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ABSTRACT

The behavior of the primary radicals ,formed from the random scission of
anionically polymerized poly(methyl methacrylate),PMMA, during thermal
degradation is investigated by a theoretical and experimental study. The
theoretically calculated relationship between the degree of polymerization
and the conversion agrees well with the experimentally determined
relationship i the random scission produces one polymer radicul and one
polymer molecule with an unsaturated bond at a chain end. It isproposed that
the primary radical rearranges to form the polymer molecule with rhe
unsaturated bond at a chain end. Two different degradation paths for this
rearrangement are proposed via f3 scission at the C—-C bond of the pendant
group instead of B scission, as previously thought, at the backbone C—C
bond. The products from the proposed degradation parhs are CO, CO,,
CH,OH, and CH,. The products for anionically polymerized PMMA
samples with three different values of initial molecular weight are measured
by a mass spectrometer. The quantities of CO and CO, are observed to
decrease with an increase in initial molecular weight. This confirms that the
two proposed degradation pathsfor the thermal degradation of PMMA are
quite plausible.
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INTRODUCTION

In our previous study,' the effects of initial molecular weight on the thermal
degradation of anionically polymerized PMMA were studied by close
coordination between theoretical modeling and experimental data in order
to improve the understanding of the complex thermal degradation
mechanism. This well characterized polymer was selected so that
theoretically calculated results using known parameters could be quanti-
tatively compared with experimental data. In the previous model the same
depropagation rate via B scission from both primary and tertiary radicals
generated from the random scissionat backbone C—C bonds was assumed.
Although the theoretically calculated activation energies for a global
reaction based on weight loss rates agreed reasonably well with the
experimentally determined activation energies, the theoretical estimates
showed an inconsistency in the prediction of the value of the average zip
length and also did not agree well with the experimentally determined weight
loss rates as a function of temperature under dynamic heating conditions.
Sincethe calculated results were reasonably closeto the experimental data, it
is expected that the modification is not a major one. After the degradation
scheme was reviewed, the assumption of equal reactivities of the primary
radicals (R,) and tertiary radicals (R,)

CH, CH, CH,
——CHz—{?—CHZ——+ —431f—#'+-CH2—4%—
90 ?o go
OCH, OCH, OCH,;
(R,) (R,)

which are formed after the random scission at backbone C—C bonds, was
discussed. A similar question was raised for the degradation of poly(a-
methylstyrene), PeMS,? and polystyrene, PS.? In these previous studies, two
possible degradation paths were considered for the two radicals formed
from the random scission initiation: (1) disproportionation termination
between the two radicals to form two polymer molecules,® and (2)
intermolecular abstraction of hydrogen by the primary radical and g
scission from the tertiary radical.> Since there is no benzene-induced
resonance stability and no tertiary hydrogens in the PMMA structure, the
above proposed second path for the primary radical may not occur during
the degradation of PMMA. The first path may occur because it is known
that the disproportionation termination occurs during the radical
polymerization process of PMMA.* This point is pursued in this study in
order to clarify the behavior of the primary radical.
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This study consists of three parts: first, an elucidation of the behavior of
the primary radical; secondly, a theoretical calculation of changes in
molecular weight distribution and weight loss rates based on the above
elucidation and a direct comparison of the calculated results with
experimental data; and, thirdly, an experimental confirmation of the above
elucidation.

PROBABLE BEHAVIOR OF THE PRIMARY RADICAL

The probable behavior of the primary radical created from the scission at
backbone C—€ bonds iselucidated in this section. The previously measured
relationship between the number average degree of polymerization of the
sample residue, X/X, (X, is the initial number average degree of
polymerization), and the conversion, 1 — W/W, (W, is the initial sample
weight), for three different initial molecular weights of anionically
polymerized PMMA samplesis shown in Fig. 1.! The first model (ModelI),!
based on equal reactivities of the primary and tertiary radicals, can be
expressed as:

M,—>R,_ TR, (1)

where M, is a polymer molecule with a degree of polymerization of » and R,
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Fig. 1. Normalized number average degree of polymerization of the sample residue plotted
against the conversion, | — W/W,, at various temperatures. The solid line is45 diagonal linc.

