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The structural dynamics of a polymer electrolyte model material, (poyyene oxidg
(PPO)-LIiCIQ (and PPO for referengehas for the first time been studied usicgherent
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’<10

=10 8s 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-LIClg) 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-LjCnpared to PPO and

the failure of the viscosity scaling in PPO-LiC/@nay 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 electrolytes20@1 American
Institute of Physics.[DOI: 10.1063/1.1370073

I. INTRODUCTION mer electrolytes is therefore also of considerable scientific
interest. In this paper, we investigate a prototype system of
Polymer electrolytes are materials of considerable interan amorphous polymer electrolyte, p@yolyene oxidg
est for applications in electrochemical devices such as soligePQ complexed with LiCIQ. We focus on the molecular
state batteries, since they yield a high energy density, ar@ynamics of the polymer matrix, how it is modified by inter-
nontoxic, and have a significant ionic conductivity. Since theaction with the ions and discuss the findings in relation to
discovery that certain polymers can dissolve $aitsd func- proposed models for the the ionic transport.
tion as solid electrolytes without any additional low molecu- In the case of polyethers such as PPO and (etiylene
lar solvent® considerable insight has been gained and nevpxide) (PEO), the cations are solvated by the ether oxygens,
improved materials have been synthesized. The knowledggnq several different structural arrangements which also may
about structural properties of the ion conducting amorphoug,yolve cation—anion coordinations are possfblEhe inter-
phasé is, however, limitef® and the mechanism for the action between the polymer chains and the anions is Weak.
ionic conduction on the molecular level is an issue which isgiyctural studies of crystalline PEO complexed with®shlt
still far from settled” The mechanism must be fundamentally haye contributed valuable insights into the coordination of
different from the mechanism in electrolytes with low mo- ihe cations to the ether oxygens, but are of limited value for
lecular solvents, and the investigation of solvent free poW'predictions of properties of the amorphous phase where the
ion conduction occurs. Neutron diffraction experiments on
aElectronic mail: f5xpc@fy.chalmers.se PEO-Lil melt$® in combination with molecular dynamics
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simulationd! indicate that in the melt the lithium to ether— A. Sample preparation
oxygen coordination number is larger tha_n in correspondmg The samples were prepared from freeze dried
crystalline complexes and decreases with increasing teMyey

PP ith h
perature. Spectroscopic studié$'® have shown that the (OI—EEg[[e)S—CD(C[z )_O]\':W_tH) (Po)llfr?é(ry Sour?ed Ing grnc()jups

Sacuum dried LiCIQ. The molecular weight stated by the
pplier wasM,=3700 but a subsequent gel-permeation
romatography supports a significantly lower valié,
~2000%%?° The salt was dissolved in the polymer under
stirring using minute amounts of dry acetonitrile as interme-

. . ) te solvent. The solution, and a sample of pure PPO were
due to several effects. The formation of associated ion SP&re

ios leads t duct t th ber of able di eze dried on a vacuum lind>¢-1 mPa) until no bubbles
cles lea ‘;"1? a reduction ot the humber ot avariable AISSOClg, /a4 and then transferred to sample containers in a dry
ated ion$>*and the molar conductivity decreases. The ma

) . e - - . ‘argon atmosphere glove box. There were no signs of an
jor effect which limits the ionic conductivity at high salt g P g g y

; . . residual acetonitrile in similar hydrogenous samples, pro-
concentrations is, however, the decrease in the charge carngl, od as above when characterized by Raman spectros-
mobility. There are strong indications that the mobility of '

30

! i ) copy:
'ons |s7Plr;)moted by Fhe segmen_tal motion of the polymer Characterization of the samples with nuclear magnetic
chaing’~'°and the ionic transport is therefore believed to beresonance(NMR) showed that only 86% of the hydrogen
I%r]ge!ytdetetr_mmidtby thetr(]jynanl"ncs of t::e. polymderthﬁ8§t. atoms attached to the polymer chain backbone were replaced

€ Interaction between the polymer chains an € ".mﬁy deuterium but the methyl groups were nearly completely
Ieads, however, t_o a slowing dow-n of the sggmental_ mOt'oraeuteratec{>990/o).29 The overall degree of deuteration of
which may ex'%'a'” t_he decrgase n popducnvny at h.'gh Sahthe polymer was found to be approximately 90.2% by mea-
concentrations® A microscopic description of the motion of dsuring the scattering cross section in neutron diffraction

the |0|nst.|n tBeBIgolymderlglt?zszt Isd01;fhered by the dynlakr)nlf blon experimentg! For the PPO sample the coherent and incoher-
percolation( ) model, " and the more general but also ent scattering cross section ar@.,;=4.46 and oj,con

H H H 23,24
{/evshs detallleo_l dynhamlc dlsgrtljered h?pp(ﬁ):‘DII-D m(l)del. . =6.56 b/atom and the absorption dg,= 0.09 b/atom ai
vvhen app ying these models to poyme_ret_actroyt_es, an '°n=7.5/1\, the wavelength used on IN11l. The sample of
is considered to perform a motion which is confined to a

ion i . . PPO-LICIQ16:1 has the cross sectio =5.93 and
small region in the polymer host and is characterized by a ICIQ 10MBcon

time scaler,,. The polymer matrix rearranges on(asually i'”;"g A4'90 blatom and an absorption of,s=2.70b ath
longen time scalerg which allows the ion to escape the '
confinement.

