relaxation in PPO–LiClO4 compared to PPO and
the failure of the viscosity scaling in PPO–LiClO4 may be explained in terms of a temperature
dependent effective molecular weight induced by cations acting as cross links between chains. We
discuss the origin of the extra stretching of the relaxation in the polymer salt complex under the
aspect of heterogeneity, comparing it with data in the literature. We find that the stretching to the
major part is intrinsic or at most due to heterogeneities on an atomic length scale. The molecular
length scale of the experiment allows for the first time a direct connection to the renewal time in the
dynamic disordered hopping model for ion transport in polymer electrolytes. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1370073#
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I. INTRODUCTION

Polymer electrolytes are materials of considerable in
est for applications in electrochemical devices such as s
state batteries, since they yield a high energy density,
nontoxic, and have a significant ionic conductivity. Since
discovery that certain polymers can dissolve salts1 and func-
tion as solid electrolytes without any additional low molec
lar solvent,2 considerable insight has been gained and n
improved materials have been synthesized. The knowle
about structural properties of the ion conducting amorph
phase3 is, however, limited4–6 and the mechanism for th
ionic conduction on the molecular level is an issue which
still far from settled.7 The mechanism must be fundamenta
different from the mechanism in electrolytes with low m
lecular solvents, and the investigation of solvent free po

a!Electronic mail: f5xpc@fy.chalmers.se
9640021-9606/2001/114(21)/9645/12/$18.00
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mer electrolytes is therefore also of considerable scien
interest. In this paper, we investigate a prototype system
an amorphous polymer electrolyte, poly~prolyene oxide!
~PPO! complexed with LiClO4. We focus on the molecula
dynamics of the polymer matrix, how it is modified by inte
action with the ions and discuss the findings in relation
proposed models for the the ionic transport.

In the case of polyethers such as PPO and poly~ethylene
oxide! ~PEO!, the cations are solvated by the ether oxyge
and several different structural arrangements which also m
involve cation–anion coordinations are possible.6 The inter-
action between the polymer chains and the anions is we6

Structural studies of crystalline PEO complexed with sal8,9

have contributed valuable insights into the coordination
the cations to the ether oxygens, but are of limited value
predictions of properties of the amorphous phase where
ion conduction occurs. Neutron diffraction experiments
PEO–LiI melts10 in combination with molecular dynamic
5 © 2001 American Institute of Physics
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simulations11 indicate that in the melt the lithium to ether
oxygen coordination number is larger than in correspond
crystalline complexes and decreases with increasing t
perature. Spectroscopic studies4,12–15 have shown that the
solvation reaction is complex and not only dissociated io
but also associated ion species, e.g., ion pairs, triplets,
clusters whose abundances increase with salt concentr
are found.16

In general, the ionic conductivity first increases with s
concentration and then at higher concentrations decre
due to several effects. The formation of associated ion s
cies leads to a reduction of the number of available diss
ated ions13,14 and the molar conductivity decreases. The m
jor effect which limits the ionic conductivity at high sa
concentrations is, however, the decrease in the charge ca
mobility. There are strong indications that the mobility
ions is promoted by the segmental motion of the polym
chains17–19and the ionic transport is therefore believed to
largely determined by the dynamics of the polymer hos20

The interaction between the polymer chains and the i
leads, however, to a slowing down of the segmental mo
which may explain the decrease in conductivity at high s
concentrations.18 A microscopic description of the motion o
the ions in the polymer host is offered by the dynamic bo
percolation~DBP! model,21,22 and the more general but als
less detailed dynamic disordered hopping~DDH! model.23,24

When applying these models to polymer electrolytes, an
is considered to perform a motion which is confined to
small region in the polymer host and is characterized b
time scaleth . The polymer matrix rearranges on a~usually
longer! time scaletR which allows the ion to escape th
confinement.

In the present work, we investigate the segmental
namics in a polymer electrolyte model material using
neutron spin echo~NSE! technique in combination with
time-of-flight ~TOF! neutron scattering.25 We thereby obtain
the relaxation function in a time range from approximate
10212– 1028 at a wave vector corresponding to the the d
tance between the polymer chains. With this data it is p
sible for the first time to use the DDH model in conjunctio
with a microscopically derived renewal timetR .

II. EXPERIMENT

In this work, the same samples of PPO and PPO–LiC4

of concentration O:Li516:1 were investigated at the IN1
neutron spin echo spectrometer, Institut Laue-Lange
France, and the high resolution backscattering neutron s
trometer IRIS at the ISIS pulsed spallation sour
Rutherford-Appleton Laboratory, UK. The instruments we
chosen to obtain a wide experimental time windo
;10212– 1028 s, since the relaxation function for thea pro-
cess in polymer electrolytes is stretched over several dec
and shows a strong temperature dependence. In order t
duce the incoherent scattering deuterated polymers w
used. Both instruments were set up to focus on theQ value
of 1.45 Å21, since this is close to the first sharp diffractio
peak ~FSDP! of the static structure factors of PPO an
PPO–LiClO4O:Li516:1.26,27
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A. Sample preparation

The samples were prepared from freeze dr
deuterated PPO with hydroxy end grou
(OH–@CD2–CD~CD3!–O#N– H) ~Polymer Source, Inc.! and
vacuum dried LiClO4. The molecular weight stated by th
supplier wasMn53700 but a subsequent gel-permeati
chromatography supports a significantly lower value,Mn