(X, value A: 315, B: 1250, C: 5690).
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isa polymer radical with a degree of polymerization x. The calculated results
based on this reaction scheme underestimate the relationship between the
number average degree of polymerization and the conversion for the lowest
initial molecular weight PMMA sample, sample A.! This suggests that at
least one polymer molecule would be formed to reduce the degree of
polymerization. There are two possible reaction schemes to generate one or
two polymer molecules:

M,—> M, . +R, )
M,> M, T M} 3)

where MY is a thermally less stable polymer molecule than M, and it
contains a weak linkage such as an unsaturated bond at the polymer end.*
The reaction scheme (3) could be considered to be the result of a
disproportionation termination reaction between the primary radical and
the tertiary radical similar to the case for PS.3 At this moment, the detailed
reaction scheme for reaction (2)is not speculated upon and it is considered
merely to be an artificial reaction scheme which creates one molecule and
one radical from the scission.

The model based on reaction scheme (2) with depropagation and
termination reactions is developed for the calculation of changesin degree of
polymerization and weight of a sample residue. The detailed derivation of
the model is described in the Appendix of this paper. The calculated results
for the relationship between changes in degree of polymerization and
conversion are shown in Fig. 2. As derived in the Appendix, as Z/X, — o,
where Z/X, is average zip length (Z is the ratio of depropagation rate to
termination rate), the relationship becomes

which shows that the relationship based on reaction scheme (2) does not
cross over the 45° diagonal line for any value of Z/X,. Since more polymer
molecules are generated from reaction scheme (3) than from reaction scheme
(2), itisexpected that the relationship between the number average degree of
polymerization and the conversion calculated with reaction scheme (3)
should be lower than that with reaction scheme (2) in Fig. 2. Furthermore, it
cannot cross over the 45" diagonal line for any value of Z/X,. The
experimentally obtained relationship shown in Fig. 1 indicates clearly that
this relationship for sample A (X, =315) crosses over the 45° diagonal line.
The value of Z/X, for sample A is estimated to be between 5 and 10.
Therefore, it is concluded that the two reaction schemes (2) and (3) do not
contribute appreciably during the thermal degradation of PMMA.

Since the relationship calculated with reaction scheme (1) for sample A
overestimates the experimentally obtained relationship and that with
reaction scheme (2) underestimates it, it appears that the correct reaction
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Fig. 2. Theoretically calculated normalized number average degree of polymerization of
the sample residue plotted against the conversion at various values of Z/X, and X,. One
polymer molecule and one polymer radical are formed from the random scission in this
calculation.

scheme should be a combination of the two reaction schemes. The correct
reaction would be of the form:

M,—>M¥ TR, (4)
This reaction appears to be similar to the intermolecular abstraction of
hydrogen by the primary radical during the degradation of PxMS,? but quite

a different reaction is considered for the subsequent behavior of the primary
radical of PMMA such as:

.
—CHZ—ClﬁHZC- — —CH,—C—H,C-+ -C‘O
$o OCH;
OCH,
— —CHz*(i+CO+ -OCH, (5)
CH,
or
CH,
|
—> —CH,—C + CO, +-CH, (6)

I
CH,
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The above reaction is the scission at the weakest f location on the primary
radical site instead of at the backbone C—C bond as in reaction scheme (1).
It is estimated that the activation energy of the above g scission is about
10kJ/mol (2-3kcal/mol) less than that of the p scission at the backbone
C—C bond? The radicals -:OCH; and -CH, might abstract hydrogen to
form CH,OH and CH,, quench atwalls, or evolve without further reactions.
For PaMS, the above proposed g position from the primary radical site is
—C—Ph whichismore stable than the proposed g scissionfor PMMA due to
the resonance effect of the benzene ring. Therefore, the proposed f scission
would not occur for PaMS. For PS, intermolecular or intramolecular
hydrogen transfer is favored over the proposed S scission due to the
existence of tertiary hydrogens and the resonance stability of the benzine
ring in the PS structure. The model based on the proposed B scission is
described in the next section and is used to calculate changes in molecular
weight and conversion during the thermal degradation of anionically
polymerized PMMA samples.