In the present work, we investigate the segmental dy-

namics in a polymer electrolyte model material using theB. IN11 neutron spin echo experiment

f?e“”"” _spin echaNSB techniqug in combination Wi_th In the experiment on IN11, a wavelengtk=7.5 A (1.45
time-of-flight (TOF) neutron scattering’ We thereby obtain meV) and a scattering angle of 20° were chosen to obtain a

the, lr;alaxa}téon function in a time range from apprommate_lyQ value of 1.45 A, The distribution of the wavelength was
107"-10"" at a wave vector co_rrespo_ndmg to the .th.e dIS'approximately triangular in shape with a width of 15% full
tgnce betweep thg polymer chains. With th|§ data .'t IS POSyidth at half maximumFWHM). The cutoff of the analyzer
S'.ble for _the first 'qme to use the DDH m_odeI In conjunction mirrors was atn=3.5A (6.7 me\}. This corresponds to a
with a microscopically derived renewal time,. bandpass-1.45 me\KE<5.2meV of the energy transfers
accepted by the instrument. In an ideal NSE experiment the
Il. EXPERIMENT quant?tyS(Q,t)/S(Q,t=0) is measured directly in the time
domain. Due to the bandpass on the analyzed neutron ener-
In this work, the same samples of PPO and PPO-LJCIO gies the normalization is not strictly te=0 but rather to the
of concentration O:l#16:1 were investigated at the IN11 Fourier time corresponding to the width of the bandpass,
neutron spin echo spectrometer, Institut Laue-Langevinapproximately 1 ps. Incoherent scattering is suppressed by a
France, and the high resolution backscattering neutron spetactor of 1/3 because it implies a spin flip with probability
trometer IRIS at the ISIS pulsed spallation source,2/3. For details on the NSE experimental technique, see for
Rutherford-Appleton Laboratory, UK. The instruments wereinstance Ref. 31. The effects due to multiple scattering and
chosen to obtain a wide experimental time window,absorption are small for the NSE technique, therefore no
~10 12-10"8s, since the relaxation function for thepro-  such corrections were performed.
cess in polymer electrolytes is stretched over several decades The PPO sample was investigated at temperatires
and shows a strong temperature dependence. In order to re-15, 220, 240, 260, 280, 290, 300, 310, 325, and 334 K, and
duce the incoherent scattering deuterated polymers weithe PPO-LICIQ sample of concentration O:&i16:1 was
used. Both instruments were set up to focus on@healue  investigated af =260, 280, 290, 300, 310, 325, and 334 K.
of 1.45 A%, since this is close to the first sharp diffraction The sample of PPO measured-at5 K was used as resolu-
peak (FSDP of the static structure factors of PPO andtion function. The containers were airtight flat aluminum
PPO-LIiCIQO:Li=16:12%2' vessels with sample thickness of 2.0 mm.

but also associated ion species, e.g., ion pairs, triplets, a
clusters whose abundances increase with salt concentrati%rﬂ
are foundt®

In general, the ionic conductivity first increases with salt
concentration and then at higher concentrations decreas
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FIG. 1. The scattering functionS(Q,») averaged to constanQ FIG. 2. The scattering functionS(Q,w) averaged to constanQ
=1.45 A1+ 7.5% vs energy transfé&=%w for PPO. =1.45A"1+7.5% vs energy transfé& = for PPO—LICIQ, 16:1.

D. Fourier transform of IRIS data

C. IRIS TOF experiment The Fourier transform has been done by directly apply-

The inverse geometry TOF instrument IRiSvas used ing the discrete complex Fourier integral
with the pyrolythic graphite 002°G002 analyzer reflection N
at E;=1.85meV with an energy resolution of 1laeV S(Q,t)zz S(Q,w ) exp —iwyt)Awy (D)
(FWHM). The accessible momentum transfer range in this k=1
setup is 0.5:Q<1.8 A1 (elastig. The choppers were set to to the constan® spectraN denoting the number of time-of-
cover the energy transfer range0.4<E<6 meV. Because flight channelsw, the angular frequency, anklw, the width
of the high energy transfers to be detected a berryllium filteiof channelk. The data were not subjected to “binning” or
was used to suppress neutrons passing the analyzer via tiigerpolation on the energy scale before the numerical Fou-
PG004 reflection. rier transform. Because of the spurious peak at 2.8 meV and
The samples of PPO and PPO-LiGI6f concentration  the increasing background at high energy transfers, only the
O:Li=16:1 were investigated at temperatufes 40, 280, Part of the spectra up t6 wna,=2.5meV was used in the
290, 310, 325, and 334 K. The sample containers were cyfansform. Since energy transfers in the rang@.5<E
lindrical in shape with an outer diameter of 23 mm and a< — 0-05 meV(with respect to the samplare not accessible
sample thickness of 0.5 mm. Conversion to the scatteriny/ith IRIS or have large errors, the spectra on the energy gain
function S(Q, ) and absorption corrections were performed>ide were mirrored to cover this range employing the de-
using standard site softwate. tailed balance principle. The Fourier times were chosen as

Because of the high energy range it is important to conUItiPIeS 0f 7/ wma,=0.8 ps in order to minimize “wiggles”
resulting from the cutoff.

ider th rum register r rtain . . .

sider that a spectru ' €9 _ste ed by a detector at ace ta The effect of the convolution with the resolution func-

angle contains scattering with a momentum tran§fevhich . : LT
tion of the instrument reduces to a multiplication in time

}{/_anes with the d_enertgyﬂt]ratns;EIerlnlo;der 0 r? btain a stltua-f domain. Therefore it can be easily removed by dividing the
lon corresponaing to that of TN L, for éach energy Ealns ®ourier transformed spectra by a Fourier transform of the
channel the detectors containing data wigh=1.45A

