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Degradation of Polymers by High-speed Stirring * 

AKIHIKO NAKANOt and YUJI MINOURA, Department of Chemistry, 
Osaka City University, Osaka, Japan 

Synopsis 

Benzene solutions containing either poly(ethy1ene oxide) or poly(methy1 methacrylate) 
or both of varying concentrations were prepared, stirred a t  a speed of 30,000 rpm, and 
the effects of concentrations of the same species or different species of polymers on the 
degradation of the polymers were investigated. Within experimental error little 
difference was observed in the [q] curves measured for each degraded polymer in spite 
of change in concentration. It is clear that the degradation of polymer with high-speed 
stirring in the concentration range 1 4 %  w/v is not caused by the interaction of polymer 
chains. 

INTRODUCTION 

I t  is well known that a polymer chain is broken down and that the in- 
trinsic viscosity is decreased when polymer is dissolved in a solvent and 
stirred at high speed. The polymer chain scission was confirmed by the 
decrease in intrinsic viscosity of the polymer’ or by the formation of free 
radicak2 

We have degraded poly(ethy1ene oxide) by high-speed stirring3p4 and 
have shown that the rate of scission with high-speed stirring was com- 
paratively well expressed by Ovenall’s5 eq. (1) or by JellinekW eq. (2) : 

dB, 
- = Kni(Pf - 1) at 

The effects of polymer concentration, solvent, stirriig speed, and initial 
degree of polymerization on the rate of scission were also investigated. 

Goto and Fujiwara7** discussed various experimental data on the me- 
chanical degradation obtained under miscellaneous conditions by various 

* Presented in part, at the 19th Annual Meeting of the Society of Polymer Science, 
Japan, May 20, 1970. 

t Present address: Wireless Research Laboratory, Makushita Electric Industrial 
Co., Ltd., KadomaCity, Osaka, Japan. 
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methods and found that most results could be well expressed by the 
following empirical equation: 

dP 
dt 

- - = K ( P  - P,)2 (3) 

They considered that chain scission was related to the chain length of 
adjacent polymer molecules, because the rate equation was not expressed 
by first order of degree of polymerization. It is an interesting question 
whether intermolecular interaction, intramolecular interaction, or inter- 
action between a polymer molecule and solvent cause8 the mechanical 
scission of a polymer molecule. Bueches presented a theory that the en- 
tanglements along the chains played a major part in the rupture process 
for the shear degradation of high polymers. Grohn and Opitzlo fodnd that 
the concentration of solution affected the degradation of poly(methy1 
methacrylate) with high-speed stirring. These reports in a sense recognize 
an interaction between polymer molecules. 

According to our experiments and those of Arai and co-workers," how- 
ever, the concentration of solution does not affect the rate of mechanical 
scission of the polymer. A limiting low molecular weight is generally 
observed in mechanical degradation. These results deny an intermolecular 
effect. 

We have investigated the effect of concentration of the same and different 
species of polymer using poly(ethy1ene oxide) and poly(methy1 meth- 
acrylate) in order to elucidate the mechanism of polymer scission with high- 
speed stirring. 

EXPERIMENTAL 

Material 

Poly(ethy1ene Oxide). Poly(ethy1ene oxide), PEOdN, supplied by 
Seitetsu Kagaku Co., Ltd., was used. Intrinsic viscosity in benzene at  
30°C was 3.17. Molecular weight, calculated3 from the equation [ q ]  = 
6.14 X 10-4M0.s4 was 640,000 (degree of polymerization 14,500). 

Poly(methyl Methacrylate). Commercially available methyl meth- 
acrylate was washed with aqueous alkali solution to remove inhibitors of 
polymerization and distilled with water steam. Water of the lower phase 
was separated. The monomer ww dried on sodium sulfate in a cool and 
dark place, but eventually it polymerized spontaneously. The polymer 
thus obtained was dissolved in benzene, precipitated with excess methanol, 
and dried. Poly(methy1 methacrylate) thus purified showed an intrinsic 
viscosity of 2.80 in benzene at 30°C. Molecular weight calculated12 from 
the relation equation P ,  = 2,200[q]1.13 was 770,000 (degree of polymeriz& 
tion 7,700). 