THE MODEL BASED ON THE PROPOSED REACTION SCHEME
(MODEL 11)

The proposed model is:

M, L5 M* + R, initiation
k

M} —— R, end initiation
R, Lo R,_, T M, depropagation
R, s M, first order termination
or R, TR, L M,TM, second order termination

where k,,, ki., kqp, K, ,, and k,, are rate constants for random initiation, end
initiation, depropagation, first and second order termination reactions,
respectively. Similarto Model I, monomer is evolved in thismodel, as are the
radicals -OCH, and -CHj. Then, the governing equations are:

d[MV/dr = —k(n — DIMTV +kBIR,IV Q)

d[MXV/dt = —k, [M¥]V —k;,(n — )[M*]V Tk, z M1V (8)

i=n+1
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d[R,JV/dt =k, [M¥IV Tk, Z (M 1V

i=n+1
+ k(R IV = [RIV) — kB[R, IV 9)
d{R IV/dt =k, [R, IV + kirZ M1V — kLR, IV (10)
n=2
where:
1 for first order termination

h= Z[Ru] for second order termination
n=1

[M,]=[M]+[MF]

where [ M,’] denotes the concentration of polymer molecules with a degree
of polymerization n without a double bond at the chain end and [ A7 ¥] is the
polymer molecule concentration with a double bond at the terminal end of
the chain. Correspondingly, [R,] is the Concentration of polymer radicals
with an nth degree of polymerization. Vis the volume of the sample residue
during the degradation. The addition of eqn (7) with eqn (8) gives:

diM, V/dt = ki [MFIV —ky(n — DIM, 1V + k;, Z M1V +kpIRIV
i=n+1
(11)
Then, the rate of change in sample volume becomes:

oL

dv/de = (d Zn[M,,]V/dt) (mo/p) (12)

n=2

where p is the density of the sample which is assumed to be a constant during
the degradation and m, is the molecular weight of a monomer unit.
Multiplying by p on both sides of eqn (12), the rate of change in the sample
weight can be determined. As discussed in detail in our previous study,' the
assumption of steady-state radical concentration is quite reasonable for the
thermal degradation of the above three PMMA samples. Then, the steady-
state radical concentration can be derived from eqgns (7) and (8) with the
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steady-state form of eqn (9) as:

ZpeZ' z N
[R]_(1+Z) [( +Z> [M"]]

j—(n+1)
atn ) [(5) " Yma] o

j=n+1

where:
Z=k,/kB) Z' =k, JkP)  Zp=ki/ks

Substituting the above expression of [R,] into egns (8) and (11), they
become:

AIMXIV/dt = Z,o, [M¥IV—(n — Y[ M1V + 2 M1y (14)
i=n+1
d[Mn]V/d[ :Zper[M:]V —(I’l - 1)[Mn] \Y

[co) [ee]

Zper Z i—n .
+ Z [M"]V+(1+Z)__ [1+z] [METV

i=n+1

1 ~ Z j—(n+1) -
17z [{1+z} Z[M"]V} (13)

j=n+1

The initial molecular weight distribution of the sample must be specified
in order to solve the above differential equations. In this study,
experimentally determined number average molecular weights for the three
samples expressed by a logarithmic normal distribution are used as an initial
condition. For the integration of the ordinary differential equations of eqns
(12),(14), and (15), the integral method of Shampine® is used. The maximum
lengths of polymer molecules and radicals are assumed to be ten times that
of the initial degree of polymerization instead of infinity as described in the
above equations.

In Model | (reaction scheme (1)), the degree of polymerization and the
weight of the sample can be determined with only one parameter, Z, by
solving the non-dimensionalized differential equations.” However, in Model
11, the additional parameter, Z,,,, is needed as described by eqns (14) and
(15). Therefore, the determination of kinetic constants for the two
parameters, Z and Z,,,, in Model I becomes more complex than that in

pers
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Fig. 3. Theoretically calculated normalized degree of polymerization plotted against Z,,,, at
various values of Z/X, for sample C.

Model I. Since Z and Z ., are defined by kinetics only (Z =k,/(k.f), Z,., =
k.. /k;), at the same degradation temperature the values of these parameters
should be equal to each other for the same value of conversion, regardless of
the initial molecular weight of the sample.

