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ABSTRACT: Dielectric measurements were carried out on dilute solutions of iso
tactic and syndiotactic poly(methyl methacrylate)s in toluene and dioxane in the fre
quency range of 1-150 MHz over a wide range of temperature. A symmetrical dielectric 
loss curve was observed for each solution. The dielectric relaxation behavior of these 
two types of poly(methyl methacrylate)s was not much affected by the solvent viscosity. 
It is suggested that the dipole attached to a flexible side-chain performs a frictionless 
motion across a single potential barrier arising from intramolecular interactions between 
chain segments. The relaxation time calculated by using the Kramers rate constant 
for small friction is in close agreement with that observed. This agreement indicates 
that the motional unit involved in the relaxation process is fairly small. It is shown 
that the distribution of relaxation times and its temperature dependence can be well 
interpreted in terms of the equation presented by Frohlich. 
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Poly(methyl methacrylate) (PMMA) is one of 
the polar polymers which have dipoles attached 
to flexible side-chains. Each dipole can rotate 
not only around the side-chain but also around 
the main-chain,1 so that one may expect to ob
serve multiple dielectric relaxation processes 
reflecting different types of dipolar motions. In 
fact, it has been found that PMMA in the solid 
state exhibits two kinds of relaxation processes.2 •3 

In the case of dilute solution, nevertheless, only 
one kind of dielectric relaxation was observed, 4 - 6 

and it has been assumed that the side-chain sets 
up a cooperative motion with the main-chain. 4 • 5 

However, no satisfactory explanation for this 
relaxation mechanism has been established yet. 

The purpose of the present work is to inves
tigate the dielectric relaxation mechanism of 
PMMA in dilute solution. It is important to 
examine the effect of the stereoregularity on the 
dielectric behavior of PMMA in solution, be
cause the arrangement of dipoles in a polymer 
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molecule is altered by the change in the stereo
regularity or, in other words, by the change 
in the local conformation. It has been reported 
that dielectric properties (e.g., relaxation time, 
activation energy, molar polarization, and so on) 
of PMMA in dilute solutions are greatly affected 
by its stereoregularity. 6 - 8 However, the experi
mental conditions, especially of the frequency, 
employed in these studies were limited within 
narrow ranges, and the data obtained were not 
extensive enough to meet the present purpose. 
Thus, our measurements were carried out on 
both isotactic and syndiotactic PMMA in the 
range of frequency from 1 to 150 MHz and in 
that of temperature from -36 to 60°C. 

Recently, Mashimo, et al., reported that the 
dielectric behavior of atactic PMMA (A-PMMA) 
in solution5 is somewhat different from that of 
vinyl-type polymers such as poly(p-chlorostyrene) 
(PpCS) in solution. 9 They indicated that the 
observed dielectric relaxation process of the 
latter can be attributed to the main-chain motion 
and the solvent viscosity plays a dominant role 
in reorientating the dipole. 9 On the other hand, 
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the relaxation time and the apparent activation 
energy for the dielectric relaxation of the former 
bore little relation to the kind of solvent. 5 

Hence the dielectric relaxation of PMMA in 
solution appears not to reflect directly the seg
mental motion of the main-chain. If the fric
tional force is governed by the Stokes law, the 
rate of the segmental motion should be con
trolled by the solvent viscosity. 9 •10 

In order to investigate whether, or to what 
extent, the dielectric relaxation process for iso
tactic PMMA (1-PMMA) or syndiotactic PMMA 
(S-PMMA) is attributable to the segmental 
motion of the main-chain, we examine in this 
paper the effects of the solvent viscosity on the 
relaxation time and the activation energy. The 
reorientation mechanism of the dipoles attached 
to flexible side-chains is also studied in connec
tion with the local conformation of PMMA. 
A quantitative analysis of the relaxation time 
is developed with the aid of the Kramers theory 
of diffusion problems.10 •11 The distribution of 
relaxation times observed and its temperature 
dependence are also interpreted in terms of the 
Frohlich equation.12 It will be concluded that 
the dielectric relaxation process of PMMA in 
dilute solution is determined by the intramole
cular interactions among main-chain and side
chains, and that the motional unit is fairly small. 

EXPERIMENTAL 

Material 
S-PMMA was prepared according to the pro

cedure described in the literature. 13 The poly
merization was carried out by the use of ultra
violet irradiation with benzoin as an initiator 
at room temperature. 1-PMMA was provided 
by Toray Co., Ltd. Conventional techniques 
of precipitation were used to separate the poly
mer from the residual monomer mixture, and 
each polymer was freeze-dried from a benzene 
solution. The tacticities of both polymeres were 
determined from their NMR spectra14 in nitro
methane at 100 MHz and at l00°C using a 
high-resolution NMR (Type Ml-100) manufac
tured by Japan Electric Co., Ltd. The number
average molecular weight of S-PMMA was 
determined from osmotic pressure measurements 
of toluene solutions at 26°C using a Knauer 
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Table I. Properties of stereoregular PMMA 

Polymer 
Molecular weights Tacticity, 96 

Jb fib Sb 

1-PMMA 1.48 X 106 96 3 
26 S-PMMA 1.14 x 105 2. 69 x 105 7 67 

a Mn, number-average molecular weight; M., 
viscosity-average molecular weight. 

b J, percentage of isotactic part; H, percentage of 
heterotactic part; S, percentage of syndiotactic 
part. 

Company electric membrane osmometer. The 
viscosity-average molecular weights of I- and S
PMMA were determined from the intrinsic 
viscosities in toluene at 30°C. Tacticities and 
average molecular weights of both samples are 
summarized in Table I. Solvents used in this 
work were toluene and dioxane, which were 
dehydrated and distilled before use. The con
centration is expressed by weight percents of 
the polymer. 

Dielectric Measurement 
Dielectric constant and loss were measured 

with a 1101D Twin-T bridge constructed by 
Fujisoku Electric Co., Ltd. The oscillator (Type 
S-163B6) and the detector (Type DA-202A) used 
were manufactured by Fujisoku Electric Co., 
Ltd. The procedures for dielectric measurements 
are the same as those in the previous papers. 5 •9 

RESULTS 

The frequency dependence of the dielectric 
constant c' and the loss c'' at various tempera
tures for I- and S-PMMA in toluene is shown 
in Figures 1 and 2, respectively. Variations of 
s' and s" with frequency similar to those shown 
in Figures 1 and 2 are also observed for other 
solutions of both polymers. It is found that 
the shape of the dielectric loss curve observed 
for each solution is symmetrical and broader 
than that of a single relaxation process. 

Apparent Activation Energy for Dielectric Relax-
ation 
In order to obtain the apparent activation 

energy, the logarithm of the frequency f m, cor
responding to the loss maximum ";,:ax, is plotted 
against the reciprocal of the absolute tempera-
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Figure 1. Frequency dependence of dielectric 
constant and loss at various temperatures for 1-
PMMA in toluene, 4.99 wt.%. 
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Figure 3. Plot of log f m against 1/T: 0, 2.00 wt% 
1-PMMA in toluene; CD, 4.99 wt%; 8, 2.02 wt% in 
dioxane; e, 2.04 wt% S-PMMA in toluene; (), 
4.90 wt%; ~, 4.82 wt% in dioxane. The data for 
5.40 wt% A-PMMA in toluene taken from ref 5 
are added, represented by a chain line. 
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Figure 2. Frequency dependence of dielectric 
constant and loss at various temperatures for S
PMMA in toluene, 4.90 wt%. 

Table II. Apparent activation energies 
for various PMMA solutions 

Polymer Solvent Concn, wt% JHA, kcal/mol 

Toluene 2.00 5 .1 
1-PMMA 4.99 5.1 

Dioxane 2.02 5.3 

Toluene 3.04 6.5 
S-PMMA 4.90 6.5 

Dioxane 4.82 6.5 

ture, as shown in Figure 3. In each case, this 
plot gives a straight line. The apparent activa
tion energy ilH A is determined from the slope 
of this line. The values of ilH A for I- and S
PMMA are presented in Table II. 

In dilute solution, the values of ilH A for 
each polymer in toluene and dioxane are ap
proximately constant regardless of the solvent 
viscosity, though the activation energy for the 
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Table III. Ratio of relaxation time to solvent viscosity 

Polymer Temp, oc 

1-PMMA• 30 
13 

S-PMMAb 30 
13 

PpCS 0 40 

• Toluene, 4.99%; dioxane, 2.0296-
b Toluene, 4.90%; dioxane, 4.8296. 

(r-/r;o)T X 107, 
sec poise-1 

2.0 
2.8 
7.8 

12 
8.5 

c Obtained from the data presented in ref 9. 

solvent viscosity changes from 2.1 kcal/mol for 
toluene to 3.0 kcal/mol for dioxane. This feature 
shows a distinct contrast to that obtained for 
vinyl-type polymers, 9 and resembles that ob
tained for A-PMMA. 5 

Relaxation Time 
Recently, by employing the Kramers theory 

for large friction and the Stokes law, it was 
shown that, when the dielectric relaxation pro
cess reflects the segmental motion of the main
chain, the relaxation time is proportional to the 
solvent viscosity. 9 In order to examine whether 
or not the relaxation time r- is affected by the 
solvent viscosity r;0 , the ratio (r-/r;0) was evaluated 
for each solution. The values of r- at tempera
tures where measurements were not carried out 
were calculated by the use of fm-1/T relation. 

The results are shown in Table III. Here, 
(r-/r;0 ) represents the arithmetic mean value of 
(r-/r;oh and (r-/r;o)n, which is defined to estimate 
the relative error of the constancy of the ratio 
(r-/r;0). Here, subscripts T and D denote toluene 
and dioxane, respectively. The data on PpCS 

reported by Mashimo and Chiba9 are quoted to 
compare with the present data. It is found that 

the values of (r-/r;oh and (r-/r;o)n for both PMMA 
deviate from the mean value, while the value 
of (r-/r;oh for PpCS evaluated from ref. 9 is 
almost identical with that of (r-/r;o)n- This fact 
means that in the cases of both I- and S-PMMA 
in dilute solution, the relaxation time is not 
proportional to the solvent viscosity. 

Magnitude of Dielectric Absorption, 
The magnitude of the dielectric absorption 

(e0 -£=) was obtained from the Cole-Cole plot. 15 

Here, s0 and s= are the low- and high-frequency 

404 

(r-/r;o)nx 107, (r-/r;o)T/(r-/r;o) ( r-/r;o)n/(r: /r;~) sec poise-1 

1.3 1.21 0.79 
1.6 1.27 0.73 
6.0 1.13 0.87 
8.5 1.17 0.83 
8.3 1.01 0.99 

3 
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Figure 4. Temperature dependence of (so-s=)/c: 
O, 4.99 wt96 1-PMMA in toluene; D, 2.02 wt96 in 
dioxane; ., 4.90 wt96 S-PMMA in toluene; ., 
4.82 wt% in dioxane. 

limits of the dielectric constant. The value of 
(£0 -s=) normalized by the concentration c is 
plotted against the reciplocal of the absolute 
temperature 1/T in Figure 4. 

The value of (s0 -e=)/c becomes large in pro
portion to the increase of 1/T. It is found that 
the value of (£0 -£=)/c for I-PMMA is large in 
comparison with that for S-PMMA in the same 
solvent. Such a difference means that I-PMMA 
has a larger dipole moment than S-PMMA.16 

This tendency is the same as that reported pre
viously. 7 '8 It is worth noting the fact that the 
value of £= obtamed from the Cole-Cole plot 
for each solution is completely coincident with 
that of the solvent used. This fact means that 
no other relaxation processes exist at frequencies 
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Figure 5. Temperature dependence of Hm. Sym
bols are the same as in Figure 4. Dotted lines A 
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0.9 and 1.0 kcal/mo! of vo respectively. 

higher than those used in the present work. 

Distribution of Relaxation Times 
The shape of the dielectric loss curve was 

represented quantitatively using the distribution 
parameter Hm given by Kirkwood and Fuoss, 17 

where Hm is s':iax/(.0 -s~)- The temperature 
dependence of Hm is shown in Figure 5. The 
value of H m decreases slightly with decreasing 
temperature. No noticeable difference in the 
value of Hm between I- and S-PMMA can be 
observed. 

DISCUSSION 

It has been indicated that PMMA has flexible 
dipoles consisting of two kinds of components: 
one component is perpendicular to the direction 
of the main-chain, and the other is perpendicular 
to the first component. 1 If the relaxation of 
the former component can occur independently 
of the latter, it will reflect the segmental motion 
of the main-chain just like those of vinyl-type 
polymers, so that it will be controlled by the 
solvent viscosity. 9 On the other hand, the re
laxation of the latter component will reflect the 
internal rotation of the side-chain in a relatively 
small region, which is supposed not to be much 
affected by the solvent viscosity. 5 

When each of the motions of main-chain and 
side-chain takes place independently of each 
other, one can expect to observe a dielectric 
loss curve which is dependent on the kind of 
solvent, or, in an extreme case, two peaks in 
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the curve, because the two kinds of motions 
are affected in a different manner by the solvent 
viscosity. However, the value of Hm obtained 
for the toluene solution of PMMA is almost 
identical with that for the dioxane solution at 
the same temperature. This fact indicates that 
these two kinds of motions do not occur in
dependently of each other, and implies that 
the dipole cannot be decomposed into two 
components. 

Dependence of Activation Energy and Relaxation 
Time on Solvent Viscosity 
Neither dielectric relaxation processes of l

and S-PMMA in solution is much dependent 
on the solvent viscosity, as shown in Tables II 
and III. This fact suggests that in dilute solu
tion the dielectric relaxation mechanism of all 
kinds of PMMA, in spite of their different local 
conformations, are not to be interpreted in terms 
of the segmental motion of the main-chain. 
Their characteristic features may be explained 
in terms of a barrier model, where the relaxa
tion time is determined by the time required 
to establish equilibrium among several states 
over potential barriers arising from molecular 
interactions. 

Grigor'eva, et al., 18 and Tanaka and Ishida19 

showed from the analysis of the conformational 
energy that the strength of the intramolecular 
interactions between the main-chain and the 
side-chain of PMMA is sensitive to its stereo
regularity. Their results also indicated that the 
rotation of the side-chain of I-PMMA occurs 
more easily than that of S-PMMA does. These 
conclusions suggest that a difference in the intra
molecular interactions between I- and S-PMMA 
gives rise to differences in the dielectric activa
tion energy and the relaxation time, in confor
mity with the experimental results. As already 
shown in Table II and III, I-PMMA in solution 
exhibits a smaller value of .tlH A and a shorter 
relaxation time than S-PMMA. 

Ishida and Yamafuji2 treated in detail a chain 
model with four potential barriers, in which the 
rotations of main-chain and side-chain are both 
permitted; this gave successfully two relaxation 
times, corresponding to the so-called a- and (3-
processes. That model, however, cannot be 
utilized for the present case, since PMMA in 
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solution shows only one relaxation. In this 
case, we cannot divide the potential barrier 
for the dipolar motion into two kinds of rota

tional motions, i.e., the main-chain and side
chain motions. Probably, the dipole jumps 
from one transient stable state to another over 
a single potential barrier. As described already, 

the observed relaxation process is not much 
concerned with the friction exerted from a vis
cous medium. Therefore, it seems to be rea
sonable to assume that the potential barrier is 
mainly governed by the intramolecular interac
tions between main-chain and side-chains. This 
view is supported by the analysis of the con
formational energy. 18 '19 It will be important to 
introduce the energetic analysis method, which 
is available for the understanding of the side
chain motion in the glassy state, 18 ' 19 in order 
to predict exactly the existence of such a single 
potential barrier. However, this treatment is 
so complicated that we do not try it here. 

Recently, it was reported that the dielectric 

relaxation of vinyl-type polymers can be well 
interpreted by the Kramers theory for large 
friction, qualitatively and also quantitatively. 20 ·21 

Nevertheless, an application of this theory to 
the dipolar rotation of PMMA in solution is 

inadequate, because the observed relaxation has 
no connection with the frictional resistance. 
Kramers also referred to the rate constant for 
the transition of particles over a potential barrier 
in another limiting case, that is, for sufficiently 
small friction. 11 

According to the Kramers theory for small 
friction, 10 ·11 the rate constant w is given by 

w = L(L)112 
exp (- __I!_*__) ( 1 ) 

2n m k 8 T 

where E* is a height of a potential barrier, m is 
the mass of a particle, and k 8 is the Boltzmann 
constant. The parameter I is the curvature of 
a potential well near the position which the 
particles occupy first. Here, eq 1 contains no 
term related to the friction. This feature of 

eq 1 appears to be coincident with our above 
consideration for the dipolar rotation of PMMA 
in solution. If eq 1 is applied to the present 
case, E* should be replaced by JHA. Further
more, m is replaced by the moment of inertia 
/ and I by 2.JHA/NA, which is derived from a 
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two-states model, where NA is Avogadro's 
number. The relaxation time T for a two-states 
model is obtained by means of the barrier theory 
of Hoffman. 22 When the rate constant for the 
transition of dipoles from state 1 to 2 is re
presented by w 12 , and that from 2 to 1 by ww 

T is given by 

T= l/(w 12 +w21) 

=l/w12{l+exp(-JH0/kBT)} (2) 

where JH0 is the difference of the potential 
energy between that in state 1 and that in state 
2. According to the Hoffman theory, in the 
case where a linear relationship is observed 
between (c0-c=) and 1/T, as shown in Figure 4, 
the potential energies are equal in the two 
states, i.e., JH0=0. Then in the present case, 

T is given by 

T= l/2w12 

Using eq 1 and 3, we obtain 

( 3) 

T=n(- NA/ )112 exp ( JHA_) ( 4) 
2,JHA RT 

where R is the gas constant per mo!. For the 
sake of simplicity, the value of / is calculated 
only for the axis of a single side-chain in a mono
mer unit (/= 1 x 10-ss g cm2). In Table IV, the 

relaxation time Tc calculated from eq 4 is com
pared with Te obtained experimentally for I- and 
S-PMMA in toluene and dioxane at 288K. 
The agreement between the values of Tc and Te 

is satisfactory. When the moment of inertia 
of a monomer around the main-chain is taken, 
the relaxation time estimated is only about twice 

as long as that calculated above. This suggests 
that the volume of the motional unit involved 
in the relaxation process is fairly small and 

nearly the same order as that of a monomer. 

Table IV. Relaxation times of I- and 
S-PMMA in solutions at 288K 

Polymer Solvent Tc, SeC 

I-PMMA• Toluene 2.Sx 10-9 

Dioxane 3.9 X IQ-9 

S-PMMAb Toluene 2.9 X 10-8 
Dioxane 2.9x 10-s 

• Toluene, 4.9996; dioxane, 2.02%. 
b Toluene, 4.90;'0; dioxane, 4.82%. 

Te, SeC 

1. 7 X 10-9 

2.8xl0-9 

7.1 X 10-9 

1.1 X 10-8 
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As might be expected, such a small motional 
unit rotates without sweeping out a volume 
large enough to obey the Stokes law. This 
feature seems to satisfy the condition required 
for the application of eq 1 to our case. 

Distribution of Relaxation Times 
The result for the value of the parameter 

Hm indicates that the relaxation times distribute 
to the same extent in I- and S-PMMA in solu
tions at the given temperature. It was suggested 
that the dipolar rotation is controlled by the 
intramolecular interactions between main-chain 
and side-chains, which produce a single potential 
barrier. It is to be expected that there exist 
some fluctuations in the strength of the intra
molecular interactions in solution, because poly
mer molecules in solutions take various con
formations owing to the Brownian motion. It 
may be reasonable to suppose that such fluctua
tions yield a distribution of the barrier heights 
and give a broad spread of relaxation times. 

Based on a barrier model, Frohlich12 pre
viously derived an equation for the relaxation 
time identical with eq 4. Furthermore, he in
dicated that in a liquid or an amorphous solid, 
the potential barriers will vary in height, and 
considered that the energy barriers distribute 
with an uniform probability between JH A -v0 

and JHA +v0 •12 This distribution model gives 
a symmetrical dielectric loss curve broader than 
that of a single relaxation process, which is 
dependent on temperature, 12 such as observed 
in the present work. If we apply the Frohlich 
consideration to eq 4, JH A should be replaced 
by JHA+v in eq 4, where -v0 ::=:;v::=:;v0 • In the 
case of V0"'i'O, the distribution of relaxation 
times is dependent not only on the exponential 
term in the right hand of eq 4, but also on r, 
i.e., 2(.:JHA +v)/NA. In comparison with the 
exponential term, however, r does not much 
contribute to the distribution, and may be taken 
a_s a constant. In this case, the Frohlich equa
tion for V 0 "'i'O also is identical with eq 4. Then 
the relation of Hm and v0 can be obtained:12 •23 

( 5) 
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The values of V 0 giving the best fit for the 
values of H m are found to be 0. 9 kcal/mo! for 
I-PMMA solutions and 1.0 kcal/mo! for S-PMMA 
solutions. It is of interest to note that the 
temperature dependence of each calculated value 
of H m is well fit with the experimental values 
over the temperature range examined, as shown 
in Figure 5. The Frohlich model of the distri
bution of relaxation times seems to offer a good 
explanation for the dielectric loss curve broader 
than that of a single relaxation process. The 
above result may make our suggestion more 
plausible: that the potential barrier for the 
dipolar motion is caused by the intramolecular 
interactions between main-chain and side-chains 
in dilute solution of PMMA. 

CONCLUSION 

The values of dielectric activation energies 
obtained for I- and S-PMMA in dilute solution 
were not much affected by the solvent viscosity, 
but varied with the stereoregularity or, in other 
words, with the local conformation. The pro
portional relationships between the relaxation 
time and the solvent viscosity were not obtained 
in either case. These facts lead to the conclu
sion that, even in dilute solution, the dipolar 
motion of PMMA is mainly controlled by the 
intramolecular interactions. The dipolar rota
tion of PMMA is supposed to occur over a 
single potential barrier, the height of which is 
dependent on its local conformation. The re
laxation times calculated by using the Kramers 
theory for small friction were in close agreement 
with the experimental ones. It is suggested 
that the volume of the motional unit involved 
in the relaxation process is fairly small. The 
shape of the dielectric loss curve observed for 
each solution and its temperature dependence 
can be well interpreted in terms of the Frohlich 
distribution model. It is suggested that the 
distribution of the relaxation times should be 
attributed to some fluctuations in the strength 
of the intramolecular interactions. 
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