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Effects of Mechanical Stress on the Reactivity of Polymers:
Activation of Acid Hydrolysis of Dextran by Ultrasound
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Institut fiir Angewandte Physikalische Chemie, Universitat Heidelberg,
6900 Heidelberg, Federal Republic of Germany

SUMMARY

The influence of ultrasonic irradiation on the kinetics
and mechanism of acid hydrolysis of dextran is studied.
The increase in the rate constants of the combined hy-
drolytic and ultrasonic degradation was investigated as
a function of the molecular weight of dextran. For mo-
lecular weights higher than the limiting value for ul-
trasonic degradation the rate constants are proportio-
nal to the molecular weight raised to the power of 4/3;
for molecular weights below the limiting value the rate
constants are proportional to the molecular weight rai-
sed to the power of 5/6. The effects are discussed in
connection with stretching forces which act on the poly-
mer molecules as a result of ultrasonic cavitation.

INTRODUCTION

It has been shown recently that mechanically strained
dextran molecules are more easily degraded by chemical
agents than molecules not subjected to mechanical stress
(BASEDOW et al.1979). Mechanical energy can be supplied
to the polymer solution by means of flow fields or by
ultrasonic irradiation. Mechanical degradation of poly-
mers has been reviewed recently (CASALE and PORTER 1978).

The hydrolytic depolymerization of dextran has
been extensively studied several years ago (SENTI et al.
1955, ANTONINI et al. 1964, SZEJTLI 1976), but it was
found only recently that the rate constants of degrada-
tion are proportional to the molecular weight (MW) rai=~
sed to the power of 2/3 (BASEDOW et al. 1978). For the
degradation of dextran in solution by the action of ul-
trasound it was found that the rate constants are pro-
portional to the MW and that chain scission takes place
preferentially at the center of the molecule (BASEDOW
and EBERT 1975, 1977).

In the present study the influence of ultrasonic
irradiation on the kinetiecs of acid hydrolysis of dex-
tran is investigated. Two dextran fractions with MW's
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hlgher and lower than the limiting MW (My) for ultra-
sonic degradation (which was found to be 7000) were
used for the experiments.

EXPERIMENTAL

Two dextran fractions with narrow molecular weight
distributions (MWD) were used for the degradatlon
experlments. The_number average MW's were 72600
(Vi /Mp=1.14, MZ/MW 1.14) for sample A and Mn 5880
(My/Fp=1. 03, Mz/Mw-l O4) for sample B. They were pre-
pared from commercially available products(Pharmacia
Fine Chemicals, Uppsala, Sweden) by preparative GPC
on Sephadex. In the present study dextran is consi-
dered to be a linear polymer, since there are only
relatively few and mostly short side chains (LARM et
al. 1971).

Experiments were carried out with samples of
10 ml in closed thermostated glass cells (BASEDOW and
EBERT 1977) at 82%0.1°C in water and in 0.60 molar
phosphoric acid. Ultrasonic energy was applied by a
generator (Branson Model B-12, Danbury, USA) opera-
ting at a frequency of 20 kHz and an intensity of
10 W/em?. The polymer concentration was 0.5 mg/ml in
all experiments. After definite times of degradation
the polymer was precipitated by cold (~-309C) methanol
and dried under vacuum. Oligosaccharides with a degree
of polymerization smaller than 5 were not precipitated
and were disregarded.

The MW averages and the MWD's of the dextran sam-
ples were obtained by GPC on controlled pore glass
CPG-10 (Electro Nucleonics, Fairfield, USA) as descri-
bed in detail previously (BASEDOW et al. 1976, BASEDOW
1977). Reproducibility in the MWD's and MW averages is
+0,5%; deviations in the absolute values are t2%.

RESULTS and DISCUSSION

The experimental results are summarized in TABLE 1. The
kinetics of degradation of dextran were determined for
acid hydrolysis (I) and for ultrasonic degradation (II)
in separate experiments and the results compared with
the combined hydrolytic and ultrasonic degradation (III).
It can be easily seen that the degradation is stronger
in experiment III, compared to the summation of the hy-
drolytic and ultrasonic degradation (I and II). In TABLE
1 the column B' represents the relative increase in the
additional number of bonds broken (BASEDOW et al. 1978)
due to the cooperation of hydrolysis with ultrasonic
irradiation (experiment III). It can be seen from FIG. 1
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that B' is proportional to the MW (column III in TABLE
1). The cooperative effect thus increases the higher
the MW of the polymer is. In TABLE 1 a_combined poly-
dispersity ratio (CPR), defined as M,f,/MnMZ (BASEDOW et
al. 1978), which constitutes an adequate parameter to
characterize the degradation products, is included for
experiment III, Dextran sample B was treated in the
same way. From the results of TABLE 1 (IV, V) it is
evident that ultrasound has also in this case an enhan-
cing effect on the hydrolytic degradation.
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FIGURE 1: Plot of the relative increase B' in the
number of bonds broken per molecule due to the coope-
rative effect of hydrolytic and ultrasonic degrada-
tion wvs. Mp .