It is demonstrated here how to determine the unique pair of Z and Z,,,,
values using the experimental results shown in Fig. 1. In order to obtain the
relationship between Z and Z,,,, first the relationship between X/X,, arid
Z,., forvarious values of Z/X, is calculated for each sample. Typical results
of this relationship are shown in Fig. 3 for sample C for a conversion of 0-4. If
the value of X/X, is determined from the experimental data with the same
conversion for each sample, three pairs of corresponding values of Z/X,, and
Z ., an be determined by using the three curves shown in Fig. 3. At 327°C
the value of X/X, for sample C at a conversion of 0-4 is 0.26 as determined
from the results shown in Fig. 1. Three pairs of the corresponding values of
Z/X,and Z,,, are (0.3,190), (0-25, 1030), and (0-2, 19000).The value of Z can
be determined from the known value of X, (5690 for sample C). Then, the
relationship between Z and Z,,, can be plotted as shown in Fig. 4. The same
procedure is repeated for samples A and B for a conversion of 0.4 and a
temperature of 327°C. The relationship obtained for each sample is shown in
Fig. 4. If the scatter in data is much less than those shown in Fig. 1, the three
curves should meet at one point corresponding to the unique pair of Z and
Z,., values. (Therelationship between Z/X, and Z,,,, is very sensitive to the
experimentally determined value of X/ X, as shown in Fig. 3.) The value of
500 for Z,,, and the corresponding value of 1500for Z are selected from the
results shown in Fig. 4 at a temperature of 327°C and a conversion of 0-4.

Although the same procedure can be repeated for various other
temperatures described in Fig. 1, another approach is used to determine the
pairs of Z/Xx, and Z,,, values at different temperatures using the above
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Fig. 4 Theoretically calculated number average zip length plotted against Z,,,, for the three
samples at 327°C.

determined value of Z,,, at 327°C. This approach avoids the use of the
relationship between Z/X, and Z,,, which is highly sensitive to X/X,.

As defined in the beginning of this section, Z,,,, ( =k./k;,) is the ratio of the
end initiated rate constant to the random scission initiated rate constant.
Although it is difficult to estimate the absolute rate of the end initiation, the
activation energy of the end initiation with respect to that of the random
scission initiation can be estimated with reasonable accuracy from the
difference in bond strength between the two initiations. It is estimated that
the activation energy of the end initiation (by g scission) from the double
bond at the chain end is about 33kJ/mol (8 kcal/mol) less than that of the
random scission initiation.® Then, Z,,, can be expressed as:

Zper = kie/kir = Aie/Air exp {(Eie - E")/RT} = C exp (8000/RT)
The value of the ratio of the two pre-exponential factors, C, for Z,,, can be

determined from the above determined value of Z,,, (=500)at 327°C.Then,
it becomes:

Z,,. =06 exp(8000/RT) (16)

Using this relationship, the effects of Z,,, on the relationship between X/.X,,
and Z/X, and also between t(t =k, ) and Z/X, can be obtained and the
results are plotted in Figs. 5(a) and 5(b), respectively. These results show
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Fig. 5. Theoretically calculated relationships for sample C at various values of Z,,; (a)
normalized number average degree of polymerization vs normalized average zip length, and
(b) non-dimensionalized time vs normalized average zip length.

slight effectsof Z,,,, on both relationships asexpected from the results shown
in Fig. 3.

The values of k;, and Z for each degradation temperature are determined
as follows: (1) the value of X/ X, at the conversion of 0-4 is determined from
the experimental results shown in Fig. 1 at the specific degradation
temperature, (2)the value of Z,,, at the specific degradation temperature is
calculated from eqn (16), (3) using Fig. 5(a), the value of Z/X, corresponding
to the above value of X/X,, is determined with the value of Z,,, (4)the value
of k;,¢ corresponding to the values of Z/X, and Z,,, is determined from Fig.
5(b), and (5)heating time, t, for the conversion at 0-4 is determined from the
experimental results in a figure similar to Fig. 2 of our previous study.” This
procedure is repeated at each different degradation temperature correspond-
ing to that shown in Fig. 1at the same conversion. The Arrhenius plots of &,
and Z determined from the above procedure are shown in Fig. 6 for samples
A and C. Thereisa slight difference in the plots for k,, and Z between the two
samples, but the agreement between them is much better than that frorn
Model 1,” especially for Z. The kinetic expressions for Z and k,, are chosen
from sample C as:

k,, =22 x 10 exp(—68000/RT) (17)
Z =0-18exp (11 000/RT) (18)

The activation energy for &, is almost the same in both Model | and Model
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Fig. 6. Theoretically calculated Arrhenius plots of random scission initiation rate and of
average zip length for samples A (X, =315) and C (5690).

