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Al ;'R ACT

Audi 'requency 1luctric~i1 conductivity :ind relaxation studies h.v,

been carried out on Parel 58 elastomer and Parel 58 elastomer complexed

with a variety of lithium salts. The measurements have been carried out in

vacuum over the temperature range 5-380K and at pressures up to 0.65 GPa

over the temperature range 230-380K. Both the electrical conductivity for

the complexed material and the electrical relaxltion time associated with

the a relaxation in the uncomplexed material exhibit VTF or WLF behavior.

From a VTF analysis for both the vacuum electrical relaxation time and

electrical conductivity, E is found to be about 0.09 eV and T is found to
a o

0
be about 40 C below the "central" glass transition temperature. In

addition, it is found that the activation volumes for the electrical

relaxation time and the electrical conductivity are the same when compared

relative to T . These results imply that the mechanism controlling ionico

conductivity is the same as that for the a relaxation namely large scale

segmental motions of the polymer chain.
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I. INTRODUCTION

A review of the work on ion conducting polymers has been given by

Armand. Subsequently, there has been a considerable amount of work in tne

field including many new ion conducting materials and new types of

measurements.2 - 13 To date, the material which has been studied most

intensively, of course, is poly(ethylene oxide) (PEO). However, that

material is highly crystalline which complicates the situation since it is

generally believed that electrical transport in these materials takes place

primarily in the amorphous region. Consequently, it is necessary to

understand the relation between the crystalline and amorphous regions

before definitive conclusions can be drawn concerning electrical transport

in these materials. As an alternative approach, studies of poly(propylene

oxide) (PPO) can be undertaken as it is possible to prepare highly

amorphous ion containing material. Relatively little work has been carried

out on that materlal.---' In the present work, the effect of high

pressure on the electrical properties has been studied. A preliminary

report has been given elsewhere.18  In the present paper, new measurements

are reported and it is shown that the effect of high pressure on the

electrical conductivity is very similar to the effect of high pressure on

the alpha relaxation in the host material which provides strong evidence

that, for PPO, ion transport is controlled by large-scale segmental motions

• characteristic of the glass-rubber trarsition.

2
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11. EXPERIMENTAL

Audio frequency complex impedance/electrical relaxation measurements

have been carried out using a fully automated spectrometer. The key

element in the measurements is a CGA-82 microprocessor-controlled bridge

operating at seventeen frequencies from 10-105 Hz. Vacuum measurements

were carried out in a Precision Cryogenics CT-14 dewar controlled by a Lake

Shore Cryotronics DRC-82 temperature controller using a silicon diode

sensor. The high pressure measurements were carried out in a pressure

vessel using either Spinesstic 22 (Exxon) or Fluorinert (3M Co.) FC-77

electronic liquid as the high pressure fluid. Differential scanning

calorimetry measurements (DSC) were carried out using a DuPont 990 DSC.

All systems were controlled using Apple II computers.

The material studied was Parel 58 (Hercules, Inc.) elastomer which

is a sulfur-vulcanizable copolymer of propylene oxide and allyl glycidyl

ether. As the primary constituent is propylene oxide, the material will be

referred to throughout this paper as PPO. Samples were obtained by

solution casting using methanol as the solvent. The salts, LIi, LICF3SO3,

LiC104, and LISCN, were dried in a vacuum oven at approximately 110 0C. All

procedures including loading of the samples into the various sample holders

were carried out in a dry box. FTIR measurements were carried out on both

the salts and all polymers. It was found that all materials were dry

except those containing LiSCN. Consequently, the results for those

materials are included only for eompari3on and the results are not

consid"red as reliable as those tor thfe oth.'r thr'ee salts.

Aluminum eleetrodcs were vacuum evapnr d on' o a , ' r'frp,,s o1 the

material in either a three-torminal or, two-termin i Inf Iguri,' on. 7-
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samples were about 1 mm thick and th( electrodes about 4 mm in diameter.

III. RESULTS

A. Differential Scanning Calorimetry

The DSC results for PPO 8 :LiI are shown in Fig. 1. The DSC results

18
for the other materials are shown elsewhere. It is clear that the

materials are highly amorphous as they exhibit only a glass transition.

