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ABSTRACT: Measurements of ultrasonic absorption were carried out for polycar
bonate in dioxane and in chloroform at frequencies from 1 to 130 MHz over a tem
perature range of 10 to 55°C. The molecular weight of the sample was about 4.0 x 104• 

In both systems double relaxation processes were observed. For the first relaxation 
process (at a lower frequency) the relaxation frequencies of polycarbonate in solutions 
do not differ very much from those of vinyl-type polymers in spite of structural differ
ences in the backbone chains. The first relaxation process is attributed to the local 
segmental motions concerned with several monomer units or more. The second rela
xation process (at a higher frequency) in solutions of polycarbonate and of vinyl-type 
polymers are strongly affected by solvents. 
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In our previous papers, 1- 4 we reported the 
measurements of the ultrasonic absorptions of 
vinyl-type polymers such as polystyrene in vari
ous solvents in the frequency range from 1 to 
100 MHz. Ultrasonic relaxation processes were 
observed in these polymer solutions. These 
relaxation processes were represented either with 
a single relaxation equation which has the rela
xation frequency at several MHz or with the 
double relaxation equation which has an addi
tional relaxation at a higher frequency. Many 
arguments have been presented as to whether the 
relaxation process of vinyl-type polymers in 
solutions are double or single in the frequency 
range from 1 to 100 MHz. However, it is agreed 
by all that there is the existence of a relaxation 
process for the lower frequency. From the ex
perimental results we consider that the mecha
nism for this relaxation process is thermal and 
attributable to local segmental motions of poly
mers concerned with several units of monomers 
or more. If the relaxation process at the lower 
frequency is involved with only a few monomer 
units of a polymer chain, the relaxation behavior 
at several MHz could alter with a change in the 

skeleton of the polymers. In order to elucidate 
this relaxation mechanism and to obtain more 
information about the local segmental motions 
of polymers in solutions, studies of polymers 
having long monomer units and short side chains 
are necessary. Polycarbonate consists of the 
long units C-<jJ-C and of short side chains. In 
this paper, results of the measurements on the 
ultrasonic absorptions of polycarbonate in di
oxane and in chloroform will be presented and 
the relaxation mechanisms discussed. 

EXPERIMENTAL AND SAMPLE 

The apparatus and the measuring procedures 
of ultrasonic absorption have been reported 
previously. 5 The frequency range measured 
was from 1 to 130 MHz and temperature range 
from 0 to 55°C. The ultrasonic velocities were 
measured with the ultrasonic interferometer 
working at 4 MHz. The densities of solutions 
were measured with an Ostwald type pycnometer 
of 20 ml in content. The commercial product 
of poly(2,2-bis(p-hydroxyphenyl)propane carbo
nate) was used. The molecular weight of the 
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sample was about 4.0 x 104. Dioxane was puri
fied by the distillation after dehydration. The 
spectra grade reagent of chloroform was used 
without further purification. 

Measurements were made at the following 
concentration; 1.68 g/100 ml in dioxane and 4.03 
g/100 ml in chloroform. 

RESULTS 

Solution in Dioxane 
Figure 1 shows the ultrasonic absorption coef

ficients of polycarbonate in solution at 25°C 
plotted as a function of frequency. As is ap
parent in Figure 1, the single relaxation equation 
fails to describe the relaxation behavior of poly
carbonate in dioxane. This leads one to con
sider the following double relaxation equation 

Llcx _ ArfC + A2/C +B/C ( l) 
/ 2-C- l+(///r1)2 l+(f//r2/ 

where C, /r1, /r2 and Llcx//2 are the concentra
tion, relaxation frequencies and the difference 
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Figure 1. Ultrasonic absorption of polycarbonate 
in dioxane at 25°C: --, double relaxation ; 
-·-, calculated curve from eq 3. 
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Figure 2. Excess absorption per wave length for 
polycarbonate in dioxane: CD, 15°C; e, 25°C; O, 
35°C; 0, 45°C; 0, 55°C; - - -, relaxation process. 

in ultrasonic absorption coefficients Llcx//2= 
cx//!01ution-cx//;01vent, respectively. A1, A 2 , and 
B are the relaxation parameters. 