IT while the activation energy for Z determined from Model IT isabout 40%
larger than that determined from Model | (activation energies in eqns (17)
and (18) are in kcal/mol).

The estimated value of the bond dissociation energy for the rupture of the
backbone C—€ bond for small molecules (gases)having a structure similar
to PMMA is about 326 kJ/mo! (78 kcal/mol) which is about 42klJ/mol
(10kcal/mol) larger than the activation energy described by eqn (17).
Although there is steric strain on the bonds caused by rigidity and
conformation of the polymer molecule compared with small molecules,
rearrangement of the primary radical also occurs. It is not clear at present
what causes such a large difference in activation energy of the scission
between the polymer molecule and small molecules.

The theoretically calculated relationships between X/X, and the
conversion based on the two models are compared for samples A and C at
different degradation temperatures and the results are shown in Fig. 7.
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Fig. 7. Comparison of theoretically calculated relationships of normalized degree of
polymerization with the conversion between Model | and Model II.

Although there are little differences in the results for sample C between the
two models, the difference in the shape of the curve for sample A should be
recognized. The curve for sample A based on Model | shows a monotonic
decrease in X/X, with a decrease in conversion for temperatures at 312°C
and 360°C. However, the curve for sample A based on Model II initially
shows a large drop in X/X|, close to the 45" diagonal line followed by a slow
drop in X/ X, with a decrease in conversion away from the diagonal line. The
experimentally determined relationships for sample A shown in Fig. 1show
exactly the same trend as calculated with Model II.

The relationship between the polydisperity of the sample residue and the
conversion is calculated with Model II at the degradation temperature of
327°C for the three samples and the results are compared with those
calculated with Model I." Figure 8 shows that the results calculated from
Model II are not significantly different from those calculated from Model |
and both calculated results agree reasonably well with experimental data.

TABLE 1
Sample Material Characteristics

Sample Xo Polydispersity Tacticity (%) Manufacturer’s
—_— designation®
1 H S
A 315 1-1 48 388 564 PM4-1
B 1250 1.1 3.8 385 576 PM3-3
C 5690 1-15 43 37.7 580 PM-33

“ Pressure Chemical Co., Pittsburgh, PA.
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Fig. 8. Comparison of calculated change in polydispersity with the conversion at 327°C for
the three samples with the experimental results (X, value A: 315, B: 1250, C: 5690).

In order to further examine the validity of the model, the theoretically
calculated derivative thermogravimetry analysis, DTG, based on Model IT is
conducted for the three samples and their results are compared with the
experimental data. Since the DTG analysis covers a wide range of
temperatures, this examination might be more rigorous than that for an
isothermal heating analysis. It is also important to demonstrate that the
model calculation can be extended to dynamic heating which is becoming
more common. The comparison of the DTG curves with the experimentally
determined data isshown in Fig. 9. Both the theoretical and the experimental
results show qualitatively that the maximum rate of degradation occurs at
the higher temperature for the sample with smaller initial molecular weight
and also that the peak value in weight loss rate decreases with the larger
initial molecular weight. The differencein the temperature at the maximum
rate of degradation between the calculated results and the experimental data
is very small, a maximum of 4°C for sample A. This difference is much less
than that calculated from Model | which is about 15°C." A detailed
discussion of the effects of initial molecular weight on peak height and peak
temperature is given in our previous work.'

The activation energy of the global weight loss reaction is determined by
the relatively simple but useful Kissinger's method.” According to the
expression derived by Kissinger:

In(¢/T5) =In(nRAW,)"~'/E) — E/RT,,
where ¢ is the heating rate in the DTG analysis, T, is the temperature at the
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maximum rate of weight loss, A is the pre-exponential factor, W,, is the
weight of the sample at the maximum rate of weight loss, and n is the
apparent order of the reaction with respect to the sample weight.
Experimentally determined values of 7,, and theoretically calculated values
of T,, based on the two models are listed in Table 2 for the three samples at
different heating rates. The value of Ecan be determined from the slope of a
plot of In (¢p/T?) versus 1/T,, at various heating rates without specifying the order
of the reaction. Experimentally derived Kissinger plots for the three samples

