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ABSTRACT: In order to determine the dielectric relaxation spectra for the /3-processes in 

atactic poly(methyl methacrylate) (PMMA), poly(ethyl methacrylate) (PEMA), poly(n-propyl 

methacrylate) (PnPMA), and poly(n-butyl methacrylate) (PnBMA) which were sufficiently sepa­

rated from the IX-processes, absorption current was measured for I 0 to 600 s after application of a 

step voltage at temperatures well below the glass transition temperatures. By applying the Hamon 

approximation, the data on time dependence of the absorption current were converted to those on 

the frequency dependence of loss permittivity, and the latter were reduced to master curves by the 

method of reduced variables. Shift factors gave an activation energy of ca. 19 kcal mol- 1 

irrespective of the side-chain length. Shapes of the /3-relaxation spectra for these polymers were the 

same, but the relaxation strengths for PMMA, PEMA, PnPMA, and PnBMA were in the ratios 

I : 0.8: 0.6: 0.5, which correspond to the ratios of their dipolar densities. The /3-relaxation spectrum 

began to sharpen with the increase in temperature above a critical temperature, which was 

estimated for PMMA and PEMA to be ca. 10 and I8°C respectively. A two-site model analysis 

suggests that the scale of the molecular process for the /3-relaxation is as large as a 180° -rotation of 

the side group about the C-C bond connecting it to the main chain. 
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It is widely accepted that the /3-relaxation in 

poly(n-alkyl methacrylate), which can be observed 

by both dielectric and mechanical measurements, 

arises from the rotational motion of the side chain 

about the C-C bond which links it to the main 

chain.1 Many investigations have been made to 

clarify the effects of such factors as change in 

molecular structure/ -ts addition of plasti­

cizers/6·17 and application of high pressure18·19 on 

the characteristic features of this relaxation. On the 

basis of the results from these investigations this 

relaxational motion of the side chain is believed to 

be governed predominantly by the intrachain in­

teraction, in contrast to the micro-Brownian motion 

of the main chain for the a-relaxation. 

However, there are still only a few data for the 

relaxation and retardation spectra of the /3-process, 

despite the fact that these are the most important 

characteristics of the relaxation process. In partic­

ular, no dielectric relaxation spectrum for the /3-
process has as yet been determined under the con­

dition of complete separation from the a-relaxation. 

Here the term dielectric relaxation is used instead of 

dielectric retardation, because the former is used 

conventionally in current papers. In previous 

papers10 - 12 one of the present authors determined 

the mechanical /3-retardation spectra for the 

four members of poly(n-alkyl methacrylate)s using 

the master curves of creep compliance derived 

from the data over a wide range of time and tern-
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perature in the glassy state. In the case of dielectric 

P-relaxation too, measurement in comparable 

ranges of time and temperature should be made to 

derive the spectrum separated enough from the 

c.:-relaxation. 

The present paper is concerned with determining 

the relaxation spectra for the dielectric P-processes 

in a series of poly(n-alkyl methacrylate)s from the 

data on absorption current. The major aim is to get 

more information on the motion of the side chain 

under the condition that the micro-Brownian mo­

tion of the main chain is completely frozen. The 

absorption current corresponds to the creep rate in 

the case of mechanical retardation. Consequently, 

the ranges of time and temperature for the measure­

ment of absorption current can be taken as similar 

to those for the creep measurement. Another aim of 

the present study is to examine the validity and 

limitations of the method of reduced variables20 

when applied to loss permittivity obtained from the 

absorption current in the glassy state of this kind of 

polymers. 

EXPERIMENTAL 

Poly(methyl methacrylate) (PMMA), poly(ethyl 

methacrylate) (PEMA), poly(n-propyl methac­

rylate) (PnPMA), and poly(n-butyl methacrylate) 

(PnBMA) were used in this study. All these samples 

were atactic polymers prepared by bulk poly­

merization of purified monomers with or without 

benzoyl peroxide as an initiator. The polymers 

obtained were dissolved in benzene and cast into 

films. Each film was dried for several hours in 

vacuum at a temperature above the glass transition 

temperature to eliminate solvent and unreacted 

monomers. The thickness of the films ranged from 

0.2 to 0.5 mm. A commercial sample of PMMA 

compression-molded into a sheet about 3 mm thick 

was also used for comparison. The degree of poly­

merization of each sample was not determined. All 

samples were dried again for several days in vacuum 

prior to each measurement in order to eliminate 

adsorbed water. 

The absorption current was measured with the 

aid of a vibrating-reed electrometer, type TR-84M, 

made by Takeda Riken Industry Co. Dry cells were 

used as a d.c. voltage source and a three-electrode 

arranegment made by Ando Electric Co. was 

adopted. The effective area of the main electrode 
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was ca. 4.89cm2 • The charging current was mea­

sured from I 0 to 600 s after the application of a 

voltage at ca. soc intervals of temperature rang­

ing from -90 to 20°C. The measurement was 

carried out from lower to higher temperatures. 

Temperature was determined by a copper­

constantan thermocouple placed near the sample 

and its fluctuations during the measurement were 

kept within ±OS C. 

Preliminary experiments on the charging current 

carried out for three days at low temperatures 

showed that any leakage current should be very 

small. Therefore, the charging current was regarded 

substantially as the absorption current. After 

measuring the charging current at each tempera­

ture, the specimen was short-circuited while the 

temperature was raised for the next measurement. 

This procedure saved the time necessary to reduce 

the discharging current to the level of an experimen­

tal error. 

In order to measure the absorption current under 

the condition that the linearity relation between 

current and voltage was assured, voltage depen­

dence of the charging current was investigated at 

various temperatures and times elapsed. The field 

intensity in the samples ranged from ca. I 00 to 6000 

V em -t. All the data on the absorption current 

reported in the present paper satisfy the linearity 

condition. 

In addition temperature dependences of loss and 

storage permittivities for PMMA and PEMA were 

measured at 0.1, I, and I 0 Hz in the temperature 

range from ca. -100 to 100°C with the ultra-low­

frequency bridge apparatus, type TR-4, made by 

Ando Electric Co. Temperature of the sample was 

measured and kept constant in the same manner as 

in the case of the measurement of the absorption 

current. 

RESULTS AND DISCUSSION 

Calculation of Loss Permittivity from Absorption 

Current 

Tyical experimental results for the time depen­

dence of the absorption current in PMMA and 

PEMA are illustrated in Figures I and 2. For each 

polymer only the data at temperatures in steps of ca. 

10 or !5° are shown for the sake of clarity of the 

diagrams. For PnPMA and PnBMA similar results 

(not shown here) were obtained. The time de-
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Figure 1. Time dependence of absorption current in 

poly( methyl methacrylate) at the temperatures indicated. 
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Figure 2. Time dependence of absorption current in 

poly( ethyl methacrylate) at the temperatures indicated. 
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pendence of the absoption current l(t) as shown in 

these figures can be expressed approximately by a 

power function of time, where A and n 

are temperature dependent and n is close to unity. 

Actually, it was found that the range of numerical 

values of n was 1.30 for PMMA, 

1.25 for PEMA, 1.22 for PnPMA, and 

for PnBMA. 

It is well-known that the frequency dependence of 

loss permittivity of a dielectric medium can be 

calculated from the data on the absorption current 

if the Hamon approximation is applicable.21 The 

formulas for this calculation are 

e"(w) =l(t)jwC0 V 

wt=0.63 

(I) 

(2) 

where e"(w) is the loss permittivity at an angular 

frequency w, C0 is the capacitance of electrodes 

without the medium and V is the applied step 

voltage. According to Hamon, eq I and 2 can be 

used with good accuracy for the absorption current 

represented by the power function of time subject to 

the bounds 

0.3<n<i.2 (3) 

Recently, several authors have investigated the 

use of the Hamon approximation for the absorption 

current with values of n outside those given by 

eq 3.22 The results of these investigations show 

that eq I and 2 are applicable over the entire range 

of time with a fairly good accuracy for the absorp­

tion current in a dielectric medium characterized 

by the Cole-Cole distribution of relaxation times 

with the Cole-Cole parameter f3 < 0.3. 

Most of our data on the absorption current 

satisfy eq 3 and only some of the data have n-values 

slightly higher than the upper bound. On the other 

hand, the values of complex permittivity measured 

at low frequencies in the glassy state could be fitted 

to the Cole-Cole arc with the parameter f3 <0.3. 

Therefore, we assume that eq 1 and 2 are applicable 

for all data on the absorption current in the four 

samples. 

Loss Permittivity and Application of the Method of 

Reduced Variables 

The loss permittivity curves at various tempera­

tures obtained for the four samples by eq I and 2 are 

shown in Figures 3-6 as a function of the loga-
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Figure 3. Frequency dependence of loss permittivity of poly(methyl methacrylate) calculated from 

absorption current at the temperatures indicated. 
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Figure 4. Frequency dependence of loss permittiVIty of poly(ethyl methacrylate) calculated from 

absorption current at the temperatures indicated. 

rithm of frequency. From each of these figures the 

temperature dependence of loss permittivity at a 

fixed frequency can be determined. The loss per­

mittivity vs. temperature curve thus obtained has a 

peak at a temperature which varies with the fre­

quency fixed. In Figure 7, the frequency­

temperature relations for such peaks for the four 

samples are illustrated. It is remarkable that these 

plots give parallel straight lines with an activation 

energy of ca. 19 kcal mol- 1 and that the straight line 
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for the sample with a longer side chain appears at 

higher temperatures. 

In Figures 8 and 9, the loss peaks for PMMA and 

PEMA shown in Figure 7 are replotted along with 

those obtained by low-frequency measurements on 

the same samples and those by audio-frequency 

measurements reported by Ishida and Yamafuji.9 

The results from the present data on the absorption 

current are in good agreement with those from the 

other higher frequency data. It should be noted also 
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Figure 5. Frequency dependence of loss permittivity of poly(n-propyl methacrylate) calculated from 

absorption current at the temperatures indicated. 
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Figure 6. Frequency dependence of loss permittivity of poly(n-buthyl methacrylate) calculated from 

absorption current at the temperatures indicated. 

that the loss peaks in the audio-frequency region are 

taken from the data on the frequency dependence of 

loss permittivity, while those in the lower-frequency 

region are taken from the data on the temperature 

dependence of loss permittivity. Therefore, the 

agreement between these data indicates that the 

temperature dependence of the intensity of relax­

ation (relaxation strength) is rather weak. 

In Figures 10-13, the master curves of e" for the 

four samples are shown; these have been obtained 

from the data in Figures 3-6 by the method of 

reduced variables. Some data which feather off 

appreciably from the master curve were omitted. In 

the reduction procedure, only the shift along the log 

f axis was carried out. The shift factors for the four 

samples are shown in Figure 14, where the same 

reference temperature is chosen for the sake of 

comparison. All the shift factors are in good agree­

ment with each other, and the activation energy 

determined from the slope of the solid straight line 
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Figure 7. Plots of log (frequency) against reciprocal of 

absolute temperature for the loss-permittivity maxima of 

PMMA, PEMA, PnPMA, and PnBMA appearing in 

temperature dependence of loss permittivity obtained 

from absorption current. 

in Figure 14 is ca. 19 kcal mol-t, which agrees very 

well with that obtained from Figures 7, 8, and 9. 

This fact supports the validity of the reduction 

procedure involving no correction for the tempera­

ture dependence of the limiting values of storage 

permittivity. 

Shape of Loss Permittivity as a Function of 

Frequency 

It is very interesting to compare the shape of the 

master curve of s" obtained from the data on the 

absorption current with that of the loss-permittivity 

curve obtained in the audio-frequency range. In 

Figure 15, the master curve of s" for PMMA is 

shown at four temperatures at which loss per­

mittivity was measured in the audio-frequency 

range by Ishida and Yamafuji. 9 The frequency­

temperature position of the master curve is de­

termined by the shift factor in Figure 14. It is 
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Figure 8. Plot of log (frequency) against reciprocal of 

absolute temperature for the loss permittivity maxima of 

PMMA determined by absorption-current (open circles, 

T), ultra-low frequency (filled circles, T) and audio­

frequency (crossed circles,/) measurements,. Here Tand 

f denote respectively temperature and frequency of 

maximum loss for constant-frequency and constant­

temperature curves. 

remarkable that the master curves at - 66.0, - 26.3, 

and -5. 7°C can be connected very smoothly with 

the corresponding loss permittivity curves measured 

in the range of higher frequency. However, the 

shape of the loss permittivity curve becomes sharper 

at higher temperatures, so that the method of 

reduced variables cannot be used there. The critical 

temperature above which the sharpening of the loss 

permittivity curve sets in is estimated from Figure 

15 to be about 9.7°C. 

The very similar situation observed with PEMA 

is illustrated in Figure 16. In this case, the shift 

factor was determined below 7.5°C but the peak 

position of the master curve followed the straight 

line given in Figure 9. The agreement between the 

master curve thus shifted to 17.7°C and the loss 

Polymer J., Vol. 14, No.4, 1982 
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Figure 9_ Plot of log (frequency) against reciprocal of 

absolute temperature for the loss permittivity maxima of 

PEMA determined by absorption-current (open squares, 

T), ultra-low frequency (filled squares, T) and audio­

frequency (crossed squares, f) measurements. Here T 

and f denote respectively temperature and frequency of 

maximum loss for constant-frequency and constant­

temperature curves. 
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permittivity curve measured at this temperature by 

Ishida and YamafuW is excellent. On the other 

hand, the shape of the loss permittivity curve be­

comes sharper with the increase in temperature 

above 17. 7°C. Consequently, the critical tempera­

ture above which the sharpening of the curve for 

PEMA sets in lies between 17.7 and 28.3°C. As for 

PnPMA and PnBMA, the loss permittivity peak for 

the f:i-relaxation cannot be separated clearly from 

that for the ex-relaxation in the audio-frequency 

range. Therefore, an analysis similar to those for 

PMMA and PEMA cannot be made. 

In Figures 17 and 18, half-widths of the loss 

permittivity curves for PMMA and PEMA are 

plotted against temperature. In each of these figures 

the half-width changes with temperature in two 

steps, being constant at low temperatures, decreas­

ing with the increase in temperature from the critical 

temperature up to the glass transition temperature 

Tg, then leveling off, and again decreasing at still 

higher temperatures. Although the molecular proc­

esses responsible for such a characteristic change 

of the spectral shape with temperature are not yet 

clear, it is noteworthy that the critical temperature 

for PMMA reminds us of the characteristic tem­

perature found by Fischer et al. through the X-ray 

study of thermal fluctuations in polymer density. 26 

Probably a motion of the main chain which grows up 

to the micro-Brownian motion above Tg sets in at 

this temperature. Such a motion of the main chain 

-3 -2 -1 0 

log f (Hz) 

Figure 10. Master curve ofloss permittivity for the P-relaxation in PMMA reduced to -43.5°C obtained 

from the data on absorption current. Temperature key is the same as in Figure 3. 
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Figure 11. Master curve of loss permittivity for the P-relaxation in PEMA reduced to - 42°C obtained 

from the data on absorption currrent. Temperature key is the same as in Figure 4. 
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Figure 12. Master curve of loss permittivity for the P-relaxation in PnPMA reduced to -37.5oC 

obtained from the data on absorption current. Temperature key is the same as in Figure 5. 

homogenizes the molecular environment of the side 

chains and thus should lead to the narrowing of the 

width of relaxation spectrum or loss permittivity 

curve. 

Dielectric Relaxation Spectra for the {3-Processes in 

the Four Samples 

The dielectric relaxation spectrum in the zeroth 

approximation is given by 
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where ifl(ln r) and Le(ln r) are respectively normal­

ized and non-normalized spectra as functions of the 

logarithm of the relaxation time r and is the 

intensity of the dielectric relaxation. It should be 

noted that the dielectric relaxation corresponds to 

the mechanical retardation and so eq 4 corresponds 

to the approximation formula for the retardation 

spectrum.20 The non-normalized {3-spectra for the 

four samples are determined from the master curves 

of e" shown in Figures 10-13 and are illustrated in 

Figure 19. 

It must be noted that the shape of the spectrum 

Polymer J., Vol. 14, No. 4, 1982 
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Figure 13. Master curve of loss permittivity for the P-relaxation in PnBMA reduced to -43.ooc 

obtained from the data on absorption current. Temperature key is the same as in Figure 6. 
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Figure 14. Plots of shift factors for the dielectric P-relaxations in PMMA, PEMA, PnPMA, and 

PnBMA reduced to -43.5°C against reciprocal of absolute temperature. 
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Figure 15. Frequency dependence of loss permittivity for the P-relaxation in PMMA at various 

temperatures obtained from absorption current (dashed dotted curves) compared with that determined by 

audio-frequency measurements by Ishida and Yamafuji9 (solid curves). 
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Figure 16. Frequency dependence of loss permittivity for the P-relaxation in PEMA at various 

temperatures obtained from absorption current (dashed dotted curves) compared with that determined by 

audio-frequency measurements by Ishida and Yamafuji9 (solid curves). 
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Figure 17. Temperature dependence of half-width of loss permittivity versus frequency plot for the {3-

relaxation in PMMA. Solid line represents the results obtained from the data on absorption current, while 

squares represent those on audio-frequency measurements by Ishida and Yamafuji.9 
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Figure 18. Temperature dependence of half-width of loss permittivity versus frequency plot for the {3-

relaxation in PEMA. Solid line represents the results obtained from the data on absorption current, while 

squares represent those on audio-frequency measurements by Ishida and Yamafuji.9 The crossed square 

denotes the point which is estimated by comparing the loss permittivity data in the audio-frequency range 

with those obtl!,ined from absorption current measurements. 
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Figure 19. Dielectric ,8-relaxation spectra for PMMA, PEMA, PnPMA, and PnBMA plotted against 

logarithm of normalized relaxation time r/<m, where <m denotes the relaxation time for the maximum of 

each spectrum. The peak heights are in the ratios I : 0.8: 0.6: 0.5. 
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Figure 20. Dielectric ,8-relaxation spectra for PMMA, PEMA, PnPMA, and PnBMA normalized by 

their relaxation strength and plotted against logarithm of normalized relaxation time </<m, where <m 

denotes the relaxation time for the maximum of each spectrum. 
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Table I. 

Density' 
N, 

N 
6-E, 

6-E Ratio of reciprocal 
Number of dielectric 

monomeric units relaxation 
of side chain length 

g cm- 3 

per unit volume 
N for PMMA 

strength 
6-E for PMMA to that for PMMA b 

PMMA 1.18 7.) X 1021 1.0 1.6 1.0 1.0 

PEMA 1.14 6.0 X ]021 0.8 1.3 0.8 0.8 

PnPMA 1.09 5.] X 1021 0.7 1.0 0.6 0.6 

PnBMA 1.07 4.5 X 1021 0.6 0.8 0.5 0.5 

• Measured at -20oC (ref 27). 

b Side-chain length is the sum of bond lengths. 

03.---------------------------------------------------, 

w 4.0w 

3.0 

TEMPERATURE (°C) 

Figure 21. Temperature dependence of loss and storage permittivities for the ex- and P-relaxations in 

PMMA at I Hz. The dashed dotted line drawn through the plateau region of storage permittivity 

represents temperature dependence of the low-frequency limit of storage permittivity for the P-relaxation. 
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Figure 22. Master curve of loss permittivity for the P-relaxation in PMMA composed of the data 

corrected for temperature dependence of relaxation strength compared with that composed of the data not 

corrected (solid curve). Both curves are reduced to -43.5°C. Ordinate scale is correct for the corrected 

curve. The uncorrected curve has been shifted downward by 0.05. 

thus obtained is independent of the side-chain 

length as shown in Figure 19. In other words, the 

logarithm of loss permittivity as a function of log 

(frequency) has the shape which is independent of 

the side-chain length. Therefore, the intensity of the 

spectrum should be proportional to its peak height. 

The ratios of the peak heights of the dielec­

relaxation spectra for PMMA, PEMA, PnPMA, 

and PnBMA determined from Figure 19 are ca. 

I : 0.8 : 0.6 : 0.5. 

On the other hand, the intensity of relaxation 

can be obtained from the area under the spectrum 

versus log (retardation time) curve or that under 

the loss permittivity versus log (frequency) curve 

by means of the relation/ 

f ro 2 fro 
= - ro L.(ln r)d In T =---; -"' e"(w)d In w (5) 

The area can be replaced approximately by that of 

the rectangle with the peak height and half-width of 

the spectrum or the loss permittivity curve as the 

two sides. The intensity of relaxation thus estimated 

is ca. 1.6 for PMMA, ca. 1.3 for PEMA, ca. 1.0 for 

PnPMA, and ca. 0.8 for PnBMA. The ratios be­

tween these values are also ca. 1 : 0.8 : 0.6: 0.5. The 

spectra for the four samples normalized with these 

relaxation intensities are in excellent agreement with 

one another as shown in Figure 20. 
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Those ratios of relaxation intensities correspond 

to the ratios of the dipolar densities; i.e., the 

numbers of monomeric units per unit volume of the 

four samples. Table I gives the sound basis for this 

interpretation. Here the values of density at tem­

peratures lower than the critical temperatures men­

tioned above should be used. In this case, the values 

at - 20°C27 are used somewhat arbitrarily, since the 

ratios are insensitive to the choice of the reference 

temperature. A similar result obtained from the 

data on the intensities of relaxation at the glass 

transition temperatures for these polymers was re­

ported more qualitatively by Saito and Sasabe. 19 In 

the present case, this relation holds at any tempera­

ture in the range where the method of reduced 

variables can be applied and suggests that each 

dipole in the side chain contributes to the fi-re­

laxation nearly independently. It is interesting to 

note that the ratios mentioned above are quite 

similar to the ratios of the reciprocals of the side­

chain lengths of the samples as shown in the last 

column of Table I. 

Temperature Dependence of the Intensity of 

Relaxation 

In the foregoing discussion, effect of the tempera­

ture dependence of the intensity of relaxation has 

been neglected. However, the intensity of relaxation 
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Figure 23. Plot of shift factor for the dielectric /3· 
relaxation in PMMA reduced to -43.5°C against re­

ciprocal of absolute temperature. Squares denote the 

values obtained from the data on loss permittivity 

corrected for temperature dependence of relaxation 

strength while circles denote those obtained from un­

corrected data. 

as a function of temperature should be investigated 

in order to get additional information on the nature 

of the ,8-relaxation, even though it has little effect on 

the relaxation spectrum and activation energy, as 

will be confirmed later. 

In order to estimate the temperature coefficient of 

the intensity of relaxation, storage permittivity mea­

sured at 1Hz has been used. In Figure 21, this 

quantity is plotted against temperature together 

with loss permittivity. The ,8-relaxation is separated 

rather clearly from the a-relaxation. The dashed 

dotted line having a slope of 1.2 x 10- 3 K -t 

through the stationary region at high temperatures 

is used to determine temperature variation of e'(O), 

while the limiting value of e' at low temperatures 

estimated to be ca. 2.9 is used fore'( oo) independent 

of temperature. The temperature coefficient of the 

Polymer J., Vol. 14, No. 4, 1982 

relaxation intensity and the values of e'(O) and 

e'( oo) used here are in good agreement with those 

estimated from the data reported by Ishida and 

Yamafuji.9 Although the line representing the tem­

perature dependence of the low-frequency limit of 

storage permittivity extends into the range where 

the shape of loss permittivity varies with tempera­

ture, the intensity of relaxation is assumed not to be 

affected by such a situation . 

In Figure 22, the master curve of loss permittivity 

for PMMA corrected for the temperature depen­

dence of the intensity of relaxation is compared with 

that without this correction. The two curves are 

almost the same; the uncorrected curve is repre­

sented here by a smoothed line and shifted down­

ward by 0.05. The shift factors for these master 

curves are compared with each other in Figure 23. 

The agreement is excellent. Therefore, as has been 

assumed in the foregoing discussion, the effects of 

the temperature dependence of the relaxation in­

tensity on the relaxation spectrum and activation 

energy are negligible. In addition, such a small 

temperature coefficient as determined from Figure 

21 does not alter the ratios of the relaxation in­

tensities discussed above. 

Two-Site Model 

The simplest molecular model for a dielectric 

relaxation process is the two-site model, which gives 

the intensity of relaxation associated with dipole 

reorientation between the two stable states by 

K (6) 
3kT 3 2e0 + e"" (1 + K) 2 

where N is the number of dipoles per unit volume, 

is the difference between the dipole moments at 

the two states, K=exp ( is an equilibrium 

constant with being the free energy difference 

between the two states, and e0 and e00 are the low­

and high-frequency limits of storage permittivity.28 

If K is much smaller than unity, the logarithm of 

plotted against reciprocal absolute temperature 

should give a straight line. Figure 24 checks this 

prediction for PMMA. The values of relaxation 

intensity used in Figure 24 are the same as those 

used to compose the corrected master curve in 

Figure 22. The value of is determined from the 

slope of the straight line to be ca. 0. 7 kcal mol- 1, 

which is similar to 0.9 kcal mol- 1 for PnBMA 

reported by Sasabe.29 If this value of is sub-
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Figure 24. Plot of log (T!J.s) for the j3-relaxation in PMMA against reciprocal of absolute temperature. 

Temperature dependence of the relaxation strength !J.B is determined from the data on temperature 

dependence of storage permittivity at I Hz. 

H 

----7- c 
e, H 

H 
I 

H-C-H 

cf es 
--3- c 
e2 cf e3 

c -

t e" 
0 

e5 
H-C-H 

I 
H 

0 

Figure 25. Internal-rotation angles for a monomeric 

unit of PMMA. 

stituted along with the values of N, e0 , and e00 at 

-20°C (7.1 x 1021 cm- 3 , 4.4, and 2.9, respectively), 

l'lJl is calculated from eq 6 to be I. 9 De bye. Here the 

value of N given in Table I is used for the number of 

dipoles per unit volume. 

Therefore, if the PMMA molecule in the glassy 

state can take up two dipole orientation states 

which are associated with l'iJJ and l'lG similar to 

these values and separated by a barrier with the 
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activation energy of ca. 19 kcal mol- 1, the two-site 

model is useful for a semi-quantitative represen­

tation of the mechanism for the dielectric P-re­
laxation in PMMA and other methacrylate poly­

mers in the glassy states. Tanaka and Ishida 30 

determined energy contours for syndiotactic 

PMMA in a helicoidal conformation as a function 

of internal-rotation angles 83 and 84 shown in 

Figure 25, under the condition that 81 and 82 vary at 

intervals of so in the range of ± !5° near the 

conformation of these angles as (180°, 180°, -40°, 

-40°). According to their contour map, 

and seem to be two 

sites suitable for our case. Though our sample is 

atactic and not crystalline, we regard these two sites 

as those used in the foregoing discussion. The value 

of l'lJl calculated geometrically for these two sites is 

ca. 2.8 Debye/ 9 which is in fair agreement with that 

calculated from eq 6. 

The dielectric P-relaxation characterized by the 

spectrum of Figure 20 does not allow an accurate 

interpretation by the simple two-site model. 

However, the result obtained suggests that the mo­

tion of the side chain responsible for the P-re­
laxation extends over a scale as large as that for the 

transition between the above-mentioned two sites. 

Probably this motion of the side chain for the P-
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process is associated with the local-mode motion of 

the main chain in the vicinity of its frozen confor­

mation in the glassy state. The fact that the acti­

vation energy and the shape of the relaxation 

spectrum are almost independent of the side-chain 

length suggests strongly that there exists a general 

molecular mechanism for the {3-process in the glassy 

state of poly(n-alkyl methacrylate)s. 
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