Figure 2 shows the relationship between ab
sorption maxima per wave length and frequen
cies at various temperatures. In order to avoid 
the overlapping of the curves, the ordinate is 
shifted by equi-interval. The acoustic para
meters describing the relaxation behavior of eq 
1 are given in Table I. 

Solution in Chloroform 
Figure 3 shows the ultrasonic absorption coef

ficients of polycarbonate in chloroform plotted 
as a function of frequency. In this system 
the experimental values are also represented 
satisfactorily by the double relaxation equation. 
It should be emphasized that the ultrasonic ab
sorption of pure solvent at 40°C is larger than 
that of the solution and the difference Llcx//2 is 

Table I. Relaxation parameters for polycarbonate in dioxane 

A1/Cx 1015, A2/Cx 1015, B/Cx 1015, /r1, /r2, µ1/Cx 103, µ2/Cx 103, t, °C neper-sec2 neper-sec2 neper-sec2 

cm2,g-1 cm2,g-1 cm2,g-1 MHz MHz cms,g-1 cms,g-1 

15 13.3 3.7 6.0 3.8 74 3.54 19.2 
25 14.3 3.7 5.5 4.0 74 3.94 18.8 
35 15.2 3.7 5.5 4.5 76 4.47 18.4 
45 16.6 3.7 5.9 5.7 80 5.96 18.7 
55 16.4 3.6 5.5 5.2 74 5.10 16.4 
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Table II. Relaxation parameters for polycarbonate in chloroform 

A1/Cx 101s, A2/Cx 1015, B/Cx 1015, [rl, [r2, µi/Cx 103, µ2/Cx 103, 
t, ac neper-sec2 neper-sec2 neper-sec2 

cm2,g-1 cm2,g-1 cm2,g-1 MHz MHz cms.g-1 cm3-g-1 

0 18.6 11.4 62.6 6.0 84 5.97 51.2 

lO 18.4 12.4 68.0 7.0 92 6.66 59.2 
20 18.1 l0.9 72.7 7.0 94 6.35 51.4 
30 15.4 l0.4 76.9 8.5 94 6.33 47.4 
40 15.9 11.9 77.9 9.0 lOO 6.66 55.5 

Table HI. Activation energies for various systems 
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Figure 3. Frequency dependence of ultrasonic ab
sorption of polycarbonate in chloroform: (j), 0°C; 
(), 10°C; 0, 20°C; C), 30°C; e, 40°C. 

negative. This tendency was observed at all 

temperatures and frequencies in these experi
ments. The acoustic parameters describing the 

relaxation behavior are given in Table II. In 
this system the analysis of the relaxation behavior 
was done by the following equation. 

Figure 4 shows the relationship between rela
xation frequencies and reciprocal temperature. 
The activation energies estimated from Figure 4 
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Figure 4. Relationship between relaxation fre
quencies and reciprocal temperature: O, P.C.
dioxane; e, P.C.-chloroform. 

are given in Table III. 

DISCUSSION 

Contribution of Shear Viscosity to the Ultasonic 
Absorption 
As is well known, the absorption of longi

tudinal waves in liquid is generally expressed 
as follows; 

a 2;r2 
{ / 4 / } 

/ 2 = pu3 1Jv (w, T)+ 3 r;s (w, T) ( 3) 
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where r;v' is the dynamic volume viscosity and 
r;.' is the dynamic shear viscosity. p and u are 
density and sound velocity, respectively. 