TABLE 2
Temperatures at Maximum Weight Loss Rate ( C)
¢ (°C/min) Sample A Sample B Sample C
Tm e Tm( Tm € Tm(‘ Tm (g Tm c
Model Model Model
I 17 1 1 7 I
5 379 368 375 367 359 365 356 355 359
3 373 361 350
2 368 357 364 356 347 354 345 344 347
1 359 349 356 348 339 345 337 335 339
0.7 355 345 352 344 335 342 333 331 335

0.5 351 341 348 341 331 338 330 327 331
7,.: Experimental data
T,,.: Calculated results.

e
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Fig. 10. Comparison of Kissinger plots of the three samples between the theoretical
prediction and the experimental data (X, value A: 315, B: 1250, C: 5690).

are shown in Fig. 10together with the theoretically calculated results based
on the two models. The calculated results based on Model II agree with the
experimental results much better than those based on Model I. The values of
activation energy determined from a best fit of these plots are summarized in
Table 3. The effects of initial molecular weight on the activation energy of the
global weight loss reaction were discussed in detail in our previous study.'
The accuracy of the results calculated by Model II is further demonstrated
by comparing the calculated DTG curves with those determined by
experiments for different heating rates. A typical comparision is shown in
Fig. 11. The calculated DTG curves agree reasonably well with the
experimental data over a wide temperature range for different heating rates.

It has been demonstrated that Model II can calculate: (1) a consistent
value of Z for samples A and C, (2) the relationship between X/X, and

TABLE 3
Activation Energies of Global Weight Loss Reaction
Sample Experimental data Theoretical results
kJ/mol (kcalfmol) kJ/mol (kcal/mol)
Model | Model Hi
A 265 (63) 272 (64.9) 270 (64.5)
B 265 (63) 258 (61:6) 266 (63.6)
C 250 (60) 244 (58.4) 248 (59.2)
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Fig. 11. Comparison of calculated DTG curves of sample C with experimental DTG
curves—effects of heating rate.

conversion which agrees with the experimental data better than that
calculated by Model I, and (3) the Kissinger plot and the DTG curve which
agree with the experimental data better than those calculated by Model I.
Therefore, the above results strongly suggest that depropagation from the
primary radical during the thermal degradation of PMMA proceeds via the
f scission as described by eqns (5)and (6)instead of the previously thought g
scission at the backbone C—€ bond (reaction scheme (1)). However,
experimental proof at the occurrence of degradation products is required in
order to show that the pathway is plausible. The unique degradation
products from this degradation path are CO, CO,, and possibly CH, and
CH;OH. It is expected that these products are not generated by reaction
scheme (1). The experimental study to confirm the g scission described by
eqns (5)and (6) is described in the next section.

EXPERIMENTAL APPARATUS

A schematicillustration of the experimental apparatusis shown in Fig. 12.A
25mm (I1D)vycor tube with one closed end was connected to a Pyrex coil
(24m long) which was submerged in an ethanol dry-ice cold bath
maintained at 198 K. The coil was connected to a quadrupole mass
spectrometer. An auxiliary vacuum pump was plumbed in parallel with the
mass spectrometer. The central portion of the vycor tube sat inside an
insulated cylindrical furnace. Temperature inside of the furnace was
monitored by a chromel/alumel thermocouple located on the outer portion
of the vycor tube, inside the furnace.
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Fig. 12. Schematic illustration of the experimental set up for the products analysis.

Experimental procedure

Finely ground PMMA samples (3-:0 + 0.2mg of A, B and C) held in a pre-
baked aluminum dish was placed into the center of the vycor tube. The tube
was evacuated by the auxiliary vacuum pump at room temperature. When
the pressure was steady at about 1millitorr the auxiliary pump was closed
and the mass spectrometer was put on line. A pressure 0f 9-0 x 10~ torr was
achieved inside the mass spectrometer.

Methane, carbon monoxide, carbon dioxide and methyl methacrylate
were observed at mass to charge ratios of 16, 28,44 and 100,respectively. The
measurement of methyl methacrylate was intended to test the collection
efficiency of the cold trap. Methanol, another possible degradation product
in the proposed degradation reaction path, was not measured because it was
collected in the cold trap. Carbon monoxide was observed at an ionization
energy of 14-8eV. This ionization energy was chosen in order to avoid
background signal from leaking ambient nitrogen whose ionization
potential was 15-6¢eV.® The other species were observed at an ionization
energy of 20eV. The mass spectrometer and data collection functions were
controlled by a microcomputer. The observed signal from the mass
spectrometer was averaged for 5s for each mass. Sets of masses were
observed about every 30s. Data collection was terminated after about
30 min when observed concentrations of CO and CO, became near zero.

