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Ultrasonic degradation studies on a variety of molecular weights and molecular weight distributions of
poly{methyl methacrylate} are reported. The extent of degradation was measured using gel permeation
chromatography. Polydispersity decreased as a function of irradiation time for polymers with initial
broad distributions. |n contrast, polymers with an initial narrow distribution increased in polydispersity,
passed through a maximum and then gradually decreased in polydispersity. Results appear to show no
limiting degree of polymerization for poly(methyl methacrylate).

INTRODUCTION

Numerous studies of polymer degradation induced by ultra-
sonic radiation have been reported 2. Such studies on
poly(methyl methacrylate) have utilized measurements of
solution viscosities® and determination of the amount of a
free radical scavenger, o, -diphenyl-g-picrylhydrazyl, con-
sumed** to follow the polymer degradation. Gel permea-
tion chromatography (g.p.c.) gives considerably more infor-
mation on the degradation process and was utilized in this
study.

EXPERIMENTAL

Three samples of poly(methyl methacrylate) (PMMA) were

obtained from Eastman Kodak (Rochester, New York, USA).

These are referred to as polymers A, B and C and had num-
ber-average molecular weights M,, of 160000, 48 600 and

19 400 respectively. Fractions were prepared from each of
these polymers using precipitation of the polymer onto glass
beads and column elution with a solvent/non-solvent gra-
dient employing methyl ethyl ketone and methanol. The
fractons are designated A1, Ay, A3, By, B2, Cy and Cj,

The molecular weights of the fractions are given in the
Tables reporting the degradation results.

Ultrasonic irradiation was carried out using a Brownwill
Biosonic III probe operating at 60% of its full intensity,
which is 28 W nominally at 20 kHz. The sample was pre-
pared by dissolving 1.5 g of polymer in 150 ml of tetra-
hydrofuran (THF) which had been freshly distilled from

NaOH. Thus all solutions were run at 1% w/v concentration.

The solution was placed in a reaction vessel which was a
300 ml rosette cell, which has three side arms to provide
good circulation. The cell was thermostatted in an ice—
water bath throughout the irradiation. At 20 min intervals
of irradiation a 2 ml aliquot of reaction solution was with-
drawn and diluted to 0.2% w/v for the subsequent injection
into gel permeation chromatograph.

The gel permeation chromatograph was an ANA—PREP
Model (Water Associates, Framingham, Mass., USA). The

* Present address: Monsanto, Triangle Park Dev. Center Inc., PO
Box 12274, Research Triangle Park, NC 27709, USA.
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calibration curve for PMMA was determined in a conven-
tional method using narrow fractions of PMMA fractionated
as previously described. The molecular weights for the
fractions were determined from the limiting solution vis-
cosity measurement using the following formulae®:

[n] =5.2 x10~5m"6 for 6 x 104 <m < 250 x 104
[n] = 104 x 10~5m05 for 0.02 x 104 <m <2 x 10%

The colums consisted of four 4 ft x 3/8 in,i.d. (1.2 m x

9.5 mm) stainless steel columns packed with Bio-Glass,
porous glass particles having pore sizes of 75, 374, 1250 and
2000 A respectively. The g.p.c. was operated at ambient
temperature using THF as solvent. The flow rate was 2.0 ml/
min.

A Fortran IV computer programming was performed to
calculate weight-average molecular weights (M,,), number-
average molecular weight (M), and the ratio of M,,/M,,

M,, and M,, were computed in accordance with the follow-
ing equations:

_ ZHM;
i, = iM;
TH;
_ ZH
My, =
=M;/H;

where H; is the relative height of a g.p.c. curve measured at
each halfelution count, and M; is the corresponding molecu-
lar weight which was found from the calibration curve. No
correction on the effect of zone broadening was applied.

The calculation of the number of polymer bonds broken
after a given time ¢ of irradiation, §;, was based on the fami-
liar equation®*:

_To (Mno —My)

Bt M,

where g is the number of polymer molecules of initial
M,,, which degrade to M, after time .
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Table 1 Results from g.p.c. analysis for polymer A and fractions

Irradiation time (min)

PMMA . 0 20 40 60 80 100 120

A My % 1073 371.2 179.9 143.3 118.7 106.5 95.3 90.2
M, x 103 126.0 81.2 66.5 60.3 56.4 52.3 51.2
m,/m, 2.95 2.21 216 197 1.89 1.82 1.76
Numbelr of bonds broken - 3.92 6.46 7.81 8.85 10.10 10.46
(X 10-18)

A My x 1073 189.1 126.4 110.0 96.2 91.1 80.5 74.7
M, x 1073 84.7 63.6 59.6 51.1 50.0 46.5 43.7
M/, 2.23 1.99 1.84 1.83 1.82 1.73 1.7
Number of bonds broken - 3.54 4.49 7.05 7.40 8.76 10.00
{X 10-18)

A, MWX 10-3 333.4 190.5 139.1 13.0 97.2 88.8 80.5

10-3 147.5 87.8 65.2 54.1 49.3 449 40.6

MW/M,, 2.26 2.17 213 2.09 1.97 1.98 1.98
Number of bonds broken - 4.16 7.73 10.57 12.20 14.00 16.13
{x 10-18)

As M, x 10-3 521.4 224.2 141 109.6 89.2 82.2 79.3
", x 10-3 231.0 91.0 626 50.8 44.0 42.9 429
m,m, 2.26 2.46 2.26 2.16 2.03 1.92 1.87
Number of bonds broken - 6.02 10.52 13.87 16.62 17.14 17.24
(X 10-18)