Solvent. Benzene was used as solvent. Commercially available ben- 
zene was purified by the usual method. Poly(ethy1ene oxide) and poly- 



POLYMER DEGRADATION BY STIRRING 929 

(methyl methacrylate) are not only both soluble in benzene but both are 
also soluble in benzene without phase separation in the concentration 
range of the experiment (up to 4% w/v). 

Stirring Apparatus 

A T. I<. Homomixer of HS-M-type made by Tokushu Kika Kogyo Co., 
Ltd., was used as a high-speed stirrer. Stator, turbine, and vessel of the 
mixer were the same as those used in the previous experiment,a while gear 
for acceleration was exchanged by a belt. 

Method of Stirring 

The solution, 200 ml, was divided into two parts of 10 ml and 190 ml, 
respectively, and the larger part was placed in a 300-ml vessel. The vessel 
was attached to the homomixer and placed in a water bath for cooling. 
The solution was then stirred at a speed of 30,000 rpm. Considerable heat 
was generated during stirring, and the temperature of the solution rose on 
account of the low efficiency of cooling. Considerable heat was also gener- 
ated by the rotating parts of the mixer. For keeping the temperature of 
the solution within a certain range (2OOC) and to conserve the mixer, 5-min 
stirring and 10-15-min pauses for cooling were alternated. After stirring 
for a given time, about 10 ml of the stirred solution was taken out and 
stirring was continued. 

Polymer Separation 

I n  the case of poly(ethy1ene oxide) solution, the polymer was recovered 
by drying the removed solution by a hot-air drier until its weight became 
constant. I n  the case of poly(methy1 methacrylate), stirred solution was 
poured into excess methanol and poly(methy1 methacrylate) was precipi- 
tated. The precipitant was filtered off and dried with air. Percentage of 
recovered polymer was at  least 98.7%, and poly(methy1 methacrylate) 
was almost completely precipitated with methanol. 

I n  the case of solution containing both poly(ethy1ene oxide) and poly- 
(methyl methacrylate), a solution containing both of them at  a weight 
ratio of 5030 was prepared and the following method of separation was 
tested. The solution was poured into a large quantity of methanol to 
precipitate a polymer, which was filtered off and dried. One polymer was 
thus obtained. The filtrate was dried by a hot-air drier to constant weight 
to obtain another polymer. The weight ratio of the recovered polymers 
was 52:48. It was confirmed by I R  spectra that the former was poly- 
(methyl methacrylate) and that the latter was poly(ethy1ene oxide). It 
is considered that errors in intrinsic viscosities of polymers thus separated 
are not large. As a result, the polymers in the solution containing poly- 
(ethylene oxide) and poly(methy1 methacrylate) were separated by this 
method. 
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Method of Measuring Viscosity 

Intrinsic viscosities of polymers recovered in benzene were measured at 
30°C with an Ubbelohde viscometer. 

RESULTS 

Stirring of Poly(ethy1ene Oxide) Solution 

Benzene solutions containing 1 4 %  w/v of poly(ethy1ene oxide) were 
prepared (2-8 g polymer was dissolved in 200 ml benzene) and stirred at  a 
speed of 30,000 rpm. Stirred solutions were dried with air to obtain the 
polymer. Viscosities were measured. Changes in intrinsic viscosity 
versus stirring time are shown in Figure 1. Rate of decrease inviscosity 
is large at  first, then becomes small and seems to reach a constant value. 
When the figure is observed as a whole, a certain tendency with change in 
concentration cannot be found. This is in complete agreement with the 
results of our previous paper.a Loss of solvent due to the heat generation 
with high-speed stirring occurred and caused a change in concentration 
during stirring. Concentrations of solutions before stirring and 5, 20, 40, 
60, and 90 min after stirring were, respectively, 1.21, 1.24, 1.32, 1.27, 1.33, 
and 1.39% w/w for 1% w/v solution (where 2 g polymer was dissolved in 

Fig. 1. Degradation 
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200 ml benzene); 2.34, 2.38, 2.42, 2.46, 2.52, and 2.65% w/w for 2% w/v 
solution (where 4 g polymer was dissolved in 200 ml benzene); 3.38, 3.44, 
3.58, 3.74, 3.85, and 3.90% w/w for 3% w/v solution (where 6 g polymer 
was dissolved in 200 ml benzene); and 4.95, 4.87, 5.12, 5.41, 5.72, and 
5.94% w/w for 4% w/v solution (where 8 g polymer was dissolved in 200 
ml benzene). With increase in concentration, the change in concentration 
became larger. But the effect of the change in concentration during 
stirring on the rate of degradation is negligible because little difference in 
the rate of decrease in intrinsic viscosity appeared with change in concen- 
tration ranging 1 4 %  w/v as shown in Figure 1. 