The furnace heater was turned on and the temperature was monitored
during the experiment. The time—temperature history in the furnace is
shown in Fig. 13. It was identical for each of the samples studied, increasing
monotonically from room temperature to about 420°C in 10 min and then
being held constant. The pressure in the vycor tube was about 1millitorr
during the experiment.

A cold bath (198 K) was tested for its ability to trap CO,. Carbon dioxide
(50ppm to 800ppm) in nitrogen was measured by the mass spectrometer
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Fig. 13. Experimentally determined product measurement with heating time for the three
samples (X, value A: 315, B: 1250, C: 5690).

with and without the cold trap in place. No diminution in mass spectrometer
signal was observed with CO, passing through the cold trap.

In order to insure that the experimentally observed CO and CO, were not
room temperature monomer fragments, a monomer sample was placed in
the Pyrex tube and detected by the mass spectrometer without the cold trap
in place. Copious quantities of monomer were detected but no CO or CO,
signals were observed. Similar concerns regarding the possibility of CO,
fragmentation leading to CO detection were negated by a value of the
appearance potential of CO from a CO, source as 29¢V.® This was
experimentally verified by introducing CO, into the mass spectrometer at
14-8eV and not being able to detect a CO fragment signal.

Calibration of the mass spectrometer for carbon dioxide, carbon
monoxide, and methane was achieved by microprobe sampling of gas
mixtures flowing at atmospheric pressure and room temperature.' Relative
concentration ratios among the three gases were determined from the
calibration.

EXPERIMENTAL RESULTS AND DISCUSSION

Typical mass spectrometer outputs for CO, CO, and CH, are plotted as a
function of time after the start of heating of the furnace in Fig. 13. The
furnace temperature history is also included to show how product
concentrations change with temperature. The magnitude of each signal is
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corrected by using the calibrated relative concentration ratios among the
three gases. A limited number of CH, measurements were conducted to
detect CH, in degradation products. As predicted by the proposed
degradation path for the primary radical, all possible products of permanent
gases are obtained. Furthermore, measured amounts of CO and CO,
decrease with an increase in initial molecular weight of the sample, as
expected from the proposed degradation path. According to the proposed
pathway, with an increase in initial molecular weight, the incidence of the
initial random scission which generates primary radicals decreases and CO
and CO, concentration should also decrease. Since the possibility of
termination exists during the degradation' even for sample A (X, = 315) the
peak heights of CO and CO, do not change linearly with initial molecular
weight. The larger the initial molecular weight, the more termination tends
to occur. Because more primary radicals may be generated, the peak height
ratios among the three samples do not change quantitatively with initial
molecular weight.

Yields of CO and CO, with respect to the initial PMMA sample are
estimated by using the initial sample weight and by integration of CO and
CO, signals of the mass spectrometer shown in Fig. 13.The volume flow rate
through the tube is assumed to be equal to the capacity of the mass
spectrometer turbo pump. Since the volume flow rate tends to become
smaller with lower pressure, the yields may be overestimated. The CO and
CO, yields are listed in Table 4. Since one random scission generates CO or
CO, and many monomers by depropagation reaction before termination
occurs, the inverse of the total yield (CO and CO,) should be equal to the
average zip length (actual length instead of kinetically determined length).
For sample A, this value should be close to the initial degree of
polymerization. The values listed are about 200 (about 100each from CO
and CO,, respectively)and the initial degree of polymerization of sample A
is 315. With an increase in initial molecular weight, the probability of
termination increases and this length tends toward the kinetically defined zip
length(Z/X,, the average number of monomer units successively released by
propagation initiated from one random scission along the length of polymer
chain). As shown in Fig. 6, kinetically defined average zip lengths are about

TABLE 4
Yields of CO and CO, (mole ratio)
Sample COx1073 CO,x 1073
A 87 10.0
B 53 76
C 3.6 41
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1000-2000 depending on degradation temperature. The experimentally
determined inverse of total yields are about 350 and 550 for samples B and C,
respectively. Although the inverse of total yield is roughly a factor of two to
three smaller than the kinetically defined average zip length, their agreement
is quite reasonable considering the possibility of underestimation discussed
above for the inverse of total yield value (overestimation for total yield).