Table 2 Results from g.p.c. analysis for polymer B and fractons

Irradiation time (min}

PMMA 0 20 40 60 80 100 120

B W, x 10-3 148.6 1145 99.7 90.5 826 76.5 74.1
M,, X 1073 56.9 . 47.5 43.9 43.2 40.4 40.1
M, /M, 2.61 2.24 2.10 2.06 1.91 1.90 1.84
Number of bonds broken - 1.86 3.19 4,78 5.11 6.59 6.76
(x 10~18)

By M, % 1073 123.9 101.6 92.9 84.2 80.3 70.8 65.5
M, x 10-3 68.1 . 50.0 453 43.8 40.2 38.8
m,/M, 1.82 1.87 1.86 1.86 1.83 1.76 1.69
Number of bonds broken - 3.37 4.80 6.68 7.36 9.21 10.02
(X 10-18)

By My x 10-3 187.3 102.7 99.2 91.9 83.4 72.0 72.9
M, x 10-3 87.2 47.7 50.7 46.7 43.8 38.0 38.0
My, 2.15 215 1.95 1.96 1.90 1.89 1.92
Number of bonds broken - 10.86 7.46 8.94 10.26 13.41 13.4
(x 10-18)

RESULTS AND DISCUSSION The molecular weight and M,,/My;, as for polymer A, showed

Tables 1-3 list M,,,, My, polydispersity ratio M,,/M,,, number
of bonds broken and rate of bond breakage of the polymer
as a function of irradiation time. A progressive decrease in
molecular weight of the polymers A can be observed in
Figure 1 as the g.p.c. peak maximum shifts gradually to a
higher elution count, i.e. to a lower molecular weight. The
ratio of M,,,/M,, and half-width of g.p.c. curve showed a simi-
lar pattern of decrease as irradiation proceeded. As seen in
Table 1 the broad molecular weight distribution (MWD) of
polymer A became narrower under the influence of ultra-
sonic forces. The biggest change in MW,M,, and M,,/M,, takes
place in the first 20 min of the degradation. At the same
time, the number of bonds broken indicated qualitatively
that higher molecular weight polymer degraded rapidly while
molecular weight polymer tended to slow down the rupture
process.

Table 1 shows results of ultrasonic irradiation for poly-
mers Az, Ap and Aj, the narrower fractions of polymer A.

a decreasing rate of degradation as a function of irradiation
time. However, some distinct features can be noted. Polymer
Aj degraded almost twice as rapidly and to a greater extent
than polymer A. Polymer Aj reacted somewhat faster while
polymer A degraded more slowly than polymer A.

Polymers A, A3, Aj and A all showed similar MWD and
MW at the termination of irradiation despite their different
initial MW and MWD. After 20 min of irradiation polymer
A3 showed a broadened distribution with M,,/M,, increasing
from 2.26 to 2.46. The half-width of the g.p.c. curve in-
creased from 3.20 to 3.72 counts. Thus well fractionated
PMMA of high molecular weight first showed an increasing
M,,/M,, upon ultrasonic irradiation, which subsequently de-
creased on further degradation.

Table 2 lists irradiation results for polymers B, By and B,.
In comparison, polymer of the B series have slower rates with
less degree of degradation than polymer samples of the A
series. The relatively narrow polymer By broadened its dis-
tribution after 20 min of irradiation, followed by a.subse-
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Table 3 Results from g.p.c. analysis for polymer C and fractions

Irradiation time (min)

PMMA 0 20 40 60 80 100 120

c My x 1073 70.8 70.1 66.8 63.6 62.7 60.1 59.0
My x 1073 28.9 31.1 30.3 31.0 30.5 29.8 294
My/My, 2.45 2.26 2.20 2.05 2.05 2.02 2.01

o My x 1073 56.7 56.7 52.2 52.2 51.4 49.5 47.5
M, x 1073 31.6 317 30.9 30.4 28.9 289 25.6
M,,/M, 1.79 1.79 1.69 1.73 1.77 1.71 1.86

c; My, % 1073 108.8 93.6 91.0 85.0 80.7 74.7 73.1
M, x 10-3 54.7 49.5 48.9 45.9 43.6 41.0 38.7
7 1.99 1.89 1.86 1.85 1.85 1.82 1.89
Number of bonds broken — 1.73 1.96 3.17 4,20 5.62 6.83
{x 10-18)

104 108

Figure 1 Differential MWD for polymer Aj3: A, 0; B, 20, C, 40;

D, 60; E, 120

quent decrease in heterogeneity. This is similar to the be-

haviour of sample Aj.

Table 3 lists computed results of degradation for poly-
mers C, Cy and C;. The polymer degradation occurred less

10¢

rapidly and to a small degree when compared with polymers

A and B series under the same experimental conditions.

There is controversy in the broadening or narrowing of the
distribution, but we believe it is probably not a controversy

at all. Clearly, if one starts with a monodisperse fraction
and breaks bonds, out of necessity the distribution will be
broadened. In general, since one works with polydispersed
or highly dispersed systems, the high molecular weight
materials will degrade more rapidly and we will see the ef-

824 POLYMER, 1977, Vol 18, August

fect of narrowing the distribution.

It is apparent from these results that the discrepancies
discussed occasionally, wherein some workers report a broad-
ening of distribution on degradation while others report the
narrowing of the distribution, probably do not really rep-
resent a disagreement at all. Thus the broader distributions
consistently show a narrowing of the distribution while
moderately sharp fractions can show broadening followed
by narrowing of the distribution. The irradiation time em-
ployed was sufficiently long for the resulting molecular
weights and their distributions to appear to be very similar
regardless of the initial molecular weight. The degradation
rate is decreased but there is still a finite amount of degra-
dation continuing.
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