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ABS PACT

Vacuum audio frequency complex admittance measurements have been

performed on poly(ethylene oxide) using a fully automated dielectric

spectrometer. Measurements have been made over the temperature range

5.5-320K for molecular weights from 1.85xi04 to 4x10 . The Y relaxation

is essentially unchanged over the range of molecular weights studied. This

represents evidence against assigning the Y relaxation to the motion of

end groups. Next, previously reported data for the Y relaxation is

reanalyzed using a reduced plot. The activation volume is found to be 3-4

cm3 /mol in good agreement with the previous woi-k and the small value

implies that the relaxation is associated with the motion of very small

segments of the polymer chain. Next, the relaxation associated with the

glass transition, a' is only .' bserved in temperature for some samples but

is observed in both frequency and tcmperature for others. The strength of

ca decreases monotonic:li e. ,. i. "uL:ir ,igh:. decreases. Finally, ca
a a

6
was studied up to pressures of about O2 GPa for 5xlO molecular weight

material. The results for the sh.ift cf a with pressure are ina

qualitative agreemrient. w i ~ ; r rtcoeies.
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I. iNTRODUCTION

Poly(ethylene oxide) (PEO) is of current interest as the prototype

polymeric solid electrolyte. 1- 3 As a consequence, the basic properties of

this material, and particularly the electrical properties, are being

extensively studied. As a result, there is a considerable amount of

literature relating to this material. Much of the early work has been

'4 5
reviewed by McCrum et al. and Hedvig. References to some of the more

67
recent work can be found in the papers by Porter and Boyd, and Se et al.7

More recently, the authors have presented8 - 1 1 the results of audio

frequency electrical relaxation (DR) measurements on PEO and PEO complexed

with a variety of alkali metal and alkaline earth salts. In addition, the

effect of high pressure on the electrical conductivity in some of those

materials has been presented.1 2  In PEO to date, it appears that only the

13
Y relaxation has been studied at high pressures. In the present paper,

the effect of pressure on the glass t rnsition relaxation, a , is

reported. In addition, the previously reported data for the effect of

pressure on the Y relaxation 13 are reanalyzed in terms of a reduced plot.

Finally, in order to gain further information concerning Y and aat

different molecular weights have buei studied.

I. EXPERIMENT

14 6
The PEO was obtained from Polysciences, with MW 1.85x10 to 5x0

All but the 1.85x104 samples were melt-pressed at about 100 C using a

Buehler Simplimet Ii press. The melt-pressed samples were about 25 mm in

'- '. ,. '°. ' ''" "'''- '. -X " ' ". . .L . ., ." ,°4 ,' -" - , -" " -',''c ,, '. , ' ' _' "." " "3,



diameter and 1.5 mm thlcK. Aluminu-i eie'trdes were evaporated onto the

surfaces in a three t,-r'rninai configuration. For the vacuum measurements,

the guarded electrode was about 14 mm in diameter while for the high

6,pressure measurments (MW 5x10 it was 9 mm in diameter. The remainder of

the guarded side of the sample was the guard ring and the full face of the

opposite side of the -,impie was: evaporated as the high electrode. The

guard gap was on the order, of 0.1 mm, wide.

Measurements of the capacitance and conductance divided by the

angular frequency were performed in vacuiM over the temperature range

5.5-320K as described elsewhei'e. 9  In the present case, a new bridge

constructed by one of the authors (C.G.A.) was used to perform the

measurements. The new, fully automated bridge operates at seventeen

frequencies over the range 10-105 Hz.

The data were tra ,sformed to t.ne complex dielectric constant,

-: -jE using prcc-: dures descrihbd in detail elsewhere. 9  Once again

no thermal expansion correction a,,s included in the data reduction. The

results of room temperature geometrical measurements and the capacitance

6 5data at 5.5K yielded c'=2.87, 3.01. 2.89, and 2.95 for MW 4x10 , 6x10

ix, 0 ,and 1x10- r10 e c v 1l1/. !hse v i)uus agreec to wit.nin the

exper iamntal un,;erul,: :. . , t m & p ,,ci3 on:.- ¢ io.n , ' to be about 3%.

..he values are, noa, v. , n i. a :' ).., , thtr:, :pan sion of the

The MW 1.85; ' , raA. in it-,d -i y y were received

as platelets. The , , irK .' i: 'i '. V .'. confi gura t inr

* Lh a 9 mn; dj.rn,. .- >1 1 , . l' t! , wc about. 0.5 mm and

-ie guard rinrg ;wa . : u , ii: . h . vr, ,, *>.-..r m ,asurement was



not Used. The low temperature value of e' was set equal to the average of

the values quoted above for the higher molecular weight materials.

The high pressure measurements were carried out in the vessel

described elsewhere. 14The pressure fluid was a mixture of pentane and

Spinesstic 22 and the temperatures were achieved using a mechanically

refrigw ated ethylene glycol bath. The vacuum audio frequency complex

impedance measurements were performed using a different, fully automated

bridge constructed by one of the authors (C.G.A.) which operates with a

more restricted frequency range.I

IV. RESULTS AND DISCUSSION

Figure 1 shows typical vacuum electrical relaxation spectra at five

frequencies between 10 2and 10 5Hz for PE0, in this case for a sample of

molcuarwegh ~16. Figure 2 shows the data at 10 3Hz for five

14 6molecular weights between 1 .85 x 10 and 14 x 10 . The relaxation spectra

at five frequencies for the 1 .85 x 0 4molecular weight material are shown

in Figure 3. Two strong features are observed, the Y relaxation with

peaks from about 140-200K and the a arelaxation. It is interesting to

note that at the highest frequency, the a aand Y relaxations merge as

predicted by Porter and Boyd. 6In addition, there is a weak relaxation

region in all of the samples from 60-100K. The latter relaxation will not

be discussed further in this paper. As no features were observed below 50

K, that region is not shown in the plots.

The first result of interest is that it is clear from Fig 2 that the

'Y relaxation does not vary much with molecular weight. If anything, there

5
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is a slight decrease in the strength is the molecular weight decreases.

5
This argues against assigning it to chain end hydroxyl groups. A similar

result and conclusion was obtained by Se et al.

In order to gain further information concerning the Y relaxation,

high pressure measurements were performed and have been r'oported

previously.1 3  In that paper, the data were analyzed using the "standard"

technique of fitting a Cole-Cole expression to individual data sets. The

relaxation time for each pressure and temperature was ten determined from

ihv peak position. In the present paper the data are reanalyzed in terms

of a "reduced plot." The plot is shown in Fig. 4. All of the data for 17

frequencies, 3 temperatures, and 7 pressures have been "normalized" to a

common curve using least square fitting computer techniques described

elsewhere. 13 In Ref. 13, this type of fitting procedure was applied to

vacuum data using a Havriliak-Negami expression. In the present case, the

empirical expression of Jonscher 15 ha6 been used:

S - ~

'3( / )-m 4 ( / )( --n)]
P P

i,. significant 5wot fit piramw.ts .r. ,-0.84 and m=0.33. The strength

ind peak pcsition o:r' a traay, ho-aev, further information can be gained

from the amount of shift in log 10( Q ) nenessary to reach the master curve.

Th, results for these logaritnm,- frquency shifts of the data to the

ma:ter curve or boW prsu e arid UerrperaLure are shown in Fig. 5. The

raseItant slopes for the press~r- r nr are given in Table I. These were

then usd to c;n culat tr jet ivtin vol ume via:

..........................................



dlnw
AV* = kT P-- P

dP

The resultant activation voiume ar,- also listed in T.ible I along with the

results from the previous paper. The agreement is quite gocd considering

the widely differing techniques usel to arrive at the results. The

activation volume, 3-4 cm3 irmoi, is very smaill which supports assigning the

relaxation to either chain end hydroxyl groups or very small segments of

the polymer chain. However, considering the above results of the molecular

weight studies, the latter irechanis ; i{ to be preferred.

Finally, the variation of the giass transition with molecular weight

is of' interest. Since the strength of' aI decreases with decreasing

molecular weight, it is apparenL that the degree of crystallinity increases

with decreasing molecular weight over the range of molecul - weights used

in the present study. This is a well known phenomenon in PEO. Also, the

16
work of Faucher et al. indicates that there is a maximum in the glass

transition temperature at a molecular weignt of about 6000. This increase

in T with decreasing molecular' weight is evident in Figure 2, although theg

snti't in paika positions between the 1 x 1 5 and the 1 .85 x 104 molecular

weight samples is enhanced by the change in the frequency dependence of the

peea- pcsition which can be observed by comparison of this effect in figures

The results for, the high noleeul; r weight material are particularly

intwresting in that a peak for a was nier observed in frequency at anya
C-

s ir , temp, rature over the frea ,;, 'r-y 1i±' . 1,,) 0 li.z, ilthough it is

k:>.x rved in the tempera' sw-np a * r 18,1500 MW ma terial, however,

". '- .-- -- '-. .-.- - - . . . . . . .-" . 3- -. : - .- " -- - '- - 1 .-' - 2" - -1- - -- -- . .



the material exhibited mojrc norfmi1 i r'e with the pe':ik boing observed in

frte-quenc y as is apparentL in _irej. A13er asMentioned above, this is

the only material which was niot 1elt-prc.3ed and thus the result may not

solely be a consequence of the moulecc- Iar weight. Exper'iments to determine

tlie origin of' this phlcricn-enon ae ciirr& ntj y being undertaken.

As the effect of pressure or. the glass transition in REQ does not

appear to have been reported previously, those measurements were carried

I'tar the 'high i-olec uld:r weighTmtca. Some of the data at 1000 Hz

.I:' s-hown In F'ig. 6. F'er tli-i pceavk, very u3trong shifts with pressure are

vdas iz- expected Cor a glas6 trans,-ition. The shift of the peak

ion, T , -with prtessure is shown (-)r two Crequencies in Fig. 7

uFther, ;ith thI' best fit of the following equation to the data:

fitprr< .7 neies and %trose for a lower

i )rhta r~I .~ ~ n able, I I . The curvature

2 .... a' with the predictions of

r 17r~~i~a trv elix-ti Mr phenomena and

V ~ ~ ~ -I i i, .omplete treatment

I I ins, bth the

r,2rm:igni tude of

to r18ti ~



, AV*

= T T
(I r)

IP AE*

here T represents the zero pressure peak position, AE* and AV* are

ihe activation enthalpy and volume, respectively, and T is the minimum

;emperature at which the activated process is still possible. It is clear

noam the results that dT /P and T° are P rgut for larger frequencies.

Nis proportional dependence cn freuon..y cr, both quantities is consistent

ih Eq. (4). Further, the values of' "no dT /dP for PWO would fit
"k C

18
on the plot, in Fig. 0 of Ques> dr O2>oGe-Tabrizi and thus PEO

:3n ce grouped with poly vinyl acetate (VY),

iorylonitrile-butadiene-styrene (AiS), polyurethane ciastomers (PU) and

e)ivinyl ,enefiuo'i, (PVD ), j, VIM it fi ws Eq .  (4).

In summary, tn r, Y,. Tt 1 ,,nnoy cumplex admoittance

.:ir'ments have beer; c an' on ,, P. low tampera tures fop a variety

- Ur uli r weights. TO rw!,xtti' p ' , ii5 very little o ver the range

' :5., , ir wF :; . iS ,; • :k- rw'- ' "s 1 vi uneC , g inst assigning

- , r-1." tx it ' -n ' m . 1 . %.,. r, 7 repor ed data

Y "±u r"inxCi n j P"p i r.'d ed p <i" . - activation

. , t in ,A is in, F,-) -7 rru :c. , t . , ,. crvi;', "rk .nd the fact

.k.,t - v..:y .:M ,,:l vil ', i V n c.. W' , t i. -, K.,, ," qn, is associated

OIL fn.l s 'wmnts of n- p).4T :. K f A ! , thi relaxation

iA'.! wi"- t.h ': n r.m p ure for
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Figure 6. G/w (pF) vs. T(K) at sevor'al pressures at 1000 Hz in the region

of the glass transition for PEO (MW 5x10 6). The curves from left to right

are 0.0001 (1 atm), 0.014, 0.08, 0.12, and 0.16 GPa. For clarity, straight

line segments connect the datum points and data at other pressures have

been omitted.

Figure 7. Peak position vs. P(GPa) at two frequencies, 1000 Hz (crosses)

and 10,000 Hz (squares), for the a relaxation in PEO (MW 5x10 6). Alsoa

shown are the best fit quadratic curves.

16
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FIGURE CAPTIONS

Figure 1. e" vs. T(K) for PEO with molecular weight 4x106  The curves

(from left to right) are: medium dash-t0 Hz; long dash-10
2 Hz; solid-10

3

Hz; chain linK-t04 Hz; short dash-!O 5 Hz. Straight line segments connect

the datum points which are not shown.

Figure 2. E" vs. T(K) for PEO at 1000 Hz with various molecular weights:

long dash-4x106 ; medium dash-6x10 ; ch'ain link-3x10 5 ; short dash-1x105 ;

14
solid-1.85x104. Straight line segments connect the datum points which are

not shown.

Figure 3. e" vs. T(K) for PEO with molecular weight 1.85x0 4. The curves

(from left to right) are medium dash-10 Hz; long dash-102 Hz; solid-10 3 Hz;

chain link-104 Hz; short dash-i05 Hz. Straight line segments connect the

datum points which are not shown.

Figure 4. "Reduced plot" for the Y relaxation in PEO (MW 5xi06). The

best fit Jonscher curve and data points for 17 frequencies, 3 temperatures,

and 7 pressures are shown. The peak position and strength are arbitrary.

Figure 5. Peak shift vs. pressure at three temperatures, 185, 182, and

179K from top to bottom, for the results shown in Figure 4. Also shown are

the best fit straight lines.

15
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Table II

Best fit parameters in Eq. 3 for peak position vs. pressure for

the at a relaxation in pure PEO.

f(Hz) ToB(GPa) C(GPa) RMS Deviation

103 223.1 87.8 -75.3 0.11

135 224.3 87.9 -56.4 0.21

104225.6 91.8 -86.7 0.15

14



Table I

Pressure derivative of the relaxation time and activation volume

for the gamma relaxation at various temperatures for pure PEO.

dl nc

T(K) --P (GPa)-I  AV* (cm3/mol) AV* (cm3/mol)a

dP

Sample #2 (Cast film)

179 2.9 4.3 4.3

182 2.1 3.2 -

185 1.9 2.9 4.7

a. Reference 13.

1.3

t14



14. J. Fontanella, C. Andeen, and D. Schuele, Phys. Rev., B6, 582 (1972).

15. A. K. Jonscher, Colloid and Polymer Sci., 253, 231 (1975).

16. J. A. Faucher, J. V. Koleske, F. F. Santee, Jr., J. J. Stratta, and C.

W. Wilson, III, J. Appl. Phys., 37, 3962 (1966).

17. I. Havlicek, M. Ilavsky, and J. Hrouz, J. Macromol. Sci.-Phys., B21,

425 (1982).

* . 18. D. L. Questad and M. Oskooie-Tabrizi, J. Appl. Phys., 53, 6574 (1982).
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some samples but i. i obscrved in bo th f'r ' ,in1,y ind t.t rnpirr, t.ure for others.

Finally, the relaxation associated with the glass transition was studied up

to pressures of about 0.2 GPa for the high molecular weight material. The

results are in qualitative agreement with recent theories.
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