303

For further discussions of the cooperative effect in
the combined experiments, the dependence of the degra-
dation rate constants on the MW was determined. As
shown recently (BASEDOW et al. 1978), this can be
expressed by the following equation:

L LA w
M, (%) My (0) 162°

in which M,(0) and ﬁn(t) are the MW's at the beginning
of the reaction and after the reaction time t, k¥ is the
first order rate constant, 162 is the MW of the monomer
unit and a is a constant which represents the dependen-
ce of the rate constant of degradation of a definite
molecule on its MW. The exponent a was evaluated for
each experiment by applying equation (1) and performing
a computer regression analysis. The results obtained
are summarized in TABLE 2.

TABLE 2

Values of the exponent a for different types of
degradation reactions.

Reaction a CPR
Hydrolysis 2/3 1.80
Ultrasonic degradation 1 1.15
Combined hydrolytic and

ultrasonic degradation 4/3 1.42
Hydrolysis activated by

ultrasound 5/6

In TABLE 2 the maximum CPR-values found for the dif-
ferent types of reaction are included. The low value
of a for acid hydrolysis is readily understood because
smaller molecules are more easily degraded than larger
ones (BASEDOW et al. 1978). Ultrasonic degradation
rate constants are proportional to the MW, resulting
in a=1. Furthermore, whereas the probability of chain
scission for acid hydrolysis is higher near the ends
of the polymer chain, ultrasonic degradation takes
place predominantly at the midpoint of the chain.

This effect can be represented by the maximum CPR-
values obtained for each reaction, which is 1.80 for
hydrolysis and approximately 1.15 for ultrasonic de-
gradation. Therefore, the exponent a and CPR can be
used to characterize the mechanism of the degradation
reaction. The linearized plot of Mp vs. reaction time
t, according to equation (1), is shown in FIG. 2 using
the values of a obtained for the different types of
reaction (TABLE 2). The rate constants k listed in



TABLE 1 were calculated from the slopes of the straight
lines in FIGURE 2.
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FIGURE 2: Linearized plots of M, vs. reaction time t:
A hydrolysis (sample B), ¥ hydrolysis (sample A), ®
ultrasonic degradation (sample A), m combined hydro-
lytic and ultrasonic degradation (sample A), @ hydro-
lysis under action of ultrasound (sample B).

An explanation for the cooperative effect of hydroly-
tic and ultrasonic degradation is given by the fact
that the stretching forces acting on the polymer mo-
lecules due to ultrasound accelerate acid degradation
in MW ranges in which ultrasonic degradation is not
effective by itself. This is clearly shown in expe-
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riment V (TABLE 1). The CPR-value of 1.42 obtained for
experiment III points to the same effect. For a semi-
quantitative evaluation it is assumed that in the com-
bined experiment the degradation rate constant K(M) of
a molecule with MW M is equal to the geometric mean
of the rate constants of ultrasonically activated hy-
drolysis K, (M) and the rate constant of ultrasonic
degradation K;q(M):

(2)

For the ultrasonically activated hydrolysis,K,(M) then
consists of two terms: M for the activation by ultra-

sound and M2/3 for acid hydrolysis:

KON = [Kn (M) Ky ()] 12

Kp (M) « M-M2/3 (3)
Since Kyg(M) =« M for M>My, K(M) is given by:
K(M) « [M,Mz/a, M]]/z = M4/ 3 ()

For M<My the MW dependence of the rate constant K(M)
should consequently be:

K(M) « [M.Mz/s ]1/2 - M5/6 (5)

An inspection of FIG.2 shows that the experimental
results are in full agreement with these rather crude
considerations, which imply that both effects, acid
hydrolysis and ultrasonic degradation occur indepen-
dently. Further analyses which take the MWD's into
consideration are necessary to differentiate more
clearly between both effects. Such investigations

in connection with more general evaluations of de~
gradation reactions are in progress,
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