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Table ITI
Interaction Radii
Polymer Interaction

series Solvent radius
PNLA DCE 59A<R<89A
PNLA "MSe@ 59A<R<89A
PNLG DCE 58A<R<88A
PNLA DCE 58A <R <88A®

2 MS = mixed solvent of DCE and HFIP (1:1 by volume).
6 Interaction range for excimer quenching. The range was ob-
tained by using the mean p value 0.66 of the values from eq 10.

greater than for an isolated excited chromophore. The local-
ization of the = orbitals in the excimer might be the reason for
this observation.
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On the Kinetics of Polymer Degradation in Solution.
5.1.2 Pulse Radiolysis of PMMA Using the Light
Scattering Detection Method

G. Beck, D. Lindenau, and W, Schnabel*

Hahn-Meitner-Institut fur Kernforschung Berlin GmbH, Bereich Strahlenchemie,
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ABSTRACT: The time dependence of the change of the light scattering intensity (LSI) of PMMA solutions after ir-
radiation with a 2-us pulse of 15-MeV electrons was monitored. Evidence for the existence of two intermediates caus-
ing main chain scission was obtained. The LSI decays in two modes: (1) a fast decay with a lifetime of ca. 20 us proba-
bly corresponding to the diffusion of fragments which are generated by main chain ruptures occurring via electroni-
cally excited or ionic intermediates; (2) a slow decay with a lifetime 7 (slow) = 6 ms (ks = 170 s™!) corresponding pre-
sumably to a lateral macroradical. 7(slow) decreases with increasing concentrations of Oz and CoHsSH. The degree
of degradation also decreases with increasing concentration of these two additives. The following rate constants for
the reaction of Oy and CoHsSH with the transient causing the slow main chain ruptures were determined in acetone
(at room temperature): kg, = 1 X 107 M~1s~! and kcyn.s1 = 2.5 X 10 M~ s~1. Solvents used were acetone, n-hexa-

none-2, and acetonitrile.

Preliminary experiments® led to the conclusion that the
radiation-induced main-chain degradation of poly(methyl
methacrylate) (PMMA) in solution proceeds via two different
intermediates. Evidence for these was obtained by monitoring
the time dependence of decrease of light scattering intensity
(LSI) after the irradiation of a dilute solution of PMMA with
a 2-us pulse of 15-MeV electrons. Immediately after the pulse
the LSI decreased rapidly with a lifetime of less than 150us.
Subsequently a slow decrease with a lifetime of about 6 ms (k
= 170 s~ 1) was observed. It was suggested that the rapid decay

is due to main chain scissions caused by an electronically ex-
cited or an ionic transient. The slow decay, on the other hand,
was thought to be due to main chain ruptures caused by free
radicals.

In order to substantiate these suggestions experiments were
carried out with acetone solutions containing oxygen or eth-
anethiol. In additional experiments acetonitrile and n-hexa-
none-2 were used as solvents instead of acetone. The results
of these experiments are described in this paper. They affirm
the suggestion that the slow LSI decay is correlated to the
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lifetime of free PMMA radicals. Thus, it appears that the
system under investigation provides a good example to dem-
onstrate the applicability of the light scattering detection
method for the investigations of the kinetics of chemical re-
actions of short-lived intermediates. '

The Influence of Radical Scavengers on the LSI Decay.
In the following a working hypothesis is developed which is
based on the postulate that two intermediates P*,,,, and
P-4+, are involved in the process of main chain degradation.
P*,+m designates an excited or ionic species decaying rela-
tively fast, i.e., with a lifetime much shorter than the diffusion
time of the fragments originating from main chain scissions.
P.,+ denotes a lateral macroradical which is rather long
lived.

k

P*, s —> P, + P, (1)
ko

P'n+m _>Pn + P'm (2)

s Py (3)
P ntm + S_—[
"> Piin+ S (3"
Whereas by the transfer reaction 8’ macroradicals are re-
paired, the addition of scavenger molecules to macroradicals

(reaction 3) leads to another type of free macroradicals which
may stabilize by hydrogen abstraction:

Pitm---S-+RH—>P,,,---SH+R.: (4)