Stirring of Poly(methy1 Methacrylate) 
Benzene solutions containing 1-4% w/v of poly(methy1 methacrylate) 

were prepared (2-8 g polymer was dissolved in 200 ml benzene) and stirred 
at a speed of 30,000 rpm. Polymer solutions stirred for a given time were 
poured into a large amount of methanol. Polymers insoluble in warm 
methanol were separated, dried with air, and submitted to measurement of 
intrinsic viscosity. Changes in intrinsic viscosity versus stirring time are 
shown in Figure 2. Decrease in viscosity was large for 1% w/v solution, 
but a certain tendency with change in concentration cannot be found. 
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Fig. 2. Degradation of poly(methy1 methacrylate) (PMMA) with high+peed stirring in 
PMMA-benzene system (30,000 rpm, 20°C). 
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The rate of degradation was not affected with change in concentration of 
solution. Concentrations of solutions before stirring and 20,40, 60, and 90 
min after stirring were, respectively, 1.10, 1.14, 1.17, 1.17, and 1.19% w/w 
for 1% w/v solution; 2.25, 2.25, 2.32, 2.36, and 2.34% w/w for 2% w/v 
solution; 3.28 3.38, 3.55, 3.69, and 3.84% w/w for 3% w/v solution; 
and 4.15, 4.41, 4.71, 4.05, and ,!i.0670 w/w for 4% w/v solution. The 
effect of the change in concentration during stirring is negligible, as shown 
in the previous section. 

Stirring of Solution Containing Both Poly(ethy1eqe Oxide) and 
Poly(methy1 Methacrylate) 

Solutions containing 2 and 6 g, 4 and 4 g, or 6 and 2 g poly(ethy1ene 
oxide) and poly (methyl methacrylate) , respectively, in 200 ml benzene 
were prepared (total concentrations of poly(ethy1ene oxide) and poly- 
(methyl methacrylate) were made 4y0 w/v and ratio of the polymers was 
changed) and stirred at a speed of 30,000 rpm. Polymer solutions stirred 
for a given time were poured into a large amount of methanol. The 
polymer insoluble in warm methanol, poly(methy1 methacrylate), was 
sepbrated, dried with air, and submitted to measurement of intrinsic vis- 
cosity. Filtrates were dried with warm air to constant weights, to recover 
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Fig. 3. Degradation of PEO with high-speed stirring in PEO-PMMA-benzene system 
(30,000 rpm, 20°C). 
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Fig. 4. Degradation of PMMA with high-speed stirring in PEO-PMMA-benzene sys- 
tem (30,000 rpm, 2OOC). 

another polymer, poly(ethy1ene oxide). It was also submitted to measwe- 
ment of intrinsic viscosity. Changes in intrinsic viscosity of poly(ethy1ene 
oxide) versus stirring time are shown in Figure 3 and those of poly(methy1 
methecrylate), in Figure 4. Concentrations of solutions before stirring and 
5, 20, 40, 60, and 90 min after stirring were, respectively, 4.36, 4.36, 4.68, 
4.91, 5.21, and 5.34% w/w total for both polymers for the solution con- 
taining 3% w/v of poly(ethy1ene oxide) and 1% w/v of poly(methy1 
methacrylate); 4.60,4.67,4.98, 5.15, 5.35, and 5.55% w/w for the solution 
containing 2% w/v of each polymer; and 4.40, 4.54, 4.84, 5.21, 5.52, and 
5.65% w/w for the solution containing 1% w/v and 3% w/v of both poly- 
mers, respectively. The effect of the change in concentration during 
stirring is negligible, as shown in a previous section. Respective intrinsic 
viscosities of poly(ethy1ene oxide) and poly(methy1 methacrylate) were 
similarly decreased in spite of the change in ratio of poly(ethy1ene oxide) 
to poly(methy1 methacryIate), and no dependency can be found. 