It appears that the reaction path described by egn (6) tends to occur
slightly more often than that by egn (5) and this trend becomes more
pronounced with sample C. It is not clear why the peak ratio of CO/CO,
decreases with an increase in the initial molecular weight and why the CH,
concentration is much lower than that of CO,. It is also interesting to notice
that the CO, peak appears earlier (lower temperature) than the CO peak for
all three samples. Although further studies are needed to clarify these points,
it is clear that the proposed degradation paths described by eqns (5)and (6)
are quite plausible.

CONCLUSION

A new degradation path from primary radicals generated from random
scission of PMMA is proposed to describe the behavior of the primary
radicals more correctly than the previously believed behavior of equal
reactivity between the primary and tertiary radicals. This degradation path
is via f scission at the pendant position instead of at the backbone position.
The theoretical results clearly indicate that the formation of one polymer
radical and one polymer molecule or the formation of one polymer molecule
and another polymer molecule with an unstable bond cannot explain the
experimentally determined relationship between degree of polymerization
and conversion shown in Fig. 1.

The two degradation paths as described by eqns (5)and (6)are observed to
be possible. The specific products evolved from the proposed degradation
paths are experimentally measured and their peak values decrease with an
increase in the initial molecular weight of the sample. The experimentally
determined values of the inverse of the total yields of CO and CO, for
samples with three different initial molecular weights agree reasonably well
with average zip lengths. These results strengthen the plausibility of the
proposed degradation paths.
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APPENDIX: THEORETICAL MODEL BASED ON REACTION
SCHEME (2)

As described in the section above headed ‘Probable Behavior of the Primary
Radical’, initiation reaction of this model is:

M,—>M +R,_,

The same reactions of depropagation and termination and the same
approximation as in Models | and I1 are also used in this model as described

in

the paper. The governing equations are:
diM,V/dt= —(n— )[M, ]V + 2 [M]V+ vZI—,[R,,]V (A-1)
i=n+1

AR,V /de = 2 (R, 1— [RDV + z (MY - RV (A2)

d[R1]V/dr=%[R2]V+ 2M0V—%[R1]V (A-3)
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where

o0

MO"Z[M] Mlzzn[Mn]

n=2

. (A-4)

Mz—z n*[(M,] RO—Z[R]

n=2

The numerical solution of the above equations is conducted for various
values of X, Z/X, and P, and also with different orders of the termination
reactions. Typical results are plotted in Fig. 2. Different values of P, and a
different order of termination reactions do not make any significant changes
in the results shown in Fig. 2.

Using the assumption of a steady-state radical concentration, the
following equation can be derived from the summation of eqn (A-2)with egn
(A-3):

R, =2Z'M, (A-5)

Using egn (A-4) and eqgn (A-5), eqn (A-1) can be written as:
(1 —Z)dM,V/dt —dM, V/dt = M,V +(Z - )M,V (A-6)

With the assumption of a steady-state radical concentration, the value of the
radical concentration can be derived from eqn (A-1) and the steady-state
form of egn (A-2) as:

l (n+1)
(R= g Z 1“5 Z[MJ] (A7)

j=n+1

With the same approximation as used in our previous study (eqn(36)),'° eqn
(A-1) becomes:

dM,V M,V

ar - MV TSz MMy (A-8;
By definition
X=M,/M,
S=(M;M,)/(MM,)=M,/M,X)

Then, egn (A-6) becomes:
(I —2)d(V/X)/de —dV/dt =y +(Z — 1)(V/X)

N N
(I—Z)d(L/X)/drk[ 1/X+1+ZZ/PX] V(1 —2Z) (A9
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From these equations, the following equations can be derived:
—dV/dv = ZSXV/(SX t+22) (A-10)
dXx/dt= —x2S(x +Z)/(Sx +22) (A-11)

By dividing eqns (A-10) and (A-11) by X,, for the limit of Z/X, — o the
above equation becomes:

dV/d(X/X,) = V/(X/X,)
The solution to this equation is:




