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Abstract

The kinetics and mechanisms of thermal degradation of poly(methyl methacrylate) (PMMA) have been studied to demonstrate the
usefulness of thermal analysis-Fourier transform infrared spectroscopy (TA-FTIR) as a qualitative and quantitative kinetic tool to study
the thermal degradation of polymers. From the dependence of the rate of thermal degradation of PMMA on molecular weight at low
degradation temperatures, it was concluded that thermal degradation was initiated by a mixture of chain end and random chain scission
initiation, followed by depropagation and first-order termination. Random scission is attributed to pre-oxidation of the polymer on storage at
room temperature. At higher temperatures, a change in molecular weight dependence was observed, related to depropagation to the end of the
polymer chain. The thermal degradation of PMMA also leads to the production of char, which was produced by the elimination of
methoxycarbonyl side-chains. The amount of char produced increased with increasing concentration of end-groups and temperature.
q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The thermal degradation of poly(methyl methacrylate)
(PMMA) has been the subject of numerous publications [1–
11]. PMMA is regarded as a polymer that depropagates to
monomer as a result of thermal degradation up to 5508C [1–
3]. Furthermore, the rate of thermal degradation has been
found to depend upon the initial degree of polymerisation
(D) of the polymer, the dependence of which has been used
to identify the mechanisms of thermal degradation [4–7].

It has also been reported [8–11] that some degradation
occurs by side-group elimination, leading to the production
of unsaturated products. It has also been claimed that side-
group elimination is a more dominant process than chain
scission initiation, due to the possibility of efficient recom-
bination of the caged radical chain ends [10,11].

In this study, the technique of thermal analysis-Fourier
transform infrared spectroscopy (TA-FTIR) [12] has been
applied to study the thermal degradation of PMMA, to
demonstrate its use as a qualitative and quantitative method

of studying thermal degradation. The main advantage of this
method over pyrolysis-gas chromatography is that not only
can the volatile products be analysed by infrared gas cell,
but the polymer residue can be monitored during thermal
degradation, and any significant changes in chemical
composition determined.

2. Kinetic analysis of the thermal degradation of PMMA

It is generally accepted [1–7] that PMMA degrades
predominantly by a depropagation process (as a reverse of
the polymerisation process), the rate of which is first-order
in weight loss, but this order is only accurately followed
with time over an initial period. Using FTIR spectroscopy,
the change in the number of monomer moles can be moni-
tored directly by changes in the absorbance (A) of charac-
teristic vibrational bands as shown below. From the Beer–
Lambert Law,

A� log
I0

I
� ecl

whereI0 is the intensity of the incident infrared beam at a
wavenumber at which a characteristic infrared absorption
occurs, I is the intensity of the infrared beam following
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absorption,e is the extinction coefficient for the character-
istic infrared absorption,c is concentration of material andl
is the thickness of sample through which the infrared beam
passes. The concentration of molecules,c� n=V; wheren is
the number of molecules in the system andV the volume.
SinceV � al; wherea is the area of sample through which
the infrared beam passes, then

A� enl
al
� e

a

� �
n

Therefore, ife /a remains constant for any particular experi-
ment, then it is a direct measure of the number of moles of
monomer in the sample.

If for the thermal degradation of PMMA, it is considered
that the depropagation process can be initiated both by chain
end and chain scission initiation, termination is a first-order
process. Assuming a stationary state in the rate of change of
radical concentration with time, the following relationship
[7,13] can be derived for the first-order rate constant for the
observed rate of degradation,k(obs),

k�obs� � ki

D
1 2k 0i

� �
kd

k 0t
�1�

whereki is the first-order rate constant for chain end initia-
tion, k 0i is the first-order rate constant for chain scission
initiation, kd is the first-order rate constant for depropaga-
tion, k 0t is the first-order rate constant for termination andD
is the degree of polymerisation. Hence, a plot ofk(obs)versus
1/D for a range of molecular weights should be linear, with a
slope and intercept related to the rate of chain end initiation
and the rate of chain scission initiation, respectively.

If termination is by a bimolecular process, termination is
a second-order process, and it can be shown that

k�obs� � ki

D
1 2k 0i

� �
kdu1=2

�2ktr�1=2
�2�

wherekt is the rate constant for second-order termination,u
is the molecular weight of the repeat unit andr is the

density of the polymer for a given temperature. Therefore,
a plot ofk(obs) versus 1/D1/2 should be linear.

Alternatively, if the kinetic chain length of the depropa-
gation process is the same or greater than the length of the
polymer chains, a radical can depropagate to the end of the
polymer chain, termination will be volatilisation of the resi-
dual radical. In this case the rate of depropagation, and
hencek(obs), is proportional toD.

3. Experimental

3.1. TA-FTIR

The apparatus for TA-FTIR spectroscopy was a combina-
tion of a Nicolet 760 IR-Magna infrared spectrometer, and a
Linkam 600 microscope hot-stage unit placed in the beam of
the spectrometer. The hot-stage unit, was fitted with barium
fluoride windows suitable for infrared spectrometry in the
range 4000–740 cm21, and was purged for 30 min with
argon (300 cm3 min21) prior to each experiment. The
same flow of argon was maintained throughout the experi-
ment. The temperature of the hot-stage was calibrated with
the melting points of KOH and NaOH. Isothermal tempera-
tures between 340 and 4208C were chosen to study the
thermal degradation of PMMA, using an initial heating
rate of 908C min21. This allowed the desired degradation
temperature to be reached before significant degradation
had occurred.