. dto , hich resolution function. For the latter, the spectralat40 K of
+7.5% were averaged to “constaQl’ spectra which were o same sample were used since they were found to contain

subsequently used in the Fourier transform. Figures 1 and gegiigible quasielastic scattering. The quotient may have an
show the spectra for PPO and PPO-Li¢16:1 when aver-  imaginary part due to an offset in the elastic line position.
aged to constar@=1.45A"". All spectra show a spurious Therefore the absolute value was taken which is equivalent
inelastic peak at about 2.8 meV. This peak is present in allp shifting the elastic line to zero energy transfer in fre-
detectors at the same energy transfer and decreases with tefirency domain.

perature and angle. Furthermore there is an unphysical in-  Thjs division implies a normalization to the low tem-
crease of5(Q,w) at high energy transfels>4 meV which  perature structure factorS(Q,t)/Sr_4«(Q). Because a
may be due to an incomplete operation of the beryllium fil-clear change of the position of the structure factor peak could
ter. Because the origin of both features is not fully under-be observed when the samples were heated to the measure-
stood we refrained from devising any correction but used thenent temperatures near 300 K this normalization is not very
spectra only up td,,,=2.5meV. meaningful. We therefore renormalized the data to the inte-
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FIG. 3. S(Q,1)/S(Q,0) atQ=1.45 A~* for PPO as obtained from the NSE  FIG. 5. S(Q,t)/S(Q,0) atQ=1.45A"1 for PPO as obtained by Fourier

experiment(rings and error baysand fits of the KWW, Eq(2) (continuous  transform from the IRIS experiment and fits of the KWW, E). (continu-

lines) performed as described in the text. ous lines performed as described in the text. Because of the large humber of
data points only those fdr<8 ps have been marked by crosses and for the
longer times only their error bars are shown.

grals over the energy range-2.5me\WE<2.5meV.

Thereby, the resulting quantity 8(Q,t)/S(Q,t=0) in the

same sense as for the NSE experiment but with a slightl

different energy band used.

ec. IID. Also from these data the general result of slower
elaxation and more pronounced stretching can be seen.
In a first analysis, a stretched exponenfi@bhlrausch—
Williams—Watts(KWW)] function

[ll. RESULTS
Figures 3 and 4 present th§(Q,t)/S(Q,0) at Q S(Q't):AeXF(_(t/TK)B), 2)
=1.45A"1 for PPO and PPO-LIiCIQO:Li=16:1 as ob- S(Q,0)

tained from the NSE experiment. It is seen, directly from theyhereA is the amplitude the stretching parameter, ang
experimental data, that the relaxation behavior of the polythe characteristic time of the relaxation, was fitted to the
mer salt system is slower and more stretched compared {@ata. The fits are shown as continuous lines in Figs. 3-6 and
that of the pure polymer. it is seen that the function describes the relaxations in both

Figures 5 and 6 presentS(Q,t)/S(Q,0) at Q  materials well. In these fits, uniqueand 8 parameters were
=1.45A"* for PPO and PPO-LIiCIQO:Li=16:1, calcu-

lated from the IRIS spectra in Figs. 1 and 2 as described in

g
g:O.G—'
@
Soad
504
0.2+
t(ns)
t (ns) FIG. 6. S(Q,1)/S(Q,0) atQ=1.45A"1 for PPO-LIiCIQ, O:Li=16:1 as

obtained by Fourier transform from the IRIS experiment and fits of the
FIG. 4. S(Q,t)/S(Q,0) atQ=1.45A"1 for PPO-LIiCIQ, O:Li=16:1 as KWW, Eq. (2) (continuous linesperformed as described in the text. Be-
obtained from the NSE experimefiings and error bajsand fits of the cause of the large number of data points only thosetf08 ps have been
KWW, Eqg. (2) (continuous linesperformed as described in the text. marked by crosses and for the longer times only their error bars are shown.
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TABLE I. The values of the common parameters found by fitting of the 104
KWW function [Eq. (2)] to the data obtained for the four sample/instrument
combinations. The standard deviations estimated as described in the text are

smaller than 2%, though with possible systematic errors included, we esti- 108 ¢
mate that these parameters are subject to an uncertainty of about 5%.

Sample Inst. A B 102 ¢
PPO IN11 0.88 0.67
PPO IRIS 0.73 0.56 10 E
PPO-LICIQ IN11 0.89 0.45
O:Li=16:1 IRIS 0.81 0.37

100 L
#A=0.93 for the spectrum at=220.

<1> [ns], etc (see caption)

101
used for each of the four instrument/sample combinations,
while the characteristies was fitted individually for each 102
spectrum, the only exception being the spectra of PPD at d
=220K which required an individual amplitudefor a sat- 1000K /T
: -+ 34
isfactory fit™ The values of the common parameters ar€ri ;. anhenius plot of(s for PPO (ringy and PPO—LICIQ O-Li

shown in Table I. The standard deviation of the fitted param=16:1 (triangles as obtained from fitting Eq2) to the data from the IRIS
eters were estimated using a Monte Carlo methodwhich instrument(open symbolsand the IN11 instrumentfilled symbol3. The
the model function is fitted to synthetic data sets. The syngror bars denote the standard deviations estimated as described in_ the text.
thetic data sets are generated from the fit to the original daty'c,/0er part of the error bar for thie) value for PPO afl=220K is
o . itted since it extends to negative values. Included for comparison are

and from the statistical errors in those data. The standarstaled temperature dependences of the viscosity for RBD:P (solid line
deviations for the parameters found in the fits to the synthetigihere the underlying data was measured and dotted line for extrapglation
data are readily calculated, and then assumed to be similar fof PPO-LICIQ O:Li=16:1: 7/100 Poise(dashed ling (see Refs. 42 and
those for the parameters from the fit to the original datag?;_ ond e, ;ij;es‘:]e dc_oé‘(i‘:ecé“ﬁgyds;; R:f%; HE@OOLi=16:1:
Recently, Moset al. performed an NSE experiment on PEO
and PEO-LIil O:LE 15:1 using the IN11 instrumerinco-
herent scatteringand reported a similar decrease of the
stretching parametg® from about 0.57 for the pure polymer
to 0.44 for the polymer salt complé& Mao et al.found ag  smaller 8 parameter for IRIS indicates that an additional
parameter of approximately 0.61 for PEO in an experimenbroadening is observed. The additional broadening can be
performed on the IRIS instrumefincoherent scattering’  attributed to a larger fraction of incoherent scattering; inves-
These values are in accordance with our findings. tigations of hydrogenous PPO and PPO-Lictd the IRIS

Regarding the fits of the IRIS daf&igs. 5 and fwe  spectrometer indicate A=0.41 andB=0.35, respectively,
have to note thaS(Q,t)/S(Q,0) values witht<3 ps lie  and slightly different relaxation timeé§.While on the NSE
clearly above the KWW fit. This behavior is qualitatively instrument incoherent scattering will only contribute with 1/3
expected because of the “picosecond proce¥sput the weight, no such discrimination between incoherent and co-
crossover time is much larger than observed in other polyherent scattering is possible on the IRIS instrument. Because
mers, where it is~1 ps. Methyl group motion can be ruled of the poor deuteration of the polymer the incoherent scat-
out as the source of this effect because it was just the methyéring amounts to about 41% even at the structure factor
group hydrogen atoms that were nearly completely replacegeak.
by deuterium in our sampléS. This effect has been more Similarly the smaller value of the amplitude factér
carefully studied on an instrument which is more appropriatenay be attributed to an admixture of incoherent scattering.
for this time range—the IN6 TOF spectrometer in Here in addition an incorrect normalization due to the pres-

Grenoble—and is the subject of a forthcoming paper. ence of a sample dependent background may play a role. The
Figure 7 shows the average relaxation ti(ag i.e., IRIS spectra shown in Figs. 1 and 2 clearly show the pres-
e (1 ence of such a background by the unphysical increase of
(r)y= FF(E) (3) S(Q,w) for energy transfershw>4 meV. Because this

background increases with temperature it is difficult to esti-

as obtained for the different sample/instrument combinationsnate to what extent it affects the rang&.5 meV used in

in the fitting procedure. Comparing the different samples, ithe Fourier transform and thereby the normalization of

is clear that the dynamics of the polymer salt complex isS(Q,t)/S(Q,t=0).

significantly slower than the pure polymésee Fig. 7 and Because of these obvious discrepancies of the relaxation
the increased broadening of the relaxation in the Li-dopedhape observed on NSE and IRIS we refrained from splicing
sample is reflected in the small@rvalue (see Table). On  together the time-domain data. In order to do this arbitrary

the other hand, the differences with respect to the instrumeritictors would have to be applied which cannot be justified on

used are unexpected, because the quarg{{®,t)/S(Q,t physical grounds. The data from the IN11 and the IRIS in-

=0) should be defined in approximately the same way. Thetruments will therefore be treated separately.
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FIG. 8. S(Q,t- T/ 7(T))/S(Q,0) atQ=1.45 A-! for PPO as obtained from  FIG- 9. S(Q,t-T/7(T))/S(Q,0) atQ=1.45A"* for PPO as obtained on
the NSE experimenti(starg 220 K, (plus) 240 K, (rings) 260 K, (square} the IRIS instrument. The temperatures are from left to right 280, 290, 310,
280 K, (diamond$ 290 K, (crosses300 K, (down trianglé 310 K, and(up 325, and 334 K. Solid line represent a fit of a stretched exponential function
triangle 325 K]. Solid line represent a fit of a stretched exponential function [Ed- (2)] to the data points.

[Eg. (2)] to the data points.

Figures 8 and 9 show the relaxation behavior for PPO
IV. DISCUSSION where the experimental timeis scaled by»(T)/T, i.e.,

The results clearly show that the solvation of the salt inS(Q_’I_tr']T/77(-|-))/S(Q’O)('Jl denci f the vi .
the polymer matrix induces large changes in the dynamics of e temperature dependencies of the viscosities were

the matrix, indicating a significant interaction between theconstructed after a comparison of the literature available on

ions and the polymer chains. To investigate the character (RPO of mollecular weight 400(.) and its 16:1 mixture with
this interaction we focus on the molecular origin of the ob-L'_Clo“' While Fhe data of '\fgcl"n and Ar.]gélﬁ agre4eewell
served relaxation and compare it to the macroscopic viscoé’lf'th thgse_ .Of Eisenbergt al," those of Wixwatet .al. de-
ity. We scrutinize the explanation of the additional relaxation"'a€ significantly from the former. Fo_r PPQ—LlCJCl6:1_
broadening in salt doped polymers by heterogeneity. Finall we therefore decided to use the_ viscosity values given
we discuss the local motion of the ions within the framework!" Refs. 42 and 43 together and fitted them by a Vogel-
of the DDH model using the characteristic relaxation times™ulcher  expression  Inepo_iciq, /P)=—5.8+ 1351 K/(T
found for the polymer matrix and literature data on the ionic ~ 194.2K). This expression describes the data well over the
conductivity. whole range of 280—-400 K. For pure PPO, raw viscosity data
The momentum transfe@=1.45A"1 investigated in are not given in Ref. 42. Only the Vogel-Fulcher parameters
the present experiments is approximately that of the FSDP iB=939K andT,=174K are stated. From the experimental
the static structure factd(Q). Neutron diffraction investi- details mentioned in Ref. 42 we estimate the range of valid-
gations of PP& and PPO-LiCIQ O:Li= 16:1%" show that ity for this expression to be 240—400 K. Because this range
the FSDP originates mainly from interchain correlations, thafS larger than the range used in Ref. 43 we fitted the latter
is the correlation between chain segments belonging to diglata keeping the parametesand T, fixed and finally ob-
tinctly different chains or segments of the same chain sepd@ined Inppo/P)= —5.1+ 939 K/(T— 174 K). The conduc-
rated by a contour length larger than the persistence lengtiVity data of Ref. 42 for PPO-LiCI©9 16:1 in the range
The relaxation behavior probed in the present study ca®60—410 K was analogously fitted by a Vogel-Fulcher-
therefore be attributed to the decay of the spatial correlatiofike €xpression Infppo_Liciq,/S cm )= —1.8- 1094 K/(T
between neighboring chain segments. This is in agreement 200.0K).
with findings for polybutadien&: It can be seen for the pure polymer that the rescaled data
points fall on master curves, except for the lowest tempera-
ture, T=220K. (The scaling is not perfect but considering
To investigate whether the observed dynamics is the prithe difficulties obtaining reliable viscosity values we do not
mary relaxation, i.e., the: relaxation commonly believed to consider the deviations significantAs expected the data
be related to the segmental motion of the main chain in polypoints in the spectra fofF =240 K are well described by Eq.
mers, we scale the obtained relaxation functions with data of2) as demonstrated by the fits shown in Figs. 8 and 9. We
the viscosityz found in the literaturé®* More precisely, therefore attribute the observed relaxation to the primary
the a relaxation should—as justified by the Rouse model—process.
scale with7(T)/T.* This kind of scaling relation has been S(Q,t-T/5(T))/S(Q,0) for PPO-LICIQ O:Li=16:1 is
found valid for several polymers, e.g., polybutadiéhe. shown in Figs. 10 and 11. It is seen that the relaxation ob-

A. Salt induced effects on the polymer host

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 21, 1 June 2001 Segmental dynamics of a polymer electrolyte 9651

1 coordinate to the ether—oxygens in the polymer chains, may

form cross links between chains and thereby change the ef-

09 fective molecular weight. The mechanism of transient cross
0.8r linking has been suggested to cause the changes in the tem-
07t perature dependence of the average relaxation time for poly-
5 mer salt complexes compared to pure polynfeSince the
L 06r number of dissociated ions, i.e., ions that can take part in a
g : . .
@05 transient cross link, decrease with temperatdrhe effec-
g tive molecular weight will be temperature dependent. Since
& 04 the viscosity of a polymer depends on the molecular weight,
03t whereas thex relaxation does not, the rescaling of the
relaxation withz/T does not hold. A similar effect has been
o2y observed in supercooled selenium, in which the atoms form
0.1 linear polymer chains of a length that depends on
. . . . . temperaturé®
10 1072 10° 102 In the data shown in Figs. 3—6 as well as the fit param-
t- T/n{nsK/P) eters in Fig. 7 and Table | the relaxation of PPO-LIigI®

S 19(T))/S(Q.0) A1 | seen to be slower and more stretched compared to that of
FIG. 10. S(Q,t-T/7(T))/S(Q,0) atQ=1.45A"* for PPO-LICIQ, O:Li ; , ’
=16:1 as obtained from the NSE experiméfstars 260 K, (up triangle pure PPO. The slowing down is a generally observed phe

280 K, (down triangle 290 K, (rings) 300 K, (squares310 K, (crosses325 nomenon !n polymer_ eIeCtleteS and hgs been studied
K, and (diamond3 334 K]. Solid lines represent the fits of a stretched mainly by light scattering techniqudsee for instance Refs.

exponential functioiEq. (2)] with parameters in Table | to the data points. 5 17, 49, and 50and recently also neutron spin eclio?

This can be explained by several possible ways of interaction
between the polymer chains and the cations. Cations bound
to several ether oxygen atoms of one polymer chain may
induce a stiffening of the chaifintrachain effect Cations

rfound to different chains may act as temporary cross links
i

observed here. On the other hand, neutron diffractio . . .
investigation$’ of PPO-LICIQ O:Li=16:1 established that interchain effedt raising To with respect to the uncross-
linked polymer. This effect is generally observed for perma-

the FSDP originates from interchain correlations. Therefore, | linked pol q b lained in th
the molecular origin of the relaxation must be the same in a ently cross linke POlymers and may be explained in the
ramework of the Gibbs—DiMarzio theory.

in the pure polymer. The failure of the viscosity scaling has
pure poly Y g It is more difficult to understand why the observed

to be ascribed to salt induced changes to the dynamics of the hi . ller in th It doped pol
polymer matrix. stretching parametes is smaller in the salt doped polymer

A plausible explanation may be based on the interactior‘ihan in the pure polymer. The stretching is generally ob-

between the polymer chains and the cations, which as the§F'ved for polymer electrolytes. Indeed, even the effect of
permanent cross links on the relaxation shape is still dis-

cussed in the literature with the majority of investigations
1r showing an increase in broadenitgg., Ref. 53 but some
ogl also an unchange@ parameter? The additional stretching
may suggest a broadening due to heterogeneity. Differential

served at the&) value of the FSDP ir5(Q) does not scale
with (T)/T as is the case for the pure polynférConse-
quently, it may be argued that it is not thaelaxation that is

0.8r scanning calorimetryDSC) experiment¥ on PPO-LICIQ

07 O:Li=16:1 show a broader glass transition. Another set of
— DSC experiments on PPO-LiCJOO:Li=16:1°°%¢ even
106 show two glass transitions which are attributed to the ex-

treme case of salt rich and approximately salt free regions of
the polymer matrix. Reports on incoherent neutron scattering

0.4 experiment® show large deviations from the Gaussian ap-
0.3 proximation can also be interpreted as signatures of hetero-
geneity.

0.2 The present experiments measure the dynamics on
01k length scales corresponding to the interchain distance. This
means that in the case of a sample with heterogeneities, e.g.,
?0_6 ; c;"“ ] c;-z ] (')o salt concentration fluctuations, which are larger in size than
t-T/n (ns K/ P) the interchain distance, we will observe a superposition of

the relaxation functions from the different regions of the
FIG. 11. S(Q,t-T/#(T))/S(Q,0) atQ=1.45A"" for PPO-LICIQ O:Li  polymer (heterogeneitigs Since the relaxation time in-
=16:1 as obtained on the IRIS instrument. The temperatures are from left t ; ; i ;
right 280, 290, 310, 325, and 334 K. Solid lines represent the fits of aereaseS with S.alt Concenvatlon’ heterogeneltles in terms of
stretched exponential functidieg. (2)] with parameters in Table | to the salt concentration fluctuations would lead to an observed re-

data points. laxation, which can be described by a sum of relaxation
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functions with different relaxation times. Such a superposi- 1r
tion of relaxations would be observed experimentally as an ool
extra stretchinga lower 8 valug. The technique of using a
superposition of relaxation functions of a pure polymer has 0.8
in several instances been successfully used in the description 0.7
of concentration fluctuations in polymer blerfds® Indeed, =
it is possible to fit the NSE and IRIS data of PPO-LiGley L06¢
a distribution of KWW functions %0'5
+o0
QY =Af exp — (t/7)P)G(Inr)dInre  (4) 041
S(Q,0) —
0.3}
with the respectivg3 value of pure PPO. If we chose the 02t
distribution of KWW times to be a log-normal
0.1
1 (In( 7/ 79))? . . .
GlInmd)= V2mai ,, ex;{ 243 y ) ©) T 107 10° 10’

t (ns)

the resulting widths arer, TK:1'94 for the NSE experiment FIG. 12. NSES(Q,t)/S(Q,0) data measured dt=310 K and fitted with a
and 2.40 for IRIS from joint fits of the spectra at different superposition of KWW functions, E@¢4), with 8=0.67 from pure PPO and
temperatures. a log-normal distribution, Eq(5), of characteristic timesy forcing o, 5,

Of course the sole fact that such a fit is possible does nge0-62 (dashed ling Alternatively, the usual KWW fit, Eq(2), is shown

. . continuous ling
prove the presence of heterogeneity. In fact there is a stronb
argument that heterogeneity—if present at all—is not the
only cause for stronger broadening in the salt doped system.
Heterogeneity would, as discussed above, give a relaxatiok this corresponds to a standard deviatiey=o/T
function which is a superposition of relaxation functions =0.013 of the temperature rescaling fackor
with different relaxation times. The relation between loga-  Assuming that this value does not change strongly with
rithms of relaxation times log (e.g., as displayed in Fig)7 temperature we use it together with E@) to estimate the
for regions with different salt concentrations increases withstandard deviation of the distribution of 4. By using the
decreasing temperature. Because of the increasing differen&&gel—-Fulcher expression in E¢) and taking the deriva-
between the relaxation times at lower temperatures, cuts aie with respect toc we obtain
constant temperature yield broader distributions of 1dgr
lower temperatures. So the fact tH#Q,t)/S(Q,0) data ex- BT
hibit the same stretching for all temperatures contradicts het- 9~ (xT—T1.)2 7% @
(XT—Ty)

erogeneity as the origin of the broadening.

In order to put this argument in a more quantitative formWith the valuesB=939 K andT,=174 K for pure PPO, this
and to test whether our experiments are sensitive enough &xpression yields a value, , =1.66 at 260 K decreasing to
detect differences in the broadening, we introduce a mode} ,,=0.366 at 334 K. The strong temperature dependence

for the Zhg[erogeneny. From the literature data of theg piausible because 260 K is already close to the glass tran-
viscosit “Fwe conclude_ that the influence of the ions CaNgition temperaturé229 K).
be described as a rescaling of temperaflre For a quantitative check in Fig. 12 we show NSE data at
T=300K fitted with Eqs(4) and(5) usingo, , =0.62 from
Eqg. (7) and alternatively the KWW fit. It can be seen that
We can fit the experimental data of PPO-LiGI®ith this  both fits follow the data points roughly within their error
expression ana(16:1)=0.8381 nearly as well as with the bars. Nevertheless, the distribution fit is not sufficiently
free Vogel—Fulcher fit used above. “broadened” as indicated by the systematic deviations at
Even without knowing the functional dependencexohh ~ short and long times. In addition it results in a prefactor
the ion concentration we can estimate its fluctuation from=0.79 which is too low.
DSC experiment8? The width of the glass transition is Other procedures may be devised to compare the broad-
stated a 4 K for pure PPO and 11 K for PPO-LiCJOIn  ening of the glass transition in DSC experiments to that of
order to convert these width values to variances we used tH&e relaxation function. It is, however, clear that the broad-
relation o2=AT?/12 valid for a uniform distribution yield- ening oy, ., together with the relaxation function of pure
ing 1.3 K2 for pure PPO and 10.1%for PPO-LIiCIQ. Be- PPO in Egs.(4)—(7) does not give a relaxation function
cause the variance is additive in a convolution the additionalvhich is sufficiently stretched to describe the present data of
width of the glass transition possibly arising from heteroge-PPO-LICIQ, 16:1. Therefore, the broadening of the relax-
neity corresponds to a variance of the glass transition temation must bgat least to its major partof intrinsic nature,
perature of 8.8 K or a standard deviationr;=3.0K. Be- and is not the result of a distribution of correlation times
cause the center of the glass transition has been found at 22%ising from heterogeneities induced by the ions.

TPPO—LiCIO4(T) ~ TPPAX(cici0,)” T). (6)
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It has to be conceded that there remains the possibility ofures the matrix. In that case the carrier motion is reinitial-
heterogeneity on a microscopic level. Because inelastic neuzed, e.g., if a renewal happens tatthe mean-square dis-
tron scattering observes the motions on atomic length scalggdacement will follow (r?(t))=g(t,)+g(t—t;) for t>t;.
it is sufficient that some of the scattering atoms move fastelhe central quantity of this model is the renewal time,
than others to create a broadened spectrum. It ismputori the average time between two subsequent renewal events.
clear what the size of the regions is which determine the In the earlier DBP modé&t the elementary motion de-
glass transition temperature in DSC experiments. Howevesscribed byg(t) was identified with a hopping motion on a
the microheterogeneous picture would strongly resembléattice with a random arrangement of closed and open bonds.
polymer blends of polystyrene/palsinyl methyl ethey.>®  Although this specific assignment has been abandoned later
For such blends, DSC experiments show a single glass train the DDH model the assumption was retained that in poly-
sition unless the blend macroscopically demiXeeverthe-  mer electrolytegy(t) would reach a limiting valuér (o)) if
less, the microscopic dynamics seen by quasielastic neutraenewal events were absent. In the DBP this corresponds to
scattering reveals that the component polymers have strongthe case of a system that would be below the percolation
different relaxation times. We can thereby assume that théhreshold in the absence of renewal.
regions probed by glass transition determinations using the In addition it is assumed that this saturation value is
DSC method are larger than the length scale of the neutroreached on a time scale much faster than that of the renewal
scattering experiments presented here. Therefore a micrgrocess,7r. Under these assumptions an additional Debye
scopic heterogeneity may be present which is partially averresponse should show up in conductivity spectra correspond-
aged out in the DSC experiment. If this extra heterogeneityng to the temporary restricted motion of the ions between
exists and would be detected by the DSC experiment, ithe renewal events. Indeed, measurements of the frequency
could be included in our fitting procedure above and it maydependent conductivit§ show this signature lending support
be possible that a distribution of relaxation times based orto the validity of the two assumptions.
the broadening by DSC would fit the NSE data. In such a renewal controlled system below the percola-

Also the fact that all spectra taken at different temperation threshold the static diffusion coefficient assumes a
tures from the NSE or IRIS experiments on PPO-LICIO simple form, regardless of the specitj¢t)
can be fitted with the same widity, , (or 8 in the KWW 2
fits) could at first glance b idered _ )

glance be considered a strong argument p(0)= ) (8)
against a heterogeneous nature of the broadening in the poly- 67r

mer salt.system. In general, one would expect an increasing order to calculate the limiting mean-square displacement
broadening at low temperature for a heterogeneous systepp?(«)) knowledge ofD(0) and 7y is required. Because

from a relation as, e.g., Eq7). The range of 3—4 decades in direct measurements of the diffusion coefficients in polymer
time covered in our experiments is unfortunately not SUﬁ"eIectrontes are few, it is usually expressed by the conduc-

cient to determine broadening parametersogs. or B for tjvity o via the Nernst—Einstein relation leading to
each individual temperature. The experimental finding of

constant broadening parameter must therefore be restricted to (r2(ee))= 60 7rkgT )
apply only to the time range covered by the experiments. Nion<d”

The results presented show that, in the samples 'nveStHere, Nigns denotes the carrier density taken from a Raman

S . . ,
: ; cattering studd? and q their charge. However it should be
induced by the ions. It should be noted though, that for S€Vhoted that there are indications of that the Nernst—Einstein

eral polymer eI(_actrontes including PEQ—LlCL,Oexperl- relation may be quantitatively invalid in polymer elec-
mental observations of two glass transitions are reported a olytes’

interpreted as phasg 362222“0” into salt rich and approXl® “the renewal timerg is identified with thea (or glass
mately salt free regiors:****We note that these experi- transition relaxation time of the polymer matrix. Because

ments_ were per_formed W'Fh DSC, and therefore probe thﬁwe a relaxation is a ubiquitous phenomenon this leaves the
material propertle_s largely in a 'OWer temperat_ure range th_aghoice open of which experimental method to use to deter-
the present experiments. A possible explanation for this d'sr'nine 7.. Previously, the dielectric relaxation time of the

crepancy between experiments is a degree of heterogeneei{g(‘re polymer was used and rescaled by the known shif,of
hi

wh|ch_d§crigses ?t hlglher temperaf:ures. Theret_ are fturth tduced by the dissolved sat.
more indications of a microscopic phase separation into salt 0o e propose that the average relaxation time

rich and salt depleted regions which is dependent on thermﬂzq_ (3)] determined by coherent neutron scattering at the

history 83 : L
structure factor peak may be a better choice. First, it de-
scribes thex relaxation on a microscopic length scale corre-
sponding to the interchain distance. It is this kind of motions
Finally, we want to point out the relevance of neutronwhich should give rise to the renewal events. Second, it can
scattering data for the DDH mod&lof the conductivity in  be determined directly from the salt doped samples removing
polymer electrolytes. In this model the charge carriers arghe uncertainty involved in the abovementioned rescaling
assumed to move in a disordered surrounding with theiprocess.
mean-square displacement following some functional form  Figure 13 shows the valugs?())Y? of the limiting
(r?(t))=g(t) until a renewal event occurs which restruc- distances obtained in this way. We note that most of the

B. Results on the DDH model
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0.6 y T T T spectroscopy. In order to discuss comparable quantities we
Fourier transformed the TOF data obtaining a time range
s ) extending to more than 1 decade shorter times than those
o from NSE.
' o A direct combination of the data from both methods in
the time domain was not possible because the incoherent
02k o | scattering resulting from incomplete deuteration of the
[} samples enters with different weight in the two experiments.
For both instruments the intermediate scattering function
0.0 ' l ) ) S(Q,t)/S(Q,t=0) can be described by a stretched exponen-
040 260 280 300 320 340 tial (KWW) function Eq.(2). The stretching parametg is
smaller for the TOF data as a result of the incoherent contri-
TIK] bution which is more stretch&dand has a different relax-

<ri(=)>"? [A]
o]

FIG. 13. Square root of the limiting mean-square displacement calculate@tlon time. L )
with the dynamic disordered hopping model using the average relaxation ~ Apart from this difference, data from both instruments

time from coherent scattering &=1.45 A~1. Filled circles refer to the show similar effects of the ions of the dissolved salt on the
NSE experiment empty circles to that on IRIS. segmental motion of the polymer chaind) The « relax-
ation is slower in the salt-containing samp(g) The « re-
laxation is broadened in the salt-containing samg®.

| in th f th fli h i . . . .
values are in the range of those reported eafiter ot er (¥Vh|le for pure PPO the intermediate scattering function
polymer electrolyte systems, 0.3—0.5 A. The values derive . ) ; .

could be rescaled to a master curve using viscosity data this

from IRIS data are lower by about 30%, which is a conse-W not ible in t th it-complexed PPO
guence of the lower relaxation times determined on this as hot possible in case ot the sal-complexe '
spectrometer. The slowing down o_f thea rela>_<at|on is a generally
The fact that our calculations reproduces the results OPbserved effect of solvation of salt_ In a po_lymer. It can be
Lonerganet al?* supports the validity of their rescaling pro- understood on grounds of the cations acting as temporary
fFross links raising the glass transition temperature. In addi-

cedure and in turn their discussion of the magnitude of; . Z
<r2(oo)>1,2_ On the other hand, a significant temperature de_‘uon the cations may bind to several ether oxygens of the

pendence remains in the values(of(«))*2 Although itis ~ S#M€ chain and thus increase its stifiness.

weak if compared to the temperature dependences of the Concernmg the broadening we-have attempted o Inter-
original o or (7 data it is still stronger than would be ex- pret the data in a heterogeneous picture of regions with dif-

pected, e.g., from a vibrational mean-square displacemeltn‘?rent relaxation times but the same stretching parameter as
(r2(e))ecT. in pure PPO. Although this model allows the description of

As the error bars in Fig. 13 show, this temperature de_both the NSE and TOF data, the width of the distribution of
pendence is significant with respect to possible errors frongelaxatlon times does not correspond to the broadening of the

the fits determining the average relaxation time from the neudlass transition. The spread of the glass transition actually

tron scattering data. On the other hand there would have tg°Served by DSE is much too small to be the sole origin of

be an error of 150% in the conductivity data to explain theth® required broadening.

difference of(rz(oo)>1’2 between 280 and 325 % .The deu- Therefore, the broadening must have a homogeneous
teration of the PPO used here may cause a shiftinwhich (intrinsic) origin or result from dynamic heterqgeneity ona
also could lead to an artificial temperature dependence. pahort length scale. In the former case the relation between the
DSC experiments on other polym&t&ave shown thalf is broadening of the DSC glass transition and the relaxation
higherin the deuterated polymer. In order to compensate th@bServed by quasielastic neutron scattering is aqariori
temperature dependence hereggativeshift of T, by about clear. The other possibility of microheterogeneity seems
—7 K would be necessary. Finally, the LiCJ@ontent would plausible because individual segments of the polymer chain
have to be wrong by more than 15% here or in the conduc™ay differ in mobility according to the way they interact
tivity measurement which can also be excluded. with cations. Nevertheless, on the length scale of regions

Thus we consider the temperature dependence dletermining the glass transition temperature the heterogene-
(r?(=))*2 to be significant and rather ascribe it to immanentity may partially average out, leading to the smaller signature
problems of its derivation. For instance, the Nernst—Einstei®f heterogeneity in the DSC experiment. A distinction be-
relation is used despite doubts concerning its validity fortween these two sources cannot be done on grounds of the
polymer electrolyte$. Therefore, a crucial test of the DDH Present data but would require, e.g., measuringlteepen-
model would require a direct determination of the diffusiondence of the incoherent quasielastic scattering.

constant, e.g., by pulsed field gradient NMR. In passing we note that the smaller stretching parameter
B for the salt doped samples cannot be related to the

fragility®” in the framework of the coupling mod®.If a
difference in fragility can be detected at all, PPO-Li¢IO
We present the first investigation of the structural dy-O:Li=16:1 is a “stronger” liquid than pure PP® and
namics of a polymer electrolyte by coherent quasielasticherefore should have a highgrparameter according to the

scattering combining the NSE technique and inverse TOFoupling model.

V. CONCLUSION
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