The product thus formed is probably not very stable and
may undergo main chain scission under the influence of fur-
ther irradiation or heat. It may, however, be emphasized that
reaction 3 as well as reaction 3’ prevent main chain ruptures
of the type described in reaction 2. That means, upon irra-
diation of a polymer solution with a single pulse of fast elec-
trons, those macroradicals undergoing reactions 3 or 3’ will
not contribute to the decrease of LSI. Therefore, in the pres-
ence of a radical scavenger the degree of degradation will be
reduced, i.e., the extent of LSI decrease will become smaller.
A correlation between the degree of degradation o (number
of main chain scissions per base unit of the macromolecule)
and the rate constant Zkg = (ks + k') can be derived in the
following way:

The final degree of degradation «.. observed a long time
after the absorption of the electron pulse is

e = ol + aff (5)

o and o denote the numbers of main chain ruptures per base
unit due to radical reaction 2 or due to reaction 1, respectively.
Reaction 1 is not influenced by the presence of a radical
scavenger, i.e., of is considered to be constant. af depends on
the scavenger concentration according to eq 6 (in this case a?
= afﬁ,s):

k2
ko + Zkg[S]

Combining eq 5 and 6 one obtains:

(8)

OIE,S = agyo

R
O.'my()

_ ., ZhsiS]

Ao S — aE k2

(7)

kg can be evaluated by measuring «.. as a function of the
scavenger concentration [S] if k5 is known and if of can be
obtained experimentally. The latter condition meets the ex-
perimental findings described below.

Another mode of evaluating Tkg derives from the mea-
surements of the rate of LSI change for solutions containing
different amounts of scavenger. A prerequisite is that the rate
of LSI change is proportional to the rate of decrease of the
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macroradical concentration. This holds for the case where the
average lifetime of the macroradicals is relatively long. In
other words, reaction 2 is considered to be a process consisting
of two consecutive steps. During the first step chemical bonds
are broken causing main chain cleavage. The second step
comprises the separation of the fragments by diffusion:

ko' ko
P‘n+m —> [Pn et Pm] > P‘n + Pm (2,)

The observed change of the LSI signal is related to the sepa-
ration of the fragments.? If ko” > k¢, the rate of LSI change
is entirely determined by the rate of the first step, i.e., by the
rate constant ko’ = (72')~1. The rate constant k4 can be eval-
uated by application of the rate law

[P+ = [P-]oe 2" (8)

Since [P+]o = of and [P-]; « o} — o, ko is obtained from plots
according to eq 9
P L . ko't ©)
[22°%
In the presence of a scavenger S reactions 3 and 3’ compete
with reaction 2. Thus, one obtains the following pseudo-
first-order expression:

[P = [PJog~the+shslsie (10)

Equation 10 holds for the case where the scavenger concen-
tration is practically not changed during the reaction. This
condition is met by using relatively high scavenger concen-
tration. By measuring the lifetime of the LSI decay as a
function of the scavenger concentration kg can be obtained
according to eq 11:

(1)7t = ko + Zkg[S] (11)

For the evaluation of values of 7 reported in one of the fol-
lowing sections, the change of the light scattering signal
voltage was plotted according to eq 12, which was derived from
eq 9 and 10 as reported earlier.?

Ue = U) 1= (U, - U)!

In = = —~(ky + Zkg[SDt

(U = U = Uy = Uyt -/ + 2RsISD
The subscripts to the signal voltages U designate: «, a long
time after the pulse; ¢, time ¢; 0, t = 0; L, solvent.

Experimental Section

(a) Polymer Samples and Solvents. Two poly(methyl methac-
rylate) samples were used which were obtained by polymerization of
methyl methacrylate (Ferak, Berlin) in bulk in the absence of addi-
tives with the aid of the field emission technique described ear-
lier.4

The molecular weights were determined by the light scattering
method using a Sofica apparatus: sample 1, M, = 3.8 X 10%; sample
2, My, = 4.6 X 108, The polymer samples were reprecipitated three
times from acetone solutions with methanol.

Acetone (Merck, p.a.) and n-hexanone-2 (Ega-Chemie, 99%) used
for the irradiations were fractionated using a splitting tube column
(Fischer, Bonn).

{b) Refractive Index Increments. The refractive index incre-
ment of PMMA in n-hexanone-2 was measured with the aid of an
Brice-Phoenix differential refractometer at 25 °C: {dn/dc) = 0.098
ml/g, dn/dc = 0.134 ml/g for PMMA in acetone, and (dn/dc) = 0.137
ml/g for PMMA in acetonitrile was taken from the literature.!!

(c) Sample Preparation. In order to carry out irradiations in the
absence of oxygen polymer solutions were bubbled with Ar containing
1 ppm Os. In order to establish well-defined O2 concentrations,
samples were bubbled with argon-oxygen mixtures which were ob-
tained by combining the two gases in a mixing device containing an
“endOmess” instrument (Friedrichsfeld) in front of the exit for
continuous Oy analysis. O, concentrations were calculated on the basis
of 1.14 X 1072 M O being equivalent to a pressure of 1 atm at 25
°C.5
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Figure 1. Oscilloscope traces obtained with acetone solutions at 24
°C demonstrating the fast and the slow decrease of light scattering
intensity. [PMMA] = 1.4 X 102 base mol/l; absorbed dose per pulse
= 4,8 X 10 rad; signal voltages = Ug = 595mV, UL, = 25 mV. (a) So-
lution saturated with purified argon; (b) [02] = 1.2 X 103 M; (c) [O3)
= 1.0 X 1072 M; (d) fast LSI decrease, time-resolved, [Os] = 1.0 X 102
M.

(d) Irradiation of Samples. The irradiations were performed with
an L-band linear accelerator (Vickers). The sample cell was attached
to a flow system. Details of the light scattering measurements have
been reported elsewhere.!=? An argon-ion laser from Spectraphysics
was used as the light source. The LSI was measured at an angle of 90°
with respect to the primary light beam. The signal of the photomul-
tiplier was fed into a Tektronix plug-in 7A22 and displayed on a
Tektronix storage oscilloscope 7613. A Tektronix time base 7B53A
was used.

(e) Dosimetry. The dose absorbed per pulse was determined with
the Fricke dosimeter using Os-saturated dosimeter solutions (G (Fe?t)
= 13.09). The dose per pulse was varied between 2 X 104 and 4 X 104
rad. The average number of scissions per macromolecule based on
G(8) = 2.0 was in all cases smaller than 0.5.

Results

(a) Influence of Oxygen. Figure 1 shows oscilloscope
traces obtained during typical experiments in acetone solu-
tion.

The traces shown in Figure la—c demonstrate that two
modes of LSI change exist. The slower decaying component
can be seen to be influenced by oxygen. If the oxygen con-
centration was sufficiently high the slow LSI decrease was
completely suppressed and the LSI decreased only by the fast
mode as shown in Figure 1c. In Figure 1d the time resolved
LSI decrease according to the fast mode is presented. The
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Figure 2, Reciprocal lifetime of the slow LSI decrease as a function
of oxygen concentration. PMMA in acetone solution (1.4 X 1072 base
mol/l.). T = 24 °C. Absorbed dose per pulse 4.8 X 10* rad.
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Figure 3. The influence of oxygen on the degree of degradation. Plot
according to eq 7. Same experimental conditions as during experi-
ments demonstrated in Figures 1 and 2.
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Figure 4. Oscilloscope traces obtained with oxygen-free acetone so-
lutions at 22 °C demonstrating the influence of CsH;SH on the change
on LSI. [PMMA] = 1.25 X 102 base mol/l; absorbed dose per pulse
= 4.8 X 10* rad; signal voltages = Uy = 855 mV, UL, = 43 mV. (a) No
additive; (b) [CsHsSH] = 2 X 1072 M; (c) [CoHsSH] = 1 X 10-1 M.

lifetime of the fast decrease is about 20 us. The lifetime of the
slow mode became shorter upon increasing the oxygen con-
centration.

Figure 2 shows the reciprocal lifetime of the slow LSI decay
plotted as a function of the oxygen concentration. From the
slope of the straight line in Figure 2 the quenching rate con-
stant kg, = 8 X 108 M~1 s~! was obtained.

From the change in the degree of degradation with in-
creasing oxygen concentration ko, = 1.2 X 107 M~1! s=1 was
estimated by plotting «. g as a function of oxygen concen-
tration according to eq 7. The respective plot is shown in
Figure 3. The slope of the straight line amounts to 7.1 X 104
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Figure 5. The dependence of the lifetime on the concentration of
CyH;SH. Same experimental conditions as in experiments demon-
strated in Figure 4.
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Figure 6. The influence of CoH5zSH on the degree of degradation. Plot
according to eq 7. Same experimental conditions as in experiments
demonstrated in Figure 4.

M- ko =170 s~! was used for the evaluation of k(,. The two
values of kg, agree fairly well within the error limit.

(b) Influence of Thiol. The addition of small concentra-
tions of ethanethiol to solutions of PMMA in acetone leads
to a suppression of the slow LSI decay leaving the fast decay
unchanged. Typical oscilloscope traces are shown in Figure
4. The decrease of the lifetime 7 with increasing thiol con-
centration is presented in Figure 5a. From the plot of 7~! vs.
the thiol concentration (Figure 5b), the quenching rate con-
stant, kconssy = 2.7 X 104 M~1 5™, was obtained. A similar
value (kc,H,sn = 2.3 X 10* M1 s71) was evaluated by plotting
the degree of degradation as a function of thiol concentration
according to eq 7 as shown in Figure 6.

(¢) Experiments in n-Hexanone-2 and Acetonitrile.
Several experiments were carried out in hexanone solution.
The viscosity of n-hexanone-2 (0.73 ¢P at 26 °C) is signifi-
cantly greater than that of acetone (0.31 cP at 26 °C).
Therefore a diminution of the lifetime of the slow LSI decrease
was expected if the respective process would correspond to
diffusion. However, it was found that the lifetime of the slow
decay was the same (within the error limit) for both solvents.
Thus, it is concluded that the slow LSI decay is correlated to
the lifetime of an intermediate whose decay leads to bond
scission in the main chain of the macromolecule.

Due to the relatively low refractive index increment in
hexanone-2 the signal-to-noise ratio was not as good as in the
case of acetone solutions. Therefore, the fast decaying portion
of the LSI decrease could not be resolved sufficiently well in
order to recognize a dependence of the lifetime of the fast LSI
decay on microviscosity.

For solutions of PMMA in acetonitrile (n = 0.345 cP at 25
°C) the decay constant determined for the slow decay was &
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= 160 s~1. This is about the same value as found in acetone
solutions.

Discussion

The results demonstrate that the slow LSI decay is in-
fluenced by oxygen and ethanethiol. The lifetime of the slow
LSI decay decreases with increasing concentration of the
additive in a way expected if the additive reacts with the in-
termediate whose decay is leading to main chain rupture. An
analogous conclusion is arrived at by considering the depen-
dence of the degree of degradation on the additive concen-
tration. Thus, it is concluded that the observed slow mode of
LSI decay corresponds to the lifetime of an intermediate. It
is assumed that this intermediate is a lateral macroradical.
The rate constant kg, ~# 1 X 107 M~1s~1 found in this work is
of the same magnitude as the value estimated by Schulz and
Henrici” for the reaction of oxygen with end group macrora-
dicals of PMMA formed during the polymerization of MMA
(kog, = 107 M~15~1 at 50 °C).

Rate constants kg for the reaction of thiols with macrora-
dicals have been determined by investigating the polymer-
ization of monomers at various thiol concentrations.® kg was
derived from the ratio ks/k, (k, being the rate constant of
propagation). Values reported for the reaction of macroradi-
cals of different monomers with n-butylmercaptan range from
5X 102 to 2 X 105 M~1 s~1.8 Those results demonstrate that
there is no simple universal order of reactivity. The radical
reactivity depends strongly on the substrate and probably also
on the structure of the thiol. More recent investigations
employing the method of pulse radiolysis (optical detection
method) yielded rate constants in aqueous solutions of 107 to
108 M1 s~! for the reaction of low molecular weight radicals
(-CH30H, etc.) with simple thiols (cysteamine, H,NCH,-
CH.-SH,? HOCH,CH,SH!9). Radicals of polyethylene oxide
(M, = 20 000) react with cysteamine in aqueous solution with
kg =5 X 105 M~1 s~1.8 It turns out that it is not possible to
compare in a straightway manner the value found in this work
(1 X 10* M~! s71) with literature data.

In conclusion it can be seen that pulse radiolysis in con-
nection with the light scattering detection method allows in
principal the following of the kinetics of the decay of macro-
radicals (or other intermediates) whose decay leads to mean
chain rupture. It has been pointed out that this holds for all
cases where the lifetime of the intermediate is significantly
longer than the diffusion time of macromolecular frag-
ments.
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