3.2. Procedure

Thin film samples of PMMA were placed on 16 mm
diameter KBr disks from 5 mm3 of a 4% (w:w) solution
of chloroform and dried in a vacuum oven (808C). Typically
films of about 1mm were made by this method, which was
about the minimum film thickness which can be used whilst
still achieving acceptable infrared absorbance, and is thin
enough for sample size effects to be minimised [14]. The
coated KBr disks were placed in the hot-stage unit, and
degraded in the path of the infrared spectrometer beam.

For the purposes of kinetic analysis, infrared spectra were
taken at regular intervals depending on the degradation
temperature. For the temperature range 340–3858C,
10 min intervals were used, and each measurement
comprised 256 scans. At 4008C, 64 scans were taken at
2 min intervals, and at 4208C 32 scans were taken at
1 min intervals. Absorbances were measured using Nicolet
Omnic ESP software.

3.3. Effect of oxidation on PMMA

It was found that if the hot-stage unit was not sufficiently
purged at the degradation temperatures used, oxidation of
PMMA would occur. Oxidation manifested itself by the
production of new absorption bands at 1820, 1775 and
1014 cm21, see Fig. 1. These bands may have been due to
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Fig. 1. TA-FTIR data for the thermo-oxidative degradation of PMMA at
3408C.



the production of acid peroxide, acid anhydride or unsatu-
rated lactone groups [15], and are not consistent with the
major volatile oxidation products of PMMA, which include
methyl methacrylate, methyl pyruvate and 2-methyl-
oxirane carbonic acid methyl ester [16]. The emergence of
these bands was accompanied by a marked increase in the
rate of degradation. No such bands were produced in the
samples degraded under a sufficient flow of argon.

3.4. PMMA samples

Two sources of mono-disperse PMMA samples (with
peak molecular weights,Mp, between 12,700 and
1,520,000) were supplied by Polymer Laboratories Ltd.
The most recently obtained samples, approximately three
years old, were terminated at one end by a hydrogen
atom, and at the other end by a 2,2-diphenyl hexyl group.
Older samples (approximately 15 years of age) of PMMA
were also studied, to see if there was any effect of storage on
thermal degradation. These were terminated by a hydrogen
atom at one end, and a cumyl group at the other. A full list of
PMMA samples used is shown in Table 1.

3.5. Thermogravimetry

For comparative purposes, thermogravimetry (TG) was
carried out on selected samples at isothermal temperatures
between 370 and 4208C. A Stanton Redcroft STA 1000
thermogravimetric balance with a type R (platinum–
rhodium) thermocouple placed close to a platinum sample
crucible was used. A sample size of 30 mg and a
40 cm3 min21 flow of argon gas was chosen. Sample size
and gas flow had no effect on the measured isothermal
weight loss versus time plots.

4. Results and discussion

4.1. Changes in PMMA residue during thermal degradation

Typical changes in the infrared spectra of PMMA with
time at 3708C are shown in Figs. 2 and 3. First-order rate
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Table 1
GPC analysis of PMMA

Date polymerised Date analysed Mp (GPC) Mw/Mn (GPC) End-group

11/2/99 27/9/99 12,700 1.03 2,2-diphenyl hexyl
23/4/98 27/9/99 28,750 1.03 2,2-diphenyl hexyl
22/4/97 27/9/99 69,000 1.03 2,2-diphenyl hexyl
23/6/94 27/9/99 174,000 1.04 2,2-diphenyl hexyl
28/11/97 27/9/99 518,900 1.03 2,2-diphenyl hexyl
11/6/97 27/9/99 780,000 1.03 2,2-diphenyl hexyl
21/10/00 27/9/99 1,520,000 1.08 2,2-diphenyl hexyl

Approx. 1985 Approx. 1985 29,700 1.08 cumyl
23/5/00 22,600 1.05

Approx. 1985 Approx. 1985 460,000 1.14 cumyl
23/5/00 344,500 1.24

Fig. 2. TA-FTIR data for the thermal degradation of PMMA�Mp �
12;700� at 3708C.

Fig. 3. Change in absorbance of selected infrared bands of PMMA�Mp �
12; 700� at 3708C.



plots for the change in absorbance of the vibrational bands
at 1730, 1234 and 1139 cm21 showed good linearity (Fig. 4)
up to 20% conversion. It was noted, however, that a new
peak developed with time at 1550 cm21. At high conver-
sion, the C–H(str) band at 2950 cm21 did not disappear
completely during thermal degradation. In addition, the
PMMA film turned brown during thermal degradation,
and the samples of PMMA used, produced char.

Fig. 5 shows the infrared spectrum of the final residue
produced on degradation at 4208C. Band assignations are
shown in Table 2. The unsaturated band of the PMMA char
appeared at a significantly lower wavenumber (1550 cm21)
than expected and was highly intense, indicative of the
presence of a conjugated system. The wavenumber of this
peak was too low to be associated with the formation of
unconjugated unsaturated groups