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ABSTRACT: The local polymer chain mobility of low molecular weight poly(ethy1ene oxide) (PEO) complexed 
with Ba(ClO& has been investigated with I3C NMR techniques over the temperature range 297-463 K. The 
carbon line width and the rotating frame spin-lattice relaxation rate provide information of segmental motion 
in the mid-kilohertz region, as shown by their temperature dependencies with clear maxima at -327 K. The 
laboratory frame spin-lattice relaxation rate maximum is observed at - 378 K, consistent with the progressive 
changes in correlation times of motion above the glass transition temperature. When comparing the present 
relaxation data for PEO-Ba(ClO& with those from the literature for PEO, we find that salt complexation 
dramatically slows down the segmental motions in the amorphous phase. The average correlation time curve 
of the PEO-salt complex is shifted to higher temperatures and shows greater temperature sensitivity in 
comparison with PEO. 

Introduction 
Solid polymer electrolytes are interesting materials due 

to their relatively high ionic conductivity (at best on the 
order of -lo3 S/cm) combined with the favorable 
mechanical properties normally associated with polymeric 
materials. This field of research has been very active since 
Armand first suggested that poly(ethy1ene oxide) (PEO) 
based salt complexes can be used in various electrochemical 
devices.l Examples of possible applications are recharge- 
able solid-state batteries, fuel cells, and sensors.2 

It is generally agreed that the ionic conductivity in 
polyether-salt complexes is related to the segmental 
mobility of the polymer m0lecules.3~~ High chain mobility 
above the glass transition temperature (T,) is a require- 
ment for fast ion diffusion. Unfortunately, the viscosity 
increases dramatically by salt complexing the polymer. 
The rise in viscosity has been attributed to the solvation 
of the salt; the cations are thought to act as transient cross- 
links between the ether oxygens of adjacent chains. This 
will reduce the flexibility of the system, as is also 
demonstrated by the increasing values of Tg with salt 
concentration, and may therefore decrease the ionic 
mobility. Plots of conductivity vs salt concentration 
typically show a maximum at  high salt concentrations 
(around an oxygen to salt ratio O:M - 10 for monovalent 
salts), which is thought to result mainly from a reduced 
ionic mobility.3~~ It is the local chain mobility that is 
believed to assist the migration of ions, Le., the reorienta- 
tion of a few polymer segments. 

The knowledge about chain mobility in polymer elec- 
trolytes is limited. Traditional dynamic methods such as 
NMR and dielectric spectroscopy techniques have mainly 
been used in studies of ion diffusion in various polymer- 
salt comp1exes.w Torell and co-workers have used 
inelastic light scattering to investigate both chain motion 
and ion association effects in poly(propy1ene oxide) (PPO) 
salt-complexed s y ~ t e m s . ~ - ' ~  I t  was found by high- 
frequency Brillouin scattering that the chain motion slows 

Abstract published in Advance ACS Abstracts, September 15, 
1994. 

0024-9291/94/222~-6915~0~.50/0 

down considerably as the salt concentration increases. 
Raman scattering data proved the existence of significant 
ion-ion interactions. Ion pairing was however found to 
have only a minor influence on the conductivity. Recent 
investigations of PPO-NaCF3S03 by the same group 
indicate the presence of two relaxation processes revealed 
at  the low frequencies (-HZ to kHz) probed in photon 
correlation spectroscopy.13 Both processes were attributed 
to segmental motions: the slower relaxation to segments 
that are transiently cross-linked by the solvated ions and 
the faster process to motions of more mobile segments 
away from the cross-links. Other reports of unusually 
broad or even split glass transitions support the view of 
heterogeneity in these ~ y s t e m s . ~ J ~  PEO-salt systems may, 
in addition to various local structures in the amorphous 
phase, contain crystalline regions. Thus, the multiphase 
character of polymer electrolytes emphasizes the need for 
selective characterization techniques. 

NMR has long been employed in observing molecular 
motion and has been extensively applied to the complex 
problems presented by macromolecules. Due to the short 
range nature of the technique it is suitable for investiga- 
tions of local mobility. However, in the field of polymer 
electrolyte dynamics only a few NMR studies have been 
reported up to 110w.l~~' In the present work we have used 
l3C NMR to study the chain mobility in PEO-Ba(ClO& 
of salt concentration O:M = 10. Various relaxation times 
obtained as a function of temperature allow us to cover 
a relatively broad time window, i.e. molecular motions 
with correlation times - 106-10-9 s. 

13C NMR Background 

In I3C NMR of solids relatively narrow line widths can 
be obtained by using magic angle spinning (MAS) com- 
bined with broad-band proton decoupling (DD). MAS of 
the sample averages the chemical shift to its isotropic value, 
and proton radio-frequency irradiation modulates the 
dipolar interaction of the protons with the carbon-13 nuclei. 
The remaining line width, l/(?rT*z), can be expressed asla 
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where the first term is the intrinsic line width due to static 
contributions, such as missetting of the magic angle and 
magnetic susceptility broadening, and the second term 
represents variations in molecular packing and confor- 
mational inequivalence. The third term describes dynamic 
("homogeneous") broadening which may be observed when 
molecular motions produce magnetic fields fluctuating at 
frequencies close to the MAS angular frequency and/or 
the angular frequency of the proton decoupling field, WIH. 

As a consequence, the modulation of chemical shift 
anisotropy (MAS) and/or dipolar interaction (DD) is 
diminished and the NMR resonance b r ~ a d e n s . ~ * J ~  Thus, 
MAS/DD line width experiments may probe molecular 
motions with correlation times typically in the range 

13C NMR relaxation in the rotating frame, TI&!), is 
another probe of kilohertz mobility. Both spin-lattice 
(motional) and spin-spin (nonmotional) processes may 
contribute to the observed relaxation according to20YZ1 

-10-5-10-6 s. 

(2) 
1 +- 1 1 -= 

?Yapin T,, rqin-latt ice  

is due to motional modulation of the 13C-lH 
internuclear dipolar interactions at the rotating frame 
Larmorfrequency (wlc/(2a) = 42 kHzin the presentstudy), 
and qpin-spin involves mutual spin flip-flops of 13C-lH 
pairs. fn the case of a predominantly motional relaxation 
pathway 1/Tlp(C) is a t  maximum when the rate of 
molecular motion is close to W ~ C .  

Mobility in the megahertz region provides a strong effect 
on the 13C spin-lattice relaxation in the laboratory frame, 
T1(C). Assuming a 13C-lH dipolar relaxation mechanism 
only we have22 

ppin-lattice 
1P 

where N is the number of directly bonded protons, po is 
the vacuum magnetic permeability, yc and YH are the 
magnetogyric ratios of 13C and 'H nuclei, respectively, r 
is the C-H internuclear distance, J(w) is the spectral 
density of motion, and oc and WH are the 13C and 'H Larmor 
frequencies, respectively. For a quantitative evaluation 
of data the crucial point is the choice of J(o), which is a 
complex problem for polymer chain motion. For isotropic 
motion with asingle correlation time, 7 ,  the spectral density 
is given by 

(4) 

Motion of a polymer chain is however far from isotropic, 
as is well documented in the l i t e r a t ~ r e . ~ ~ ? ~ ~  There may 
also be a distribution of exponential correlation times 
arising from the local structural heterogeneity character- 
istic of a glass.21323 Therefore, phenomenological distribu- 
tion functions are often used in fitting relaxation data. 
The Havriliak-Negami (HN) function is one example 
which originates from the interpretation of dielectric 
relaxation experiments.% The HN asymmetric spectral 
density for NMR relaxation is given by26 

where the parameters fulfill 0 b < 1 and t < 6-l. Equation 
5 reduces to a symmetric distribution (Cole-Cole) when 
t = 1 and to the isotropic spectral density (eq 4) when t 
= 6 = 1. The HN distribution has properties similar to 
the spectral density obtained from the nonexponential 
Kolrausch-Williams-Watts (KWW) correlation func- 
tion.26 

Experimental Section 
Materials. Low molecular weight PEO (from Fluka) was used 

as the host polymer. The weight- and number-average molecular 
weights were determined by gel permeation chromatography 
(GPC): M ,  = 7100 and M ,  = 5800, respectively. The melting 
temperature was -338 K and the degree of crystallinity was 
about 90%, as calculated from the melting enthalpy. 

Preparation of the PEO-Ba(C101)z complex is described in 
detail in ref 27. The anhydrous salt (purity >98% from Fluka) 
was dissolved in the polymer with the monomer to salt ratio O:M 
= 10 using methanol. The solvent was then evaporated and the 
sample dried at 353 K for several days. After this procedure the 
content of water and low molecular weight residues in the sample 
amounted to  less than 0.5% by weight, as determined by 
thermogravimetry and FTIR. Between and during measurements 
the sample was kept in a dry atmosphere. The degree of 
crystallinity of the complex was less than 15%, as calculated 
using the melting enthalpy value of uncomplexed PEO. This 
number is probably an overestimation of the upper limit, because 
no signs of crystallinity were detected in previous protonz7 or 
present carbon NMR measurements. The melting temperature 
of the crystalline phase was -393 K. The glass transition 
temperature of the sample was found to be approximately 316 
K using standard DSC conditions. 

NMR Methods. Experiments were performed on a Varian 
VXR300 spectrometer, operating at 75.4 and 299.9 MHz for 13C 
and 'H, respectively. The sample was packed as a powder in a 
silicon nitride rotor with a torlon endcap and spun at 4 kHz (f10 
Hz) in a Varian variable temperature CPMAS probe in most of 
the experiments. The sample was allowed to equilibrate for at 
least 20 min at each temperature before starting the measurement. 
Following Haw et al. the sample temperature was calibrated using 
samarium acetate tetrahydrate as a chemical shift thermometer 
and the solid-solid phase transitions of 1,4-diazabicycl0[2.2.21- 
octane and d-camphor as temperature markers.s*s 

Direct-polarization MAS/DD spectra were obtained following 
a single 13C 712 pulse and with a proton decoupling field strength 
wlH/(27) - 70 kHz. Rotating frame relaxation times, Tl,(C), 
were determined by varying the carbon spin-lock time after cross- 
polarization (CP) between protons and carbons.*l The carbon 
rf field strength was wlc/(27) = 42 kHz. Torchia's method" (with 
CP) and a direct inversion-recovery sequence (without CP) were 
used to measure laboratory frame carbon spin-lattice relaxation 
times, Tl(C). Proton saturation with a low-level field during the 
recovery of the carbon spins did not cause any detectable change 
in these measurements; all TI decays/recoveries were found to 
be single exponential. At temperatures above -380 K the TI(C) 
measurements were performed using a standard broad-band 
probe with slow sample spinning and low-power proton decoupling 

Results and Discussion 
Carbon NMR Line Shapes. Many solid-state NMR 

studies of PEO appear in the literature, and it is well 
established that the carbon-13 line shape consists of two 
components corresponding to crystalline and amorphous 
regions, r e ~ p e c t i v e l y . ' ~ ~ ~ ~ ~ ~ ~  A t  room temperature the 
crystalline component at -72 ppm dominates the band 
envelope due to homogeneous broadening.'8%1 The amor- 
phous peak is much narrower and shifted upfield - 1 ppm. 

(~1H/(27)  = 2.5 kHz). 
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Figure 1. 13C MAS/DD NMR spectra of PEO (a) and PEO- 
Ba(ClO4)z (b), using a recycle time of 0.64 s (a) and 3 s (b). 

In Figure l a  is shown the 13C MAS/DD spectrum of the 
low molecular weight PEO (M, = 5800) used in the present 
study. In addition to the two components a t  -71 and 
-72 reported for high molecular weight PEO, a third peak 
appears a t  61 ppm which is due to the chain end group, 
-CH20H.33 Note that the intensities of PEO in Figure 
l a  are not representative of a respective carbon site; a 
short recycle time of 0.65 s between pulses was used in 
order to suppress the crystalline component (-90 % DSC 
crystallinity) which has a spin-lattice relaxation time ( Tl- 
(C)) of several seconds at  room temperature. T1(C) for 
the amorphous main-chain peak and the end group are 
both shorter than - 1 s, which exaggerates their intensities 
in Figure la. The end group resonance has contributions 
from molecules in both crystalline and amorphous regions, 
which explains why its intensity is comparable to the 
amorphous main-chain resonance in Figure la. The 
equilibrium spectrum taken above the melting tempera- 
ture gives intensities for the 71 and 61 ppm resonances in 
accordance with the end group concentration from GPC 
measurements. 

From Figure l b  it is obvious that the addition of salt to 
PEO causes a significant broadening of the amorphous 
l3C resonance (Figure l b  is the equilibrium spectrum of 
PEO-Ba(ClO& obtained using a long recycle time). At 
297 K the half-width is -360 Hz for the PEO-Ba(C104)2 
complex 'compared to less than 100 Hz for amorphous PEO. 
It  is known from previous investigations that PEO-Ba- 
(C104)2 of composition O:M = 10 is predominantly 
amorphous.34 This is consistent with the observed chemi- 
cal shift which is the same for the amorphous peak of PEO 
and PEO-Ba(ClO& (Figure 1). Furthermore, recent 
proton rotating frame relaxation2' and the present carbon 
2'1 data (see below) are best fitted to single exponential 
relaxations, which is in agreement with a very low degree 
of crystallinity. I t  is probable that some of the line 
broadening upon salt complexation is due to local struc- 
tural heterogeneity; i.e. it could partly be due to a 
distribution of carbon sites with different ion-polymer 
interactions. The measured line widths were however 
found to be the same (within the experimental accuracy) 
in CPMAS/DD and MAS/DD experiments, which indi- 
cates that the polymer-salt complex is not highly het- 
erogeneous with a defined multiphase character. This is 
because cross-polarization accentuates the contribution 
of the most rigid carbons, whereas direct-polarization 
experiments with long recycle delays give equilibrium 
spectra with the same contribution from each carbon-13 
spin. 
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Figure 2. 13C MAS/DD NMR spectra of PEO-Ba(ClOd)* at 297 
K (a), 328 (b), and 388 K ( c ) .  
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Figure 3. Temperature dependence of the carbon-13 MAS/DD 
line width of PEO-Ba(C104)2. 

In Figure 2 MAS/DD spectra of the PEO-salt complex 
are shown at some selected temperatures. The tempera- 
ture dependence reveals that also motional processes 
contribute strongly to the line width. Increasing the 
temperature from 297 to 328 K results in a -20 % increase 
of the 13C line width to -450 Hz. For even higher 
temperatures the peak gradually narrows; the half-width 
is only -70 Hz at  388 K. In Figure 3 the line width is 
plotted vs temperature from slightly below Tg to - Tg + 
70 K. The behavior reflects a typical temperature 
dependence expected for homogeneous broadening (see 
eq 1). At temperatures around the calorimetric glass 
transition proton decoupling is relatively efficient in 
averaging the dipolar carbon-proton coupling, whereas 
above - 330 K the line width is decreased by rapid motional 
averaging. The maximum in Figure 3 reflects the matching 
between the rate of chain motion and the precession 
angular frequency about the proton decoupling field ( u ~ H ) .  
This gives, with WlH/(2T) = 70 kHz, an average correlation 
time ( 7 )  = 2.3 X lo4 s at  -328 K. The crystalline phase 
of uncomplexed PEO is reported to show behavior similar 
to that of amorphous PEO-Ba(ClO& of the present 
s t ~ d y . l ~ ! ~ ~  In fact, the large line width of the crystalline 
13C PEO peak at  room temperature has been shown to 
result from the same mechanism as discussed here; see 
Figure la.18J1 This implies a very low chain mobility for 
the amorphous salt-complexed system with motional 
correlation times comparable to those of crystalline PEO 
at around room temperature. 
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Figure 4. Representative carbon-13 Tl,(C) data of PEO-Ba- 
(C104)* at some temperatures. (T1JC)) is taken from the initial 
part of the curves (straight lines). 

The line width was found to be very sensitive to the 
decoupling field strength at  temperatures below the 
maximum. Decreasing UlH/(25T) from 70 to 36 kHz at  297 
K broadens the resonance from -360 to -680 Hz. On 
the other hand, at higher temperatures well above the 
maximum in Figure 3 the line width is insensitive to the 
decoupling power. At  378 K, line widths as obtained with 
MAS/DD agree within &lo% with those obtained with 
low-power decoupling; Le. a change in UlH/(25T) from 2.5 
to - 70 kHz does not significantly affect the line width in 
this temperature region. These results of the field strength 
dependence are in accordance with a carbon-13 resonance 
homogeneously broadened by modulation of 13C--lH 
dipolar interactions. We then expect a strong field 
dependence in the slow motion regime (liT2, - l i ( w 1 ~ ) ~  
for isotropic motion) and a weak field dependence in the 
fast motion regime (l/Tzm is independent of W ~ H  for 
isotropic motion).18J9 

Another possible motional broadening mechanism in 
13C MAS/DD experiments is the motional modulation of 
chemical shift an i~ot ropy . '*~~~ A maximum in line width 
may then be observed when the molecular correlation times 
are on the order of the inverse MAS angular frequency. 
For such a process one would expect a strong line width 
dependence on the MAS frequency in the slow correlation 
timeregime(l/T2, - l/(wms)2forwMAsT>> 1 andisotropic 
motion). However, at room temperature the half-width 
was found to decrease only by -30 Hz when increasing 
the MAS frequency from 2 to 6 kHz, which excludes 
modulation of chemical shift anisotropy as the broadening 
mechanism for PEO-Ba(ClO& in the temperature region 
investigated. 

Carbon Tl,(C) Relaxation. Results of TI&) mea- 
surements at some temperatures are shown in Figure 4. 
The carbon magnetization decay is clearly deviating from 
a single-exponential process. Dispersions similar to those 
in Figure 4 were found throughout the temperature range 
investigated. Nonexponential T1,(C) relaxation for poly- 
mers is a common finding, in contrast to proton spin- 
lattice relaxation which is often averaged by spin diffusion 
to give a single-exponential relaxation decay. Schaefer et 
al. investigated a range of glassy polymers and suggested 
that the observed T1,(C) dispersions are due to different 
slowly (on the NMR time scale) interconverting local 
configurations, each characterized by a single relaxation 
time, leading to several TI&) relaxation times.21 It is 
tempting to assign the dispersions in Figure 4 to the 
heterogeneous structure of salt-complexed PEO; i.e. the 
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Figure 5. Temperature dependence of l /(T&)) for PEO- 
Ba(C104)2. (TI&)) is taken as in Figure 4. 

T1,(C) data may partly reflect a distribution of ion-polymer 
interactions. We note however that other sources of 
nonexponential relaxations are possible, such as aniso- 
tropic motion which may lead to orientation dependent 
relaxation.23 

Following the usual procedure we take the average ( Tl,- 
(C)) from the initial slope (between 0.05 and 0.8 ms in the 
present study); see Figure 4. 1/ (T1,(C)) values obtained 
in this way are plotted vs temperature in Figure 5. The 
shape of the curve is very similar to that of the line width 
data in Figure 3 with a maximum at  -326 K. The 
similarity of the two plots implies that the rotating frame 
relaxation is dominated by motional spin-lattice processes 
and that nonmotional (spin-spin) relaxation is of minor 
importance in the temperature range investigated. This 
is supported by the dependence of (TI&)) on the carbon 
spin-lock frequency, wlc ,  at  297 K. Increasing wlc/(27r) by 
a factor of 2 results in an increase of (T1,(C)) from -1.0 
to -2.1 ms (using 3 kHz MAS frequency and peak heights 
as a measure of carbon intensity). Although only two 
different fields are included in this comparison due to 
instrumental limitations, the field dependence is relatively 
weak, which is consistent with a predominantly motional 
basis for ( TI,(C)).~~ 

At  the l/ (Tl,(C)) maximum the condition wlc  5 T > - 1 
with 01c/(27r) = 42 kHz gives an average correlation time 
of 3.8 X lo4 s at  -326 K. This value is close to that 
obtained from the line width data a t  about the same 
temperature (-328 K), which indicates that both experi- 
ments probe similar PEO chain motions. Although 2'1,- 
(C) and the line width data are sensitive to motions in 
slightly different frequency ranges (42 and 70 kHz, 
respectively), the frequency difference corresponds to a 
temperature shift which is within the experimental 
accuracy. 

Our experimental findings of mobility in the midkilo- 
hertz region are similar to results recently reported in ref 
16, where a value of T = 4.3 X lo4 s was obtained for 
divalent PEO-triflate complexes of salt concentrations 
O:M = 9-24 in the temperature region 305-325 K. Proton 
rotating frame relaxation was used in this study, and the 
data were analyzed using the isotropic model over a broad 
temperature range. We have made no attempts to analyze 
the carbon rotating frame relaxation and line width data 
of the present study in terms of spectral densities, due to 
possible spin-spin contributions (Tl,(C)) and static con- 
tributions (line width), respectively. 
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Figure 6. Plot of l/Tl(C) vs inverse temperature for PEO-Ba- 
(C104)z (0) and PEO (0). 

Carbon Tl(C) Relaxation. Results of laboratory frame 
spin-lattice relaxation time measurements of PEO-Ba- 
(C104)2 are presented in Figure 6. The T1(C) decays 
(recoveries) are well described by single-exponential 
functions over the whole temperature region investigated 
which, together with the fact that no discontinuity of the 
relaxation data is seen at  the melting temperature of the 
crystalline phase (-393 K), is consistent with a very low 
degree of crystallinity. The data taken at  temperatures 
above -390 K were obtained using standard liquid NMR 
conditions, i.e. slow sample spinning and low-power proton 
decoupling. The line-narrowing technique (DD) is not 
necessary at  these temperatures because of the high chain 
mobility which modulates the 13C-lH dipolar coupling 
and thereby reduces the line width. 

The plot of l/Tl(C) vs inverse temperature in Figure 6 
shows an asymmetric curve with a broad maximum at  
-378 K, which gives an average correlation time (7) - 
l/o = 2.1 X s. The temperature of the l/T1(C) 
maximum is -50 K above the rotating frame/line width 
maxima (Figures 3 and 5 )  and approximately 60 K above 
the DSC glass transition temperature. These observations 
are consistent with the fact that the different carbon 
relaxations are sensitive to molecular mobility in different 
frequency regions, and they suggest that the observed 
motions belong to the glass transition phenomena. Such 
motions are characterized by very broad distributions of 
correlation times, especially for polymers. Indeed, the 
isotropic model with a single correlation time cannot 
explain the l/T(C) data in Figure 6. From eqs 3 and 4, 
we calculate l/Tl(C) = 17 s-1 at  the relaxation rate 
maximum. This value is much higher than the experi- 
mentally obtained 6 s-1. Furthermore, the broad and 
asymmetric shape of the relaxation maximum is not 
consistent with isotropic motion. Although phenomeno- 
logical distribution functions, such as the Havriliak- 
Negami spectral density (eq 51, can fit the relaxation data 
of PEO-Ba(CIO& in Figure 6, the obtained temperature 
dependence for 7 was found to be inconsistent with the 
midkilohertz carbon relaxation data. For example, by 
assuming an Arrhenius temperature dependence for 7 in 
this temperature region, we obtain an apparent activation 
energy of 150 kJ/mol as calculated by combining (7) from 
the ~ / T I ~ ( C )  and the l/T1(C) maxima, respectively. 
However, from the best fit of the l/Tl(C) data using the 
Havriliak-Negami spectral density (with e = 0.73 and 6 = 
0.40 in eq 5), we calculate a much lower activation energy 
of 78 kJ/mol. The agreement is not improved much by 
assuming an approximate free volume dependence for T 
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Figure 7. Arrhenius plot of the average correlation time for 
PEO-Ba(C104)z of salt concentration O:M = 10 and for PEO. 
Open circles correspond to the carbon-13 relaxation rate maxima 
in Figures 3,5, and 6 for PEO-Ba(ClO&. The dashed line is a 
guide to the eye. Proton NMR relaxation data are for PEO of 
molecular weights 4 X 106 (0),31 3 X 104 (m), and 5 x 103 ( ~ ) , 3 7  
Dielectric relaxation data are for PEO of molecular weights 5 x 
108(A),3*2.8X 106(m),40and3 X lo4 (0)w(*).40 Thesolidcurve 
is from a WLF fit of carbon relaxation data for PEO.% The glass 
transition temperature of PEO-Ba(ClO& and the Tg range for 
PEO of various molecular weights are in~luded.~' 

over the temperature region investigated. An explanation 
for the discrepancy may be that the width of the correlation 
time distribution is temperature dependent. We have 
made no further attempt to interpret the T1(C) data. 

Comparisons with Uncomplexed PEO. The fraction 
of amorphous material is unfortunately low for the PEO 
sample used ( - 10% 1, and it is therefore cumbersome to 
obtain carbon relaxation data for comparisons with the 
PEO-salt complex. We have instead included T1(C) 
relaxation times from above the melting temperature 
(-338 K) of PEO (see Figure 6) as a measure of the 
amorphous phase mobility well above Tg. The data are 
in agreement with previous reports on the T1(C) relaxation 
of PE0.36 Clearly, the relaxation rate maximum for 
uncomplexed PEO is shifted to much lower temperatures 
in relation to the PEO-salt complex (Figure 6). At about 
-300-370 K the relaxation is on the high-temperature 
side of the 1/T1(C) maximum for PEO, whereas for the 
polymer-salt complex the relaxation is on the low- 
temperature side in the same temperature region. This 
implies a dramatically reduced chain mobility due to the 
presence of the salt in agreement with the previously 
discussed line width and TI&) results. 

In Figure 7 we have constructed a relaxation map by 
plotting the logarithm of the average correlation time vs 
inverse temperature for the line width maximum, the l/Tlp- 
(C) maximum and the l/Tl(C) maximum of the present 
study. For uncomplexed PEO (amorphous phase) of 
various molecular weights the data are from the literature 
regarding the a-relaxation, i.e. the molecular motions 
which, when frozen in, lead to the glass transition (in some 
of the references the label 6 is instead used to distinguish 
from transitions in the crystalline phase). pro tor^^^-^' and 
carbon36 NMR relaxation, dielectric relaxation,-O and 
T21 data are included in Figure 7. The average correlation 
time is taken as (7) = l/w, where w is the peak loss 
frequency in the case of dielectric relaxation (in some of 
the references obtained from varied frequency and in some 
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available for transient cross-linking. I t  is possible that 
ion associations affect the temperature dependence of the 
correlation time also for PEO-Ba(C104)z. So far, there 
are no reports on ion association for this system. In this 
context we also note that it was recently suggested that 
greater temperature sensitivity of segmental mobility for 
polymers reflects more intermolecularly cooperative mo- 
tions (such comparisons are often in the form of Arrhenius 
plots with the temperature normalized by the respective 
Tg of each polymer).44 Thus, chain motion in PEO-Ba- 
(C104)~ may be cooperative in comparison with PEO, which 
is consistent with a transiently cross-linked structure. It 
is however not clear whether the interaction between 
cations and ether oxygens is predominantly intermolecular 
or intramolecular. 

Conclusions 
Carbon-13 NMR results of PEO complexed with Ba- 

(c104)~ have clearly shown that the segmental mobility in 
the amorphous phase is significantly reduced by the 
solvation of salt. The relatively low PEO chain mobility 
is due to strong interactions between the ether oxygens 
and the cations. A temperature increase through Tg 
decreases the average correlation time much more dra- 
matically for PEO-Ba(C104)z than for uncomplexed PEO. 
For a more extensive comparison of the segmental mobility 
over a wider time window, complementary data from other 
dynamic techniques would be valuable. 
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