For PPO 8 :LII, for example, the as-prepared PPO 8:L11 showed a complex glass

transition beginning at about 268K and ending at about 298K. After quench,

the glass transition sharpened with an onset of about 278K and completion

at about 283K. The effect is attributed to the inhomogeneities in the

materials. However, the "central" glass transition temperature was about

the same, 283K, both before and after quench. The results for all

materials are listed in Table I.

B. Electrical Conductivity

A typical complex impedance plot is shown in Fig. 1 of Ref. 18 or

Fig. 2 of Ref. 13. A single depressed arc was usually observed over the

frequency range of measurement. The data were analyzed using a Cole-Cole

distribution:1

* o0
Z = (1) -1 + iwto )(-)

where 7o, To, and a are the fitting parameters. As temperature

increases, less of a semicircle is observed together with more slanted

vertical line at lower frequencies representing blocking electrode effects.

4
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In most cases, a best-fit of Eq. ki, to the data was obtained allowing

values for the bulk resistance of the materials to be determined. For the

remaining plots, a combination of the depressed arc and slanted vertical

line was used to determine the bulk resistance.

Occasionally, such simple plots were not obtained, an extra circle

being observed. In fact, this anomalous behavior was usually observed

after the aluminum electrodes had been on the samples for several months

and thus the extra peak was attributed to a chemical reaction between thc

electrodes and the material and was eliminated in the data analysis.

The conductance values, G, were then used, in conjunction with room

temperature geometrical measurements, to calculate the electrical

conductivity from:

a Gt/S (2)

where t is the thickness and S is the surface area. Neither

compressibility nor thermal expansion effects are included in the data

an ilysis.

The results of typical isobaric (data taken at a constant pressure

after temperature has been varied) data runs are shown in Fig. 2. The

curvature often observed for amorphous polymer systems is apparent.

Consequently, the conductivity data were first analyzed via the VTF

19
equation:

-[ /k(-I/)

A exp -  a -  
(3

5
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with the adjustable parameters A, 1a, and T . A non-linear least squares

fit of Eq. (3) to the data was carried out ano Table II contains the

best-fit parameters.

Next, isothermal data (data taken a constant temperature after

varying pressure) were also taken and typical results are shown in Fig. 3.

The following equation:

log 1 0  = log1 0lo + aP + bP2  (4)

was best fit to the isothermal data and the best-fit parameters are listed

in Table III.

In order to check the results of the isobaric data runs, 0.1 and 0.2

GPa conductivities were calculated from the isothermal results using the

vacuum results as a reference. The resultant best fit VTF parameters are

also listed in Table Il. It is seen that there is good agreement between

the two approaches.

It is noted that the vacuum values for T are between 34 and 46 "
0

lower than the "central" T 's which were determined by DSC. Some of these

18
results have been reported previously and a similar result has also been

recently reported for poly(dimethyl siloxane-ethylene oxide) co-polymer

containing a sodium salt. 1 3  In the earlier paper, 18 it was stated that T

0was 30-40 C above T . Howevor, in that paper, T was defined as the "on3et"
0 g

T . A similar result is obtained in the, present work since as is apparent
g

from a -omparison of the results in Tables I and II, the "onset" T isgI

23-28 0C above T
0

Such results are not unexpected since T -T is often on the order of
g o

6
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50°C for polymer systems. 20'2 1  , this phenomenon is consistent with

the configurational entropy model 22'2 3 where is interpreted as the

temperature of zero configurational entropy which would be expected to

occur at a much lower temperature than DOSC 7 's. however, this result
g

disagrees with those of other workers 12 for similar materials. Possible

reasons for the discrepancy along with details of the data analysis

technique used in the present work are given elsewhere.
3

The first result of the high pressure work is that the previru, A

rsl18
result that T for PPO :LiCF 3SO 3 increases about 1OK/kbar is confirmed.

This is to be compared to dT /dP=17K/kbar which was observed for the a
g
18

relaxation in uncomplexed PPO. That value is largcr, but since T0

increases several K/kbar, it adds evidence that T is somehow related too

the glass transition since this variation is typical of glass transitions.

However, it is apparent from Table II that for PPO :LiCiO and PPO :Li, T

does not change much with increasing pressure. A relation between T and0

T will still be preserved, of course, if T does not increase much with
g g

pressure for these materials. This is not unreasonable since it is clear

that T is strongly shifted by the salts for these materials.g

Consequently, it is found that for materials for which the vacuum T or T
g o

is shifted strongly by the salts, T does not shift much with pressure.
0

High pressure DSC studies are currently underway to check this result.

Since it is often suggested that elctrical conductivity in thso

materials is "llquld-likc-" it is of intorost to compare the pres',nt reu~.,

with th', effect of high pressure on ionic conductivity in liquids. In

p,irtieul.ir, Angell et ail. hav, shown th,.t wh iL , VTV beh.ivior t:. observed

in liqulds, all Jof the pressure dependonee (,:n bt' d,,:ieribed by the Preom'ur

.7:



dependence of T . That clearly is not observed for polymers in the present

work and thus sheds doubt on the assertion that the ionic conductivity ir

polymers is "liquid-like."

The isothermal studies can also be used to determine activation

volumes directly via:

AV* = -kT dlno/dP (5)

The zero pressure values are listed in Table III. As the values are

calculated from pressure runs where curvature has been included, the

updated values are somewhat less than the preliminary values reported

18
previously. However, they are still on the order of the values reported

25
for ion containing PEO. Further, the trend is the same in that the

activation volume for perchlorate complexed material is larger than for

18
thiocyanate complexed material. However, as reported previously, AV*

for the triflate complexed material is smaller than for either thiocyanate

or perchlorate complexed PPO. In addition, in the present work it is found

that the iodide complexed material has a very large activation volume. As

the iodide is the smallest ion, the results cannot be explained solely on

the basis of the size of the anion.

Before suggesting an explanation, it is interesting to plot all of

the activation volumes vs. T-T . Those results are shown in Fig. 4. The0

plot shows that an alternative view of The activation volume is that it is

the approximately the same for all materials at a given temperature

interval above T . Consequently, different activation volumes can merely
0

be attributed to different T 's. It is also noted that the activation
0



volume calculated from Eq. (5) decreases as temperature increases. This

agrees with previous observations in PEO25 e'- and is expected as in general

the activation volume scales with activation energy (slope of the

conductivity plot) and the activation energy clearly decreases a.

temperature increases as is apparent from Fig. 2.

However, in either view, it is left to explain the trend with ion

* species. Clearly, only a limited sampling of ions has been examined.

However, one possible explanation is suggested. Namely, the activation

volume (and T or T ) is smallest for ions for which the lithium transport

number may be largest. Specifically, the data In the literature imply that

for PEO complexed with lithium iodide and lithium perchlorate, the lithium

transport number is about 0.327,28 whereas for PEO compexed with lithium

thiocyanate and lithium triflate the lithium transport numbers are on the

order of 0.529 and 0.728 respectively. Consequently, a combination of ion

size and transport number may be responsible for the observed trends. For

example, the small values of AV* (and T or T ) for the material complexed
g 0

with the large triflate ion may be related to the comparatively large

fraction of small, mobile lithium ions. Similarly, the large value of AV*

for the LiI complexed material may be related to the relatively small L

fraction of mobile lithium ions. Obviously, this suggestion is highly

speculative in that the transport number data are for PEO and not PPO.

However, it is interesting in that an explanation for the transport number

differences is further suggested. Namply, thiocyanate and triflate have a

permanpnt dipole moment while perchlorate and iodide do not. Consequently,

because of this dipole moment, it may be that the former interact more

strongly with the chains and thus contribute less to the electrical

9



conductivity. Obviously, ion size will also affect the magnitude of the

transport numbers. Clearly, further work concerning these points is

necessary.

It is noted that the curvature in the conductivity vs. pressure d

such as shown in Fig. 3 and entries in Table III is opposite that reported

for PEO. 25  It is likely that the different apparent curvature for PEO is

due to electrode effects in that the early work on PEO was single frequency

data and not the results of complex impedance analysis. The data for PEO

are being redone and preliminary results indicate that the correct

curvature is similar to that observed in the present work on PPO.

It will be of interest to determine both the compressibility and

thermal expansion coefficient for these materials. In addition to allowing

corrections of the conductance data, such data will make it possible to

calculate the volume independent temperature variation and the temperature

independent volume variation of the conductivity. Such experiments are

currently underway.

Next, the data were analyzed in terms of the WLF equation:30 I
a(T) C (T-T

g (6)
(Tg) C 2+(T-Tg)

The resultant parameters are listed in Table I. The values of C and/or C2

are reasonably close to the "universal" values of 17.4 and 51.6.

Finally, for completeness, the data were analyzed via the VTF eq. in

the form:

a A' exp a 0T~2 (7)

10
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which is analytically identical to the WLF equation with T' - T - C2

E'a = 2.303C1 C2 and inA' = 2.303C + ino(T ). The results are also

listed in Table II.

C. Electrical Relaxation

For comparison with the effect of pressure on the electrical

conductivity, the effect of pressure on the a relaxation, that associated

with the glass transition, was studied. As mentioned above, a preliminary

report of single frequency data (the frequency, 1000 Hz was inadvertently

omitted from the paper) at a variety of pressures has been given

18
previously. Typical variable frequency data are shown in Fig. 5. In

each case, the peak position, wp, was obtained by best-fitting the

imaginary part of the Havriliak-Negami function:
31

,* D
C = (1(8)

I + (iut)(1-cl]B
0

to the data where D, B, 0 , and a are the fitting parameters. The

vacuum results are shown in Fig.66 where VTF or WLF behavior is once again

obtained. The following VTF equation was best-fit to the data:

w p = AT- 11 2 exp-[E a/k(T-To)] (9)

and the results are listed in Table II. It Is seen that for three

materials E is very close to the vacuum values obtained for the electrical
a

conductivity for the complexed material. The exception is PPO,:LiSCN, for

11
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which, as described in Part II, the data are considered less reliable. In

addition, by comparison with the DSC results listed in Table I, It is seen

that TO is once again observed to be about 40 0 C below T . Clearly, these

results show a relation between the electrical conductivity and the a

relaxation and hence between electrical conductivity and the glass

transition.

For completeness, the analytically equivalent equations:

w (T) C (T-T)
log 10 .a_ 1 (10)

g p(Tg) C2+(T-Tg)

and

w = A' exp[Ea/(TT)] (11)

were also best-fit to the data and the results are listed in Tables I and

Ii.

Next, the equation: p
log = log P + aP + bP2  (12)l~plO~ p

0

was best-fit to the isothermal electrical relaxation data. Typical data

and best fit curve are shown in Fig. 7. The best-fit parameters along with

the zero pressure activation volumes calculated from:

AV = -kT dlnw /dP (13)

are listed in Table III. For comparison, the activation volumes are

plotted in Fig. 4. It is seen that to within the scatter in the data, on

12



the "reduced plot" they are the same as those for the electrical

conductivity. This provides strong, albeit indirect evidence that

electrical conductivity is controlled by the same mechanism as the a

relaxation. Specifically, it provides evidence that ionic conductivity is

controlled by the large scale segmental motions characteristic of the

glass-rubber transition.

The idea that ionic conductivity in polymers is related to the a

relaxation is not new, of course. For example, the concept is mentioned by

Fuoss3 2 as early as 1941. Further, many authors have suggested that the

large ionic conductivity in PEO is associated with chain mobility. 1,33

However, it is to be emphasized that the above comments do not necessarily

apply to the "transport mechanism." Specifically, in order for the results

of the present work to imply that the electrical transport mechanism be due

- to large scale segmental motions, it is necessary that the number of mobile

ions not change with temperature. That such is the case is not clear at

the present time. In fact, it may be that all or part of the role of the

large scale segmental motions is to control the degree of dissociation of

the ions. Detailed microscopic experiments such as NMR will be useful

toward separating out these effects.

IV. SUMMARY

In summary, then, the following results have been obtained:

(a) It has been found that both electrical conductivity in complexed PPO

and the electrical relaxation associated with the glass transtion in

uncomplexed PPO exhibit the same pressure and temperature dependence. This

represents evidence that ionic conductivity is controlled by the large

13
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scale segmental motions characteristic of the glass-rubber transition.

(b) It has been shown that E cannot be considered a constant, Independenta

of pressure, and thus the data are different from that for ionic

conductivity in liquids.

(c) It has been found that T does not change much with pressure for

materials with a high T or T i.e. materials for which large shifts in T

or T have been caused by the presence of ions. This implies that T does0 g

not change much with pressure for those materials.
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I.

rABLE T. DSC results and best rit WIar nar',,imters.

Tg (K) C1  C2(K) 0-I RMS.
E 2 1[log010.w p(T )(s 1 Deviat o

Electrical Relaxation (a)

Uncomplexed Onset 208 12.6 35.3 [0.089] 0.0038
PPO Central 211 11.6 38.3 [1.076] 0.0038

End 215 10.5 42.3 [2.174] 0.0038

Electrical Conductivity

PPO 8LiCF3SO 3  Onseta  238 18.7 22.0 -21.0 0.0146
Central 248 12.9 32.0 -15.2 0.0146

End 258 9.8 42.0 -12.1 0.0146

aPPO 8LiCIO 4  Onseta  263 14.8 26.4 -16.2 0.0111

Central 281 8.8 44.4 -10.2 0.0111

End 299 6.2 62.4 -7.7 0.0111

PPO LiI Onset 268 18.9 21.9 -19.7 0.0233Central 283 11.2 36.9 -12.0 0.0233

End 298 7.96 51.9 -8.76 0.0233

PPO 8LiSCN Onseta 245 15.2 39.9 -16.1 0.0087
Central 266 9.94 60.9 -10.9 0.0087
End 285 7.58 79.9 -8.53 0.0087

a. Reference 18.

1I
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18.
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TABLE 11. Best fit VTF paramC' s.

log A E (eV) log 10 A' E'(eV) T'I'k

RMS 0IDev i t n (K) RMS
Deviation (1-cm) Devition -,Q

[s-1K] Es

Uncomplexed PPO, electrical relaxation (a)

Vacuum 0.0038 [13.95] 0.089 172.5 0.0038 [12.68] 0.088 172.7

PPO LiCF SO, electrical conductivity
8 3 3

Vacuuma 0.0143 -0.94 0.086 210.0 0.0146 -2.34 0.082 216.0
0.1 GPa 0.0054 -1.02 0.098 216.2 0.0055 -2.42 0.093 217.9
0.1 OPa 0.0145 -1.06 0.086 226.2 0.0148 -2.45 0.082 227.6
0.2 GPa a 0.0142 -0.73 0.104 232.9 0.0143 -2.11 0.101 ?33.9
0.2 GPab 0.0242 -1.03 0.092 233.6 0.0244 -2.41 0.089 ?30.6

PPO LiCLO electrical conductivity
8 4'

a,'

Vacuum 0.0110 -0.04 0.082 234.9 0.0111 -1.44 0.077 236.6
0.1 GPa 0.0170 +1.11 0.094 236.4 0.0172 -0.26 0.091 237.4
0.1 GPab 0.0435 +0.44 0.112 230.3 0.0436 -0.94 0.108 231.3
0.2 GPa 0.0196 +1.03 0.103 242.6 0.0197 -0.34 0.100 2W3.3
0.? GPa 0.0692 +0.63 0.128 234.2 0.0692 -0.75 0.125 234.9

PPO Lii, Plectrical conductivity
8

Vacuum 0.0226 +0.56 0.085 245.3 0.0233 -0.80 0.082 246.1
0.1 GPa 0.0113 +0.97 0.114 240.3 0.0113 -0.40 0.111 241.0

b
0.1 GPa 0.0304 +0.75 0.104 244.4 0.0303 -0.62 0.101 245.1
3-1 CPa b  0.0181 +0.72 0.127 241.1 0.0182 -0.66 0.124 241.8
*. GPi 0.082? +1.02 0.126 244.2 0.0820 -0.35 0.123 200.8

PP()Li:-fN, Plectrieal conductivity

VAwam 0.0086 +O.O47 0.126 203.2 0.0087 -0.95 0.120 205.1

.eference 18. ""-
t. Calculated from i3othermal data runs using the vacuum isobaric data

ia: i reference.
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" IABLE II. Best fit parameters (Eqs. 4 and 12) and ,wtivation volumos for
isothermal data.

Lug - -I -1 -? ,V*
T(K) RMS ,u 7'-cmn a(GPa) b(GPa)

Deviation[lgw(
10 P

Electrical Relaxation (ai)

Uncomplexed PPO 237.1 0.0055 [6.176] -17.94 -26.5 .A.4

243.6 0.0071 [6.550] -17.11 -21.3 79.8
253.1 0.0079 [7.121] -12.51 -18.4 60.7
273.1 0.0063 [8.186] -8.88 -8.49 46.4

Electrical Conductivity

PPO 8LiCF 3SO 3  303.4 0.0181 -7.055 -7.72 -8.61 44.8320.8 0.0069 -6.272 -5.74 -5.314 35.3

333.2 0.0138 -5.856 -4.95 -3.72 31.6
349.1 0.0307 -5.436 -3.69 -3.16 24.7
357.8 0.0241 -5.244 -3.51 -2.16 24.0
370.4 0.0064 -5.008 -3.49 -1.11 24.7

PPOsLiC10 303.0 0.0051 -7.303 -11.32 -11.80 65.7
309.8 0.0172 -6.753 -10.60 -6.58 62.9

323.1 0.0076 -5.938 -8.95 -5.25 55.4
332.9 0.0139 -5.480 -8.15 -1.99 52.0
343.1 0.0182 -5.093 -7.72 -0.37 50.7
354.0 0.0822 -4.753 -5.03 -3.53 34.1
369.4 0.0397 -4.370 -5.60 -0.42 39.6

PPO Lil 302.9 0.0070 -8.078 -12.20 -13.52 70.8

309.9 0.0136 -7.281 -11.05 -9.46 65.5

332.9 0.0026 -5.562 -7.61 -5.13 48.5
343.1 0.0063 -5.061 -7.41 -7.07 48.7
363.1 0.0193 -4.334 -5.70 -3.14 39.6
369.4 0.0285 -4.156 -5.31 -1.76 37.1

PPO LiSCNa 323.1 0.0385 -6.081 -4.34 -4.33 2.8
343.1 0.0059 -5.337 -3.62 -2.43 23.8

363.1 0.0068 -14.782 -3.66 -1.01 ?'.4

A . Referenee 18.
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FIGURE (.APTi i,

Figure 1. DSC thermograms for (a) Uncomplexed PPO, (b) PPOsLiI after

quench from 200 C, (c) As-prepared PPO8 Lil.

Figure 2. Data and best-fit VTF curve (Eq. (3)) curves for the temperature

dependence of the ionic conductivity for PPO8 LiI (a) in vacuum, (b) a,

0.1 GPa, and (c) at 0.2 GPa.

Figure 3. Data and best-fit quadratic (Eq. (4)) for the pressure

dependence of the ionic conductivity for PPO 8 LiC1o 4 at 369.4K.

Figure 4. Activation volumes vs. reduced temperature for (a) x-the

electrical relaxation time for the a relaxation and the electrical

conductivity for (b) -PPO8LiCF 3SO (c) C-PPO LiClO 4, (d) A-PPO 8iI,

and (e) *-PPO LiSCN.

Figure 5. Data and best-fit Havriliak-Negami curves (Eq. (8)) for

dielectric loss vs. frequency for the a relaxation at (a) 0.16 GPa, (b)

0.'2 GPa, and (c) 0.08 GPa.

Figure 6. Data and best-fit VTF curve (Eq. (9)) for the lm \

for the a relaxation for uncompiexed PPO.

Figurp 7. Data and best-fit quadritic (Eq. (12)) for, the .4.

for the a relaxation at 237.1K.
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