DISCUSSION 
Benzene solutions containing different amounts of poly(ethy1ene oxide) 

were stirred at  a high speed, and the intrinsic viscosities of the polymers 
recovered from the solutions were measured. The intrinsic viscosities 
were rapidly decreased at  fist and slowly decreased with stirring time. 
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The appearance of the decrease in viscosity was similar, regardless of 
change in solution concentrations within the range 1 4 %  w/v (Fig. 1). 
The same was found for poly(methy1 methacrylate) (Fig. 2). Poly- 
(ethylene oxide)-poly(methy1 methacrylate)-benzene systems (no phase 
separation was found in the concentration range applied to the experiment) 
were stirred, and the appearance of decrease in intrinsic viscosity of re- 
covered poly(ethy1ene oxide) was compared with that from poly(ethy1ene 
oxide)-benzene system. No clear difference was found regardless of 
difference in system (compare Fig. 1 with Fig. 3). The same was found for 
poly(methy1 methacrylate) (compare Fig. 2 with Fig. 4). The results 
confirmed that polymer concentration did not affect the rate or the degree 
of decrease in intrinsic viscosity. 

Polymer chains rupture to decrease intrinsic viscosity when polymer 
solution is stirred at high speed. Therefore decrease in intrinsic viscosity 
may be used as a parameter of the scission of polymer chains. The con- 
centration of polymer solutions and polymer chains of different species 
which were mixed did not affect the rate or degree of decrease in intrinsic 
viscosity. Studies on the effect of polymer concentrations on the degradation 
by ultrasonic waves or high-speed stirring revealed the following. Schmidt 
and co-workerda carried out such experiments using solutions of poly- 
styrene in toluene. They observed that the effect of ultrasonic waves 
diminished with increasing polymer concentrations and that degradation 
ceased altogether when the concentration became so high that the solution 
was of a gel-like consistency. 

The rate of degradation of polystyrene by ultrasonic waves as a function 
of concentration of the polymer was investigated by Jellinek and co- 
w o r k e r ~ ~ ~ ;  APw/P, (where APw is the decrease in weight-average chain 
length after 0.25 hr of exposure and P,  is the initial chain length) as a 
measure of the overall rate constant was plotted against the logarithm of 
the concentration. Excepting the case of low ultrasonic intensity, curves 
of APw/P, versus concentration were horizontally flat or slightly inclined. 

According to the experiments of Grohn and co-workerslo which were 
carried out on poly(methy1 methacrylate) in chloroform, degradation by 
high-speed stirring was larger with decreasing concentration of the polymer. 
Similar results were obtained by Goto and co-workers16 for the degradation 
of poly(viny1 acetate) in cyclohexane, the polymer concentration ranging 
1.24% w/v. 

It was a common result that the increase in concentration did not pro- 
mote the degradation of polymer chains. The increase in concentration of 
polymers did not affect or decrease the rate and the extent of rupture of 
polymer chains. 

From our experimental results and those of others it appears that ad- 
jacent polymer chains, except a rupturing polymer chain, do not affect 
polymer chain scission regardless of the polymer species. If an adjacent 
polymer chain had been associated with the rupture of a polymer chain, 
the effect of polymer concentration would have been positive because the 
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possibility of association between a polymer chain and an adjacent polymer 
chain is increased with increasing’concentration. 

Two theories can be considered for the mechanism of scission of polymer 
chains due to the effect of mechanical forces on polymer solution. One is 
the theory that interaction between polymer chain and solvent brings 
about scission, and the other is that interaction between polymer chains, 
such as entanglement and collision, causes the rupture. The results 
obtained in the experiment (1-4y0 w/v concentration range) seem to 
directly show that the latter mechanism is not predominant. If the latker 
mechanism were the case, the rate of scission would be increased with in- 
creasing concentration of total polymers. If interaction between polymer 
chains were necessary to the rupturing process, the concentration of 
polymers would affect scission exponentially. Therefore, the proportion 
of change in concentration applied, which waa fourfold at its largest, is 
considered to have been not very large, but sufficient. 

styrene, that the scission of polymer chain in solution in the concentration 
range 1-2y0 w/w was not caused by entanglement but rather by force of 
friction on the chain. The authors’ experimental results clearly show 
that the effect of interaction between polymers is insignificant. 