Assuming that the energy dissipation of poly
mer solutions is due only to the friction of 
beads against solvent, Okano6 derived the 
relation r;v' =(2/3)r;s' for the volume viscosity 
of polymer solutions. With this relation, and 
the relaxation times7 of dynamic shear modulus 
obtained from Zimm's theory, it is possible to 
calculate the absorption of acoustic longitudinal 
waves in polymer solutions from eq 3. The 
result of the calculation is shown in Figure 1. 
Figure 1 shows that friction makes only slight 
contributions to the ultrasonic absorption in 
this range. Gotlib, et al.,8 have recently ex
plained the ultrasonic absorption in polymer 
solutions using a friction model in which the 
local viscosity is taken into account. Their 
model can success fully foretell the relaxation 
frequency but it explains only a small portion 
of the relaxation strength. According to Ferry, 
et al.,9 the dynamic shear viscosity of polymer 
solutions is larger than that of pure solvent at 
the limit of high frequency. On the other hand 
a very different behavior is observed in the 
relaxation process of longitudinal acoustic waves. 
Namely, in such systems as polycarbonate
chloroform and poly(methyl methacrylate)-ben
zene, 10 differences ,fa//2 are negative. 

As po.inted out by Ohsawa11 and Ono,12 the 
facts mentioned above suggest that greater part 
of the ultrasonic absorption in the present fre
quency range should be attributed to something 
other than shear viscosity only. 

Relaxation Mechanisms of Polycarbonate in 
Solution 
As mentioned above, two relaxation processes 

are observed in: each of the two solutions of 
polycarbonate. The first relaxation process exists 
in the frequency range from several to 10 MHz 
and the second, from 70 to 100 MHz. 

First Relaxation Process. Several models have 
been proposed to explain the mechanism of the 
first relaxation process for the vinyl-type poly
mers in solutions. 12- 14 We believe that this 
relaxation process is a thermal one which is 
attributable to the local motion of polymer 
chains concerned with several units of monomers. 

374 

CJ> 

~E 
u 

~;; 4 0 e-

x 
u 

3 0 c
:r: 
1--
l') 
z 
w 
f!: 20 -
<fl 

(l) 

(l) 

(l)<D 
(l) 

() 

Z D () 

;10~_,~ 

(1/c),~~ ,.. 

OC O I I I I I I 
70 80 90 100 110 120 

MOLAR VOLUME OF SOLVENT(cm3/mol) 

Figure 5. Relationship between relaxation strengths 
and molar volumes of solvents: e, P.C.-dioxane; 
CD, P.C.-chloroform; (), P.V.Bu.-toluene;4 (), 
P.V.Pr.-toluene;4 0, P.V.P.-D.M.F.;15 e, P.S.
D.M.F.;22 D, P.S.-D.M.F.;21 T, P.S.-xylene.12 

Ono, et al., 12 have proposed a similar relaxation 
mechanism, assuming the volume relaxation 
predominantly. According to them, the volume 
relaxation was ascribed to the exchange of sol
vent molecules and a positive correlation was 
found between the relaxation strength and the 
molar volume of solvent. 

Figure 5 shows the relationship between the 
relaxation strength and the molar volume of 
solvent. As is seen in Figure 5, the relaxation 
strengths of the first relaxation process are nearly 
constant and independent of the molar volume 
of solvent. Therefore the relaxation process of 
polycarbonate in solutions can not be explained 
by the "solvation" model. 

Thoughs much experimentations are still neces
sary for further clarification of the relaxation 
mechanism of polycarbonate in solutions, we feel, 
at present, that the relaxation mechanism is as 
follows; Polycarbonate is a semi-flexible polymer. 
However it has many free rotational parts be
cause the long units, C-¢-C, exist in its back
bone chain and the steric hinderance between 
the side groupes is small. Therefore, a con
siderable degree in freedom of rotation is ex
pected in its chain. In comparison with vinyl
type polymers, the motion involving only one 
or two monomer units of polycarbonate is at
tended with much difficulty; that is, rotational 
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motion is almost impossible in such units. 
However the aggregate consisting of several or 
more monomer units of polycarbonate is as
sumed to have some facility in rotation. 

These considerations explain well the follow
ing features observed in this experiment. 

l) For polycarbonate in solutions the first 
relaxation frequencies do not differ very much 
from those of vinyl-type polymers in solutions. 

2) Activation energies do not differ very 
much from those of vinyl-type polymers in 
solutions (Table III). 

3) The relaxation strengths of the first rela
xation are independent of the molar volume of 
solvent. Their values are nearly the same 
(Figure 5). 