'2000.28,29 The salt was dissolved in the polymer und
stirring using minute amounts of dry acetonitrile as interm
diate solvent. The solution, and a sample of pure PPO w
freeze dried on a vacuum line (P;1 mPa) until no bubbles
evolved, and then transferred to sample containers in a
argon atmosphere glove box. There were no signs of
residual acetonitrile in similar hydrogenous samples, p
duced as above, when characterized by Raman spec
copy.30

Characterization of the samples with nuclear magne
resonance~NMR! showed that only 86% of the hydroge
atoms attached to the polymer chain backbone were repla
by deuterium but the methyl groups were nearly complet
deuterated~.99%!.29 The overall degree of deuteration o
the polymer was found to be approximately 90.2% by m
suring the scattering cross section in neutron diffract
experiments.27 For the PPO sample the coherent and incoh
ent scattering cross section arescoh54.46 and s incoh

56.56 b/atom and the absorption issabs50.09 b/atom atl
57.5 Å, the wavelength used on IN11. The sample
PPO–LiClO416:1 has the cross sectionsscoh55.93 and
s incoh54.90 b/atom and an absorption ofsabs52.70 b atl
57.5 Å.

B. IN11 neutron spin echo experiment

In the experiment on IN11, a wavelengthl57.5 Å ~1.45
meV! and a scattering angle of 20° were chosen to obta
Q value of 1.45 Å21. The distribution of the wavelength wa
approximately triangular in shape with a width of 15% fu
width at half maximum~FWHM!. The cutoff of the analyzer
mirrors was atl53.5 Å ~6.7 meV!. This corresponds to a
bandpass21.45 meV,E,5.2 meV of the energy transfer
accepted by the instrument. In an ideal NSE experiment
quantityS(Q,t)/S(Q,t50) is measured directly in the tim
domain. Due to the bandpass on the analyzed neutron e
gies the normalization is not strictly tot50 but rather to the
Fourier time corresponding to the width of the bandpa
approximately 1 ps. Incoherent scattering is suppressed
factor of 1/3 because it implies a spin flip with probabili
2/3. For details on the NSE experimental technique, see
instance Ref. 31. The effects due to multiple scattering
absorption are small for the NSE technique, therefore
such corrections were performed.

The PPO sample was investigated at temperatureT
515, 220, 240, 260, 280, 290, 300, 310, 325, and 334 K,
the PPO–LiClO4 sample of concentration O:Li516:1 was
investigated atT5260, 280, 290, 300, 310, 325, and 334
The sample of PPO measured at;15 K was used as resolu
tion function. The containers were airtight flat aluminu
vessels with sample thickness of 2.0 mm.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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C. IRIS TOF experiment

The inverse geometry TOF instrument IRIS32 was used
with the pyrolythic graphite 002~PG002! analyzer reflection
at E151.85 meV with an energy resolution of 15meV
~FWHM!. The accessible momentum transfer range in t
setup is 0.5,Q,1.8 Å21 ~elastic!. The choppers were set t
cover the energy transfer range20.4,E,6 meV. Because
of the high energy transfers to be detected a berryllium fi
was used to suppress neutrons passing the analyzer vi
PG004 reflection.

The samples of PPO and PPO–LiClO4 of concentration
O:Li516:1 were investigated at temperaturesT540, 280,
290, 310, 325, and 334 K. The sample containers were
lindrical in shape with an outer diameter of 23 mm and
sample thickness of 0.5 mm. Conversion to the scatte
functionS(Q,v) and absorption corrections were perform
using standard site software.33

Because of the high energy range it is important to c
sider that a spectrum registered by a detector at a ce
angle contains scattering with a momentum transferQ which
varies with the energy transferE. In order to obtain a situa
tion corresponding to that of IN11, for each energy trans
channel the detectors containing data withQ51.45 Å21

67.5% were averaged to ‘‘constantQ’’ spectra which were
subsequently used in the Fourier transform. Figures 1 an
show the spectra for PPO and PPO–LiClO416:1 when aver-
aged to constantQ51.45 Å21. All spectra show a spuriou
inelastic peak at about 2.8 meV. This peak is present in
detectors at the same energy transfer and decreases with
perature and angle. Furthermore there is an unphysica
crease ofS(Q,v) at high energy transfersE.4 meV which
may be due to an incomplete operation of the beryllium
ter. Because the origin of both features is not fully und
stood we refrained from devising any correction but used
spectra only up toEmax52.5 meV.

FIG. 1. The scattering functionS(Q,v) averaged to constantQ
51.45 Å2167.5% vs energy transferE5\v for PPO.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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D. Fourier transform of IRIS data

The Fourier transform has been done by directly app
ing the discrete complex Fourier integral

S~Q,t !5 (
k51

N

S~Q,vk!exp~2 ivkt !Dvk ~1!

to the constantQ spectra;N denoting the number of time-of
flight channels,vk the angular frequency, andDvk the width
of channelk. The data were not subjected to ‘‘binning’’ o
interpolation on the energy scale before the numerical F
rier transform. Because of the spurious peak at 2.8 meV
the increasing background at high energy transfers, only
part of the spectra up to\vmax52.5 meV was used in the
transform. Since energy transfers in the range22.5,E
,20.05 meV~with respect to the sample! are not accessible
with IRIS or have large errors, the spectra on the energy g
side were mirrored to cover this range employing the
tailed balance principle. The Fourier times were chosen
multiples ofp/vmax50.8 ps in order to minimize ‘‘wiggles’’
resulting from the cutoff.

The effect of the convolution with the resolution fun
tion of the instrument reduces to a multiplication in tim
domain. Therefore it can be easily removed by dividing t
Fourier transformed spectra by a Fourier transform of
resolution function. For the latter, the spectra atT'40 K of
the same sample were used since they were found to con
negligible quasielastic scattering. The quotient may have
imaginary part due to an offset in the elastic line positio
Therefore the absolute value was taken which is equiva
to shifting the elastic line to zero energy transfer in fr
quency domain.

This division implies a normalization to the low tem
perature structure factor,S(Q,t)/ST540 K(Q). Because a
clear change of the position of the structure factor peak co
be observed when the samples were heated to the mea
ment temperatures near 300 K this normalization is not v
meaningful. We therefore renormalized the data to the in

FIG. 2. The scattering functionS(Q,v) averaged to constantQ
51.45 Å2167.5% vs energy transferE5\v for PPO–LiClO4 16:1.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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grals over the energy range22.5 meV,E,2.5 meV.
Thereby, the resulting quantity isS(Q,t)/S(Q,t50) in the
same sense as for the NSE experiment but with a slig
different energy band used.

III. RESULTS

Figures 3 and 4 present theS(Q,t)/S(Q,0) at Q
51.45 Å21 for PPO and PPO–LiClO4 O:Li516:1 as ob-
tained from the NSE experiment. It is seen, directly from
experimental data, that the relaxation behavior of the po
mer salt system is slower and more stretched compare
that of the pure polymer.

Figures 5 and 6 presentS(Q,t)/S(Q,0) at Q
51.45 Å21 for PPO and PPO–LiClO4 O:Li516:1, calcu-
lated from the IRIS spectra in Figs. 1 and 2 as describe

FIG. 3. S(Q,t)/S(Q,0) atQ51.45 Å21 for PPO as obtained from the NS
experiment~rings and error bars! and fits of the KWW, Eq.~2! ~continuous
lines! performed as described in the text.

FIG. 4. S(Q,t)/S(Q,0) at Q51.45 Å21 for PPO–LiClO4 O:Li516:1 as
obtained from the NSE experiment~rings and error bars! and fits of the
KWW, Eq. ~2! ~continuous lines! performed as described in the text.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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Sec. II D. Also from these data the general result of slow
relaxation and more pronounced stretching can be seen.

In a first analysis, a stretched exponential@Kohlrausch–
Williams–Watts~KWW!# function

S~Q,t !

S~Q,0!
5A exp~2~ t/tK!b!, ~2!

whereA is the amplitude,b the stretching parameter, andtK

the characteristic time of the relaxation, was fitted to t
data. The fits are shown as continuous lines in Figs. 3–6
it is seen that the function describes the relaxations in b
materials well. In these fits, uniqueA andb parameters were

FIG. 5. S(Q,t)/S(Q,0) at Q51.45 Å21 for PPO as obtained by Fourie
transform from the IRIS experiment and fits of the KWW, Eq.~2! ~continu-
ous lines! performed as described in the text. Because of the large numb
data points only those fort,8 ps have been marked by crosses and for
longer times only their error bars are shown.

FIG. 6. S(Q,t)/S(Q,0) at Q51.45 Å21 for PPO–LiClO4 O:Li516:1 as
obtained by Fourier transform from the IRIS experiment and fits of
KWW, Eq. ~2! ~continuous lines! performed as described in the text. Be
cause of the large number of data points only those fort,8 ps have been
marked by crosses and for the longer times only their error bars are sh
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9649J. Chem. Phys., Vol. 114, No. 21, 1 June 2001 Segmental dynamics of a polymer electrolyte
used for each of the four instrument/sample combinatio
while the characteristictK was fitted individually for each
spectrum, the only exception being the spectra of PPOT
5220 K which required an individual amplitudeA for a sat-
isfactory fit.34 The values of the common parameters a
shown in Table I. The standard deviation of the fitted para
eters were estimated using a Monte Carlo method35 in which
the model function is fitted to synthetic data sets. The s
thetic data sets are generated from the fit to the original d
and from the statistical errors in those data. The stand
deviations for the parameters found in the fits to the synth
data are readily calculated, and then assumed to be simil
those for the parameters from the fit to the original da
Recently, Moset al. performed an NSE experiment on PE
and PEO–LiI O:Li515:1 using the IN11 instrument~inco-
herent scattering! and reported a similar decrease of t
stretching parameterb from about 0.57 for the pure polyme
to 0.44 for the polymer salt complex.36 Mao et al. found ab
parameter of approximately 0.61 for PEO in an experim
performed on the IRIS instrument~incoherent scattering!.37

These values are in accordance with our findings.
Regarding the fits of the IRIS data~Figs. 5 and 6! we

have to note thatS(Q,t)/S(Q,0) values with t,3 ps lie
clearly above the KWW fit. This behavior is qualitative
expected because of the ‘‘picosecond process,’’38 but the
crossover time is much larger than observed in other p
mers, where it ist'1 ps. Methyl group motion can be rule
out as the source of this effect because it was just the me
group hydrogen atoms that were nearly completely repla
by deuterium in our samples.39 This effect has been mor
carefully studied on an instrument which is more appropri
for this time range—the IN6 TOF spectrometer
Grenoble—and is the subject of a forthcoming paper.

Figure 7 shows the average relaxation time^t&, i.e.,

^t&5
tK

b
GS 1

b D ~3!

as obtained for the different sample/instrument combinati
in the fitting procedure. Comparing the different samples
is clear that the dynamics of the polymer salt complex
significantly slower than the pure polymer~see Fig. 7! and
the increased broadening of the relaxation in the Li-dop
sample is reflected in the smallerb value ~see Table I!. On
the other hand, the differences with respect to the instrum
used are unexpected, because the quantityS(Q,t)/S(Q,t
50) should be defined in approximately the same way. T

TABLE I. The values of the common parameters found by fitting of t
KWW function @Eq. ~2!# to the data obtained for the four sample/instrume
combinations. The standard deviations estimated as described in the te
smaller than 2%, though with possible systematic errors included, we
mate that these parameters are subject to an uncertainty of about 5%.

Sample Inst. A b

PPO IN11 0.86a 0.67
PPO IRIS 0.73 0.56
PPO–LiClO4 IN11 0.89 0.45
O:Li516:1 IRIS 0.81 0.37

aA50.93 for the spectrum atT5220.
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smaller b parameter for IRIS indicates that an addition
broadening is observed. The additional broadening can
attributed to a larger fraction of incoherent scattering; inv
tigations of hydrogenous PPO and PPO–LiClO4 on the IRIS
spectrometer indicate ab50.41 andb50.35, respectively,
and slightly different relaxation times.40 While on the NSE
instrument incoherent scattering will only contribute with 1
weight, no such discrimination between incoherent and
herent scattering is possible on the IRIS instrument. Beca
of the poor deuteration of the polymer the incoherent sc
tering amounts to about 41% even at the structure fa
peak.

Similarly the smaller value of the amplitude factorA
may be attributed to an admixture of incoherent scatteri
Here in addition an incorrect normalization due to the pr
ence of a sample dependent background may play a role.
IRIS spectra shown in Figs. 1 and 2 clearly show the pr
ence of such a background by the unphysical increase
S(Q,v) for energy transfers\v.4 meV. Because this
background increases with temperature it is difficult to e
mate to what extent it affects the range,2.5 meV used in
the Fourier transform and thereby the normalization
S(Q,t)/S(Q,t50).

Because of these obvious discrepancies of the relaxa
shape observed on NSE and IRIS we refrained from splic
together the time-domain data. In order to do this arbitr
factors would have to be applied which cannot be justified
physical grounds. The data from the IN11 and the IRIS
struments will therefore be treated separately.

FIG. 7. Arrhenius plot of^t& for PPO ~rings! and PPO–LiClO4 O:Li
516:1 ~triangles! as obtained from fitting Eq.~2! to the data from the IRIS
instrument~open symbols! and the IN11 instrument~filled symbols!. The
error bars denote the standard deviations estimated as described in the
The lower part of the error bar for thêt& value for PPO atT5220 K is
omitted since it extends to negative values. Included for comparison
scaled temperature dependences of the viscosity for PPO:h/50 P~solid line
where the underlying data was measured and dotted line for extrapolat!,
for PPO–LiClO4 O:Li516:1: h/100 Poise~dashed line! ~see Refs. 42 and
43! and the scaled conductivity of PPO–LiClO4 O:Li516:1:
2.5•1025 S cm21/s ~dashed–dotted line! ~see Ref. 42!.
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IV. DISCUSSION

The results clearly show that the solvation of the salt
the polymer matrix induces large changes in the dynamic
the matrix, indicating a significant interaction between t
ions and the polymer chains. To investigate the characte
this interaction we focus on the molecular origin of the o
served relaxation and compare it to the macroscopic vis
ity. We scrutinize the explanation of the additional relaxati
broadening in salt doped polymers by heterogeneity. Fina
we discuss the local motion of the ions within the framewo
of the DDH model using the characteristic relaxation tim
found for the polymer matrix and literature data on the io
conductivity.

The momentum transferQ51.45 Å21 investigated in
the present experiments is approximately that of the FSD
the static structure factorS(Q). Neutron diffraction investi-
gations of PPO26 and PPO–LiClO4 O:Li516:127 show that
the FSDP originates mainly from interchain correlations, t
is the correlation between chain segments belonging to
tinctly different chains or segments of the same chain se
rated by a contour length larger than the persistence len
The relaxation behavior probed in the present study
therefore be attributed to the decay of the spatial correla
between neighboring chain segments. This is in agreem
with findings for polybutadiene.41

A. Salt induced effects on the polymer host

To investigate whether the observed dynamics is the
mary relaxation, i.e., thea relaxation commonly believed to
be related to the segmental motion of the main chain in po
mers, we scale the obtained relaxation functions with dat
the viscosityh found in the literature.42,43 More precisely,
the a relaxation should—as justified by the Rouse mode
scale withh(T)/T.44 This kind of scaling relation has bee
found valid for several polymers, e.g., polybutadiene45

FIG. 8. S(Q,t•T/h(T))/S(Q,0) atQ51.45 Å21 for PPO as obtained from
the NSE experiments@~stars! 220 K, ~plus! 240 K, ~rings! 260 K, ~squares!
280 K, ~diamonds! 290 K, ~crosses! 300 K, ~down triangle! 310 K, and~up
triangle! 325 K#. Solid line represent a fit of a stretched exponential funct
@Eq. ~2!# to the data points.
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Figures 8 and 9 show the relaxation behavior for P
where the experimental timet is scaled byh(T)/T, i.e.,
S(Q,t•T/h(T))/S(Q,0).

The temperature dependencies of the viscosities w
constructed after a comparison of the literature available
PPO of molecular weight 4000 and its 16:1 mixture w
LiClO4. While the data of McLin and Angell42 agree well
with those of Eisenberget al.,43 those of Wixwatet al.46 de-
viate significantly from the former. For PPO–LiClO4 16:1
we therefore decided to use the viscosity values giv
in Refs. 42 and 43 together and fitted them by a Voge
Fulcher expression ln(hPPO–LiClO4

/P)525.811351 K/(T
2194.2 K). This expression describes the data well over
whole range of 280–400 K. For pure PPO, raw viscosity d
are not given in Ref. 42. Only the Vogel–Fulcher paramet
B5939 K andT05174 K are stated. From the experiment
details mentioned in Ref. 42 we estimate the range of va
ity for this expression to be 240–400 K. Because this ran
is larger than the range used in Ref. 43 we fitted the la
data keeping the parametersB and T0 fixed and finally ob-
tained ln(hPPO/P)525.11939 K/(T2174 K). The conduc-
tivity data of Ref. 42 for PPO–LiClO4 16:1 in the range
260–410 K was analogously fitted by a Vogel–Fulch
like expression ln(sPPO–LiClO4

/S cm21)521.821094 K/(T
2200.0 K).

It can be seen for the pure polymer that the rescaled d
points fall on master curves, except for the lowest tempe
ture, T5220 K. ~The scaling is not perfect but considerin
the difficulties obtaining reliable viscosity values we do n
consider the deviations significant.! As expected the data
points in the spectra forT>240 K are well described by Eq
~2! as demonstrated by the fits shown in Figs. 8 and 9.
therefore attribute the observed relaxation to the primara
process.

S(Q,t•T/h(T))/S(Q,0) for PPO–LiClO4 O:Li516:1 is
shown in Figs. 10 and 11. It is seen that the relaxation

FIG. 9. S(Q,t•T/h(T))/S(Q,0) at Q51.45 Å21 for PPO as obtained on
the IRIS instrument. The temperatures are from left to right 280, 290, 3
325, and 334 K. Solid line represent a fit of a stretched exponential func
@Eq. ~2!# to the data points.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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served at theQ value of the FSDP inS(Q) does not scale
with h(T)/T as is the case for the pure polymer.47 Conse-
quently, it may be argued that it is not thea relaxation that is
observed here. On the other hand, neutron diffract
investigations27 of PPO–LiClO4 O:Li516:1 established tha
the FSDP originates from interchain correlations. Therefo
the molecular origin of the relaxation must be the same in
in the pure polymer. The failure of the viscosity scaling h
to be ascribed to salt induced changes to the dynamics o
polymer matrix.

A plausible explanation may be based on the interac
between the polymer chains and the cations, which as

FIG. 10. S(Q,t•T/h(T))/S(Q,0) at Q51.45 Å21 for PPO–LiClO4 O:Li
516:1 as obtained from the NSE experiment@~stars! 260 K, ~up triangle!
280 K, ~down triangle! 290 K, ~rings! 300 K, ~squares! 310 K, ~crosses! 325
K, and ~diamonds! 334 K#. Solid lines represent the fits of a stretche
exponential function@Eq. ~2!# with parameters in Table I to the data point

FIG. 11. S(Q,t•T/h(T))/S(Q,0) at Q51.45 Å21 for PPO–LiClO4 O:Li
516:1 as obtained on the IRIS instrument. The temperatures are from le
right 280, 290, 310, 325, and 334 K. Solid lines represent the fits o
stretched exponential function@Eq. ~2!# with parameters in Table I to the
data points.
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coordinate to the ether–oxygens in the polymer chains, m
form cross links between chains and thereby change the
fective molecular weight. The mechanism of transient cr
linking has been suggested to cause the changes in the
perature dependence of the average relaxation time for p
mer salt complexes compared to pure polymers.4 Since the
number of dissociated ions, i.e., ions that can take part
transient cross link, decrease with temperature,13 the effec-
tive molecular weight will be temperature dependent. Sin
the viscosity of a polymer depends on the molecular weig
whereas thea relaxation does not, the rescaling of thea
relaxation withh/T does not hold. A similar effect has bee
observed in supercooled selenium, in which the atoms fo
linear polymer chains of a length that depends
temperature.48

In the data shown in Figs. 3–6 as well as the fit para
eters in Fig. 7 and Table I the relaxation of PPO–LiClO4 is
seen to be slower and more stretched compared to tha
pure PPO. The slowing down is a generally observed p
nomenon in polymer electrolytes and has been stud
mainly by light scattering techniques~see for instance Refs
5, 17, 49, and 50! and recently also neutron spin echo.36,51

This can be explained by several possible ways of interac
between the polymer chains and the cations. Cations bo
to several ether oxygen atoms of one polymer chain m
induce a stiffening of the chain~intrachain effect!. Cations
bound to different chains may act as temporary cross li
~interchain effect! raising Tg with respect to the uncross
linked polymer. This effect is generally observed for perm
nently cross linked polymers and may be explained in
framework of the Gibbs–DiMarzio theory.52

It is more difficult to understand why the observe
stretching parameterb is smaller in the salt doped polyme
than in the pure polymer. The stretching is generally o
served for polymer electrolytes. Indeed, even the effect
permanent cross links on the relaxation shape is still d
cussed in the literature with the majority of investigatio
showing an increase in broadening~e.g., Ref. 53! but some
also an unchangedb parameter.54 The additional stretching
may suggest a broadening due to heterogeneity. Differen
scanning calorimetry~DSC! experiments42 on PPO–LiClO4

O:Li516:1 show a broader glass transition. Another set
DSC experiments on PPO–LiClO4 O:Li516:155,56 even
show two glass transitions which are attributed to the
treme case of salt rich and approximately salt free region
the polymer matrix. Reports on incoherent neutron scatte
experiments40 show large deviations from the Gaussian a
proximation can also be interpreted as signatures of het
geneity.

The present experiments measure the dynamics
length scales corresponding to the interchain distance. T
means that in the case of a sample with heterogeneities,
salt concentration fluctuations, which are larger in size th
the interchain distance, we will observe a superposition
the relaxation functions from the different regions of t
polymer ~heterogeneities!. Since the relaxation timet in-
creases with salt concentration, heterogeneities in term
salt concentration fluctuations would lead to an observed
laxation, which can be described by a sum of relaxat

to
a
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functions with different relaxation times. Such a superpo
tion of relaxations would be observed experimentally as
extra stretching~a lowerb value!. The technique of using a
superposition of relaxation functions of a pure polymer h
in several instances been successfully used in the descri
of concentration fluctuations in polymer blends.57–59 Indeed,
it is possible to fit the NSE and IRIS data of PPO–LiClO4 by
a distribution of KWW functions

S~Q,t !

S~Q,0!
5AE

2`

1`

exp~2~ t/tK!b!G~ ln tK!d ln tK ~4!

with the respectiveb value of pure PPO. If we chose th
distribution of KWW times to be a log-normal

G~ ln tK!5
1

A2ps ln tK

expS 2
~ ln~tK /t0!!2

2s ln tK

2 D ~5!

the resulting widths ares ln tK
51.94 for the NSE experimen

and 2.40 for IRIS from joint fits of the spectra at differe
temperatures.

Of course the sole fact that such a fit is possible does
prove the presence of heterogeneity. In fact there is a str
argument that heterogeneity—if present at all—is not
only cause for stronger broadening in the salt doped sys
Heterogeneity would, as discussed above, give a relaxa
function which is a superposition of relaxation functio
with different relaxation times. The relation between log
rithms of relaxation times logt ~e.g., as displayed in Fig. 7!
for regions with different salt concentrations increases w
decreasing temperature. Because of the increasing differ
between the relaxation times at lower temperatures, cut
constant temperature yield broader distributions of logt for
lower temperatures. So the fact thatS(Q,t)/S(Q,0) data ex-
hibit the same stretching for all temperatures contradicts
erogeneity as the origin of the broadening.

In order to put this argument in a more quantitative fo
and to test whether our experiments are sensitive enoug
detect differences in the broadening, we introduce a mo
for the heterogeneity. From the literature data of t
viscosity42,43 we conclude that the influence of the ions c
be described as a rescaling of temperature60

tPPO–LiClO4
~T!5tPPO~x~cLiClO4

!•T). ~6!

We can fit the experimental data of PPO–LiClO4 with this
expression andx(16:1)50.8381 nearly as well as with th
free Vogel–Fulcher fit used above.

Even without knowing the functional dependence ofx on
the ion concentration we can estimate its fluctuation fr
DSC experiments:42 The width of the glass transition i
stated as 4 K for pure PPO and 11 K for PPO–LiClO4. In
order to convert these width values to variances we used
relation sT

25DT2/12 valid for a uniform distribution yield-
ing 1.3 K2 for pure PPO and 10.1 K2 for PPO–LiClO4. Be-
cause the variance is additive in a convolution the additio
width of the glass transition possibly arising from heterog
neity corresponds to a variance of the glass transition t
perature of 8.8 K2 or a standard deviationsT53.0 K. Be-
cause the center of the glass transition has been found a
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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K this corresponds to a standard deviationsx5sT /T
50.013 of the temperature rescaling factorx.

Assuming that this value does not change strongly w
temperature we use it together with Eq.~6! to estimate the
standard deviation of the distribution of lntK . By using the
Vogel–Fulcher expression in Eq.~6! and taking the deriva-
tive with respect tox we obtain

s ln tK
5

BT

~xT2T0!2 sx . ~7!

With the valuesB5939 K andT05174 K for pure PPO, this
expression yields a values ln tK

51.66 at 260 K decreasing to
s ln tK

50.366 at 334 K. The strong temperature depende
is plausible because 260 K is already close to the glass t
sition temperature~229 K!.

For a quantitative check in Fig. 12 we show NSE data
T5300 K fitted with Eqs.~4! and~5! usings ln tK

50.62 from
Eq. ~7! and alternatively the KWW fit. It can be seen th
both fits follow the data points roughly within their erro
bars. Nevertheless, the distribution fit is not sufficien
‘‘broadened’’ as indicated by the systematic deviations
short and long times. In addition it results in a prefactorA
50.79 which is too low.

Other procedures may be devised to compare the bro
ening of the glass transition in DSC experiments to that
the relaxation function. It is, however, clear that the broa
ening s ln tK

, together with the relaxation function of pur
PPO in Eqs.~4!–~7! does not give a relaxation functio
which is sufficiently stretched to describe the present data
PPO–LiClO4 16:1. Therefore, the broadening of the rela
ation must be~at least to its major part! of intrinsic nature,
and is not the result of a distribution of correlation tim
arising from heterogeneities induced by the ions.

FIG. 12. NSES(Q,t)/S(Q,0) data measured atT5310 K and fitted with a
superposition of KWW functions, Eq.~4!, with b50.67 from pure PPO and
a log-normal distribution, Eq.~5!, of characteristic timestK forcing s ln tK

50.62 ~dashed line!. Alternatively, the usual KWW fit, Eq.~2!, is shown
~continuous line!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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It has to be conceded that there remains the possibilit
heterogeneity on a microscopic level. Because inelastic n
tron scattering observes the motions on atomic length sc
it is sufficient that some of the scattering atoms move fa
than others to create a broadened spectrum. It is nota priori
clear what the size of the regions is which determine
glass transition temperature in DSC experiments. Howe
the microheterogeneous picture would strongly resem
polymer blends of polystyrene/poly~vinyl methyl ether!.59

For such blends, DSC experiments show a single glass t
sition unless the blend macroscopically demixes.61 Neverthe-
less, the microscopic dynamics seen by quasielastic neu
scattering reveals that the component polymers have stro
different relaxation times. We can thereby assume that
regions probed by glass transition determinations using
DSC method are larger than the length scale of the neu
scattering experiments presented here. Therefore a m
scopic heterogeneity may be present which is partially av
aged out in the DSC experiment. If this extra heterogen
exists and would be detected by the DSC experimen
could be included in our fitting procedure above and it m
be possible that a distribution of relaxation times based
the broadening by DSC would fit the NSE data.

Also the fact that all spectra taken at different tempe
tures from the NSE or IRIS experiments on PPO–LiCl4

can be fitted with the same widths ln t ~or b in the KWW
fits! could at first glance be considered a strong argum
against a heterogeneous nature of the broadening in the p
mer salt system. In general, one would expect an increa
broadening at low temperature for a heterogeneous sys
from a relation as, e.g., Eq.~7!. The range of 3–4 decades
time covered in our experiments is unfortunately not su
cient to determine broadening parameters ass ln t or b for
each individual temperature. The experimental finding
constant broadening parameter must therefore be restrict
apply only to the time range covered by the experiments

The results presented show that, in the samples inve
gated, there are no indications of inhomogeneous dynam
induced by the ions. It should be noted though, that for s
eral polymer electrolytes including PPO–LiCLO4, experi-
mental observations of two glass transitions are reported
interpreted as phase separation into salt rich and appr
mately salt free regions.55,56,62 We note that these exper
ments were performed with DSC, and therefore probe
material properties largely in a lower temperature range t
the present experiments. A possible explanation for this
crepancy between experiments is a degree of heteroge
which decreases at higher temperatures. There are fur
more indications of a microscopic phase separation into
rich and salt depleted regions which is dependent on ther
history.63

B. Results on the DDH model

Finally, we want to point out the relevance of neutr
scattering data for the DDH model24 of the conductivity in
polymer electrolytes. In this model the charge carriers
assumed to move in a disordered surrounding with th
mean-square displacement following some functional fo
^r 2(t)&5g(t) until a renewal event occurs which restru
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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tures the matrix. In that case the carrier motion is reiniti
ized, e.g., if a renewal happens att1 the mean-square dis
placement will follow ^r 2(t)&5g(t1)1g(t2t1) for t.t1 .
The central quantity of this model is the renewal timetR ,
the average time between two subsequent renewal even

In the earlier DBP model21 the elementary motion de
scribed byg(t) was identified with a hopping motion on
lattice with a random arrangement of closed and open bo
Although this specific assignment has been abandoned
in the DDH model the assumption was retained that in po
mer electrolytesg(t) would reach a limiting valuêr 2(`)& if
renewal events were absent. In the DBP this correspond
the case of a system that would be below the percola
threshold in the absence of renewal.

In addition it is assumed that this saturation value
reached on a time scale much faster than that of the rene
process,tR . Under these assumptions an additional Deb
response should show up in conductivity spectra correspo
ing to the temporary restricted motion of the ions betwe
the renewal events. Indeed, measurements of the frequ
dependent conductivity64 show this signature lending suppo
to the validity of the two assumptions.

In such a renewal controlled system below the perco
tion threshold the static diffusion coefficient assumes
simple form, regardless of the specificg(t)

D~0!5
^r 2~`!&

6tR
. ~8!

In order to calculate the limiting mean-square displacem
^r 2(`)& knowledge ofD(0) and tR is required. Because
direct measurements of the diffusion coefficients in polym
electrolytes are few, it is usually expressed by the cond
tivity s via the Nernst–Einstein relation leading to

^r 2~`!&5
6stRkBT

nionsq
2 . ~9!

Here,nions denotes the carrier density taken from a Ram
scattering study65 and q their charge. However it should b
noted that there are indications of that the Nernst–Eins
relation may be quantitatively invalid in polymer ele
trolytes.7

The renewal timetR is identified with thea ~or glass
transition! relaxation time of the polymer matrix. Becaus
the a relaxation is a ubiquitous phenomenon this leaves
choice open of which experimental method to use to de
mine ta . Previously, the dielectric relaxation time of th
pure polymer was used and rescaled by the known shift oTg

induced by the dissolved salt.24

Here, we propose that the average relaxation time^t&
@Eq. ~3!# determined by coherent neutron scattering at
structure factor peak may be a better choice. First, it
scribes thea relaxation on a microscopic length scale corr
sponding to the interchain distance. It is this kind of motio
which should give rise to the renewal events. Second, it
be determined directly from the salt doped samples remov
the uncertainty involved in the abovementioned rescal
process.

Figure 13 shows the valueŝr 2(`)&1/2 of the limiting
distances obtained in this way. We note that most of
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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values are in the range of those reported earlier24 for other
polymer electrolyte systems, 0.3–0.5 Å. The values deri
from IRIS data are lower by about 30%, which is a con
quence of the lower relaxation times determined on t
spectrometer.

The fact that our calculations reproduces the results
Lonerganet al.24 supports the validity of their rescaling pro
cedure and in turn their discussion of the magnitude
^r 2(`)&1/2. On the other hand, a significant temperature
pendence remains in the values of^r 2(`)&1/2. Although it is
weak if compared to the temperature dependences of
original s or ^t& data it is still stronger than would be ex
pected, e.g., from a vibrational mean-square displacem
^r 2(`)&}T.

As the error bars in Fig. 13 show, this temperature
pendence is significant with respect to possible errors fr
the fits determining the average relaxation time from the n
tron scattering data. On the other hand there would hav
be an error of 150% in the conductivity data to explain t
difference of^r 2(`)&1/2 between 280 and 325 K.66 The deu-
teration of the PPO used here may cause a shift inTg , which
also could lead to an artificial temperature dependence.
DSC experiments on other polymers45 have shown thatTg is
higher in the deuterated polymer. In order to compensate
temperature dependence here, anegativeshift of Tg by about
27 K would be necessary. Finally, the LiClO4 content would
have to be wrong by more than 15% here or in the cond
tivity measurement which can also be excluded.

Thus we consider the temperature dependence
^r 2(`)&1/2 to be significant and rather ascribe it to immane
problems of its derivation. For instance, the Nernst–Eins
relation is used despite doubts concerning its validity
polymer electrolytes.7 Therefore, a crucial test of the DDH
model would require a direct determination of the diffusi
constant, e.g., by pulsed field gradient NMR.

V. CONCLUSION

We present the first investigation of the structural d
namics of a polymer electrolyte by coherent quasiela
scattering combining the NSE technique and inverse T

FIG. 13. Square root of the limiting mean-square displacement calcul
with the dynamic disordered hopping model using the average relaxa
time from coherent scattering atQ51.45 Å21. Filled circles refer to the
NSE experiment empty circles to that on IRIS.
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spectroscopy. In order to discuss comparable quantities
Fourier transformed the TOF data obtaining a time ran
extending to more than 1 decade shorter times than th
from NSE.

A direct combination of the data from both methods
the time domain was not possible because the incohe
scattering resulting from incomplete deuteration of t
samples enters with different weight in the two experimen
For both instruments the intermediate scattering funct
S(Q,t)/S(Q,t50) can be described by a stretched expon
tial ~KWW! function Eq.~2!. The stretching parameterb is
smaller for the TOF data as a result of the incoherent con
bution which is more stretched40 and has a different relax
ation time.

Apart from this difference, data from both instrumen
show similar effects of the ions of the dissolved salt on
segmental motion of the polymer chains:~1! The a relax-
ation is slower in the salt-containing sample.~2! The a re-
laxation is broadened in the salt-containing sample.~3!
While for pure PPO the intermediate scattering functi
could be rescaled to a master curve using viscosity data
was not possible in case of the salt-complexed PPO.

The slowing down of thea relaxation is a generally
observed effect of solvation of salt in a polymer. It can
understood on grounds of the cations acting as tempo
cross links raising the glass transition temperature. In ad
tion the cations may bind to several ether oxygens of
same chain and thus increase its stiffness.

Concerning the broadening we have attempted to in
pret the data in a heterogeneous picture of regions with
ferent relaxation times but the same stretching paramete
in pure PPO. Although this model allows the description
both the NSE and TOF data, the width of the distribution
relaxation times does not correspond to the broadening of
glass transition. The spread of the glass transition actu
observed by DSC42 is much too small to be the sole origin o
the required broadening.

Therefore, the broadening must have a homogene
~intrinsic! origin or result from dynamic heterogeneity on
short length scale. In the former case the relation between
broadening of the DSC glass transition and the relaxa
observed by quasielastic neutron scattering is nota priori
clear. The other possibility of microheterogeneity see
plausible because individual segments of the polymer ch
may differ in mobility according to the way they intera
with cations. Nevertheless, on the length scale of regi
determining the glass transition temperature the heterog
ity may partially average out, leading to the smaller signat
of heterogeneity in the DSC experiment. A distinction b
tween these two sources cannot be done on grounds o
present data but would require, e.g., measuring theQ depen-
dence of the incoherent quasielastic scattering.

In passing we note that the smaller stretching param
b for the salt doped samples cannot be related to
fragility67 in the framework of the coupling model.68 If a
difference in fragility can be detected at all, PPO–LiClO4

O:Li516:1 is a ‘‘stronger’’ liquid than pure PPO42 and
therefore should have a higherb parameter according to th
coupling model.
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With respect to the scaling of the intermediate scatter
function with a viscosity timeth}h/T which is usually seen
as the signature ofa relaxation ‘‘universality,’’45 the
samples show certain differences: For pure PPO the sca
is possible with the exception of the lowest temperature
K. This temperature is below 1.2•Tg , i.e., in a range where a
decoupling of viscosity often is observed~see, e.g., Ref. 69!.
In contrast, for PPO–LiClO4 a deviation of about 1 decad
occurs over the temperature range 280–334 K. Because
difference does not occur at a certain threshold tempera
but rather builds up gradually when changing the tempe
ture, it can be suspected that the coupling factor betw
microscopic friction and the viscosity depends on tempe
ture here. A possible reason for such a temperature de
dence would be that the temporary cross linking~and end
linking because the PPO used here was hydroxy capped! by
the cations varies with temperature as shown by Ram
spectroscopy experiments.65 Thus, the effective molecula
weight determining the relation between segmental~a! and
terminal relaxation~viscosity! will not be constant, but vary
with temperature.

Finally, we were able to use the microscopic avera
relaxation time from neutron scattering in the framework
the DDH model24 as the renewal timetR . By doing this the
uncertainty of using temperature rescaled data from die
tric loss maxima in the pure polymer can be removed. T
values obtained for the limiting root-mean-square displa
ment^r 2(`)&1/2 are in remarkable agreement with those d
rived on other polymer electrolyte systems with the abo
mentioned assumptions.24 On the other hand, the fact tha
^r 2(`)&1/2 shows a significant and comparatively strong te
perature dependence sheds some doubt on the validity o
DDH model or at least the use of the Nernst–Einstein eq
tion in its context.70–72
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