HarringtonlB has concluded from the agreement of hydrodynamic theory 
with experimental data that limiting molecular degradation with high- 
speed stirring of special thin, highly sharpened blades occurred in the 
boundary layer region on the surface of blades; that intense velocity 
gradients existing in the boundary layer near the leading edge of the blades 
led to the development of tensile forces on the molecules which, operating 
through intramolecular displacements, provided a mechanical activation 
energy for chain scission; and that poIymer chains breaking in a hydro- 
dynamic shear field were completely extended along the streamlines of 
flow. It is hardly considered that there is an effect of interaction between 
a breaking polymer chain and another chain in such hydrodynamic shear 
field. Since the shape of the rotor of the homomker is not the same a8 
that of the blade of Harrington’s mixer, the effect of turbulent flow or 
cavitation besides laminar flow might be comidered in the experiment. 
The fact, which has now been made clear, that the interaction between 
polymer molecules is not predominant seems to show either that turbulent 
flow or cavitation does not play an important role or that, if cavitation 
plays a role, no force of collision of fluid due to cavity collapse (namely, no 
force of collision of polymer molecules) but velocity gradients formed in the 
fluid act as rupturing forces. In  a field with velocity gradients, some 
segments of a polymer chain which is extended to some extent move at 
high speed, but other segments move at  another speed, producing a tensile 
force on the polymer chain. Therefore, entanglements of polymer chains 
are not always needed for producing the necessary inertia. It is reasonable 
to consider that scission of polymer molecules by high-speed stirring in 
1-5% solutions is not, caused by intermolecuinr interactions, such as 

Arai and co-workersll suggested, from experimental results on poly- , 
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collision of molecules, but by intramolecular interaction, such as intra- 
molecular displacement, due to velocity ‘gradients during the degradation. 

References 
1. W. R. Johnson and C. C. Price, J. Polym. Sei., 45,217 (1960). 
2. G. Ayrey, C. G. Moore, and W. F. Watson, J. Polym. Sci., 19, l  (1956). 
3. Y. Minoura, T. Kasuya, S. Kawamura, and A. Nakano, J. Polym. Sci. A-2, 5, 

4. Y. Minoura, T. Kasuya, S. Kawamura, and A. Nakano, J. Polym. Sei. A-1, 5,43 

5. D. W. Ovenall, G. W. Hastings, and P. E. M. Allen, J .  Polym. Sci., 33,207 (1958). 
6. D. W. Ovenall, J .  Porym. Sci., 42,455 (1960); H. H. G. Jellinek and G. White, 

7. K. Goto 8nd H. Fujiwara, Kobunshi Kagaku (Japan), 23,827 (1966). 
8. H. Fujiwara and K. Goto, J .  Chem. Soc. Japan, Id. Chern. Scc., 71,1430 (1968). 
9. F. Bueche, J. Appl. Polym. Sci., 4,101 (1960). 

125 (1967). 

(1967). 

J.  Polym. Sci., 6,745 (1951). 

10. H. Grohn and G. Opitz, Plastc tmd Kaut., 11,ll (1964). 
11. K. Arai, K. Nakamura, T. Komatsu, and T. Nakagawa, J. Chem. Soc. Japan, 

12. A. V. Tobolsky, J .  Polym. Sci.,9,171 (1952). 
13. G. Schmidt and 0. Rommel, 2. Ekktru. Chem., 45, 659 (1939); idem., 2. Phys. 

14. H. H. G. Jellinek and G. White, J. Polym. Sci., 6,745,759 (1951); i bd . ,  7,21,33 

15. K. Goto and H. Fujiwara, Kobunshi Kagaku, 21,716 (1964). 
16. R. E. Harrington, J .  Polym. Sci. A-I, 4,489 (1966). 

Id. Chem. Scc., 71,1438 (1968). 

Chem., A185.97 (1939). 

(1952). 

Received July 20, 1970 