Second Relaxation Process. As to the second 
relaxation process of the polymer solutions, there 
is the need to discuss its mechanism. At this 
stage, we point out only the following facts for 
the second relaxation process. 

1) As the side chains of polycarbonate are 
small, the second relaxation process of poly
carbonate in solutions may be attributed to the 
local segmental motion concerned with the 
smaller parts of the main chain. In this point 
Fiinfshilling's model14 offers helpfull suggestions. 

2) As is seen in Figure 5 the relaxation 
strengths of the second relaxation process depend 
strongly on the solvent for the polycarbonate as 
well as do also the vinyl-type polymer in solu
tion. Therefore the mechanisms bringing about 
solvent effects should be considered. 

In chloroform and N,N-dimethylformamide, 
the apparent activation energies of the second 
relaxation process are larger than those in other 
systems (Table 3). Poly(vinyl pyrrolidone) shows 
the double relaxation process in N,N-dimethyl
formamide15 while it shows the single relaxation 
process in water. 16 In various solvents poly
styrene also shows similar behavior as does also 
poly(vinyl pyrrolidone). The above can be ex
plained by considering the strong solvent effects 
on the second relaxation process. 

Solvent Solute Interaction of Polycarbonate in 
Chloroform 

In polycarbonate chloroform system the ultra
sonic absorption coefficients are lower than those 
of the solvent at any frequency in this work. 
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Such behavior is unusual in polymer solutions. 
Another example is the system of poly(methyl 
methacrylate)-benzene reported by Tondre, et al. 10 

Some reports1 7 • 18 show the existence of the 
strong solvent solute interaction in chloroform. 
The negative Jo:// 2 may also be attributed to 
the solvent solute interactions. Though no 
other detailed information has been given on 
the origin of the negative Jo:// 2 , we propose 
the following very crude model, assuming that 
the differences of o:/f 2 between solvent and 
solution are entirely attributable to the shift of 
the relaxation frequency to a higher frequency. 
The shift of the relaxation frequency of chloro
form is estimated as follows; 

The relaxation strength of vibrational relaxa-
tion r is given by the following equation 

r (r- l)JCvib ( 4) 
(Cv-dCvib) 

where Cv and r are the specific heat at constant 
pressure and the ratio of specific heats, respec
tively. JCvib is the contribution of the molec
ular vibrations to the static specific heat. In 
a dilute solution, the vibrational heat capacity 
of solution has the same value as that of the 
solvent. Therefore the relaxation strengths are 
nearly equal in both systems. Assuming that 
the relaxation behavior of chloroform is the 
single relaxation in GHz region, we obtain 

( 5 ) 

where A, A', f, and J,' are relaxation parameters 
and relaxation frequencies of solvent and solu
tion, respectively. This method predicts well 
the relaxation frequencies of binary mixtures of 
Kneser liquids. 2° For example, in CS2-CC14 
mixtures, we obtain J,' 116 MHz (CS2 99,96) 
and 248 MHz (CS2 95%), while the observed 
values are 110 MHz and 210 MHz, respectively. 
By putting A' equal to B of the polycarbonate
chloroform system, f,' is estimated from eq 5 
at 20°c, 

f,' ~1.36x 109 Hz 

where the literature values for A and f/ 9 are 
used. Further discussion about solvent solute 
interactions will be made at a later date, follow
ing further experimentation. 
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CONCLUSION 

1) Measurements of ultrasonic absorption 
were carried out for polycarbonate in dioxane 
and in chloroform over a frequency range from 
1 to 130 MHz. In both systems, double relaxa
tion processes were observed. 

2) For the first relaxation process (at a lower 
frequency), the relaxation frequencies of poly
carbonate in solution do not differ very much 
from those of vinyl-type polymers in spite of the 
structural differences in the backbone chains. 
The first relaxation process is attributed to the 
local segmental motions concerned with several 
monomer units or more. 

3) The second relaxation process (at the higher 
frequency side) in solutions of vinyl-type poly
mers and of polycarbonate is strongly affected 
by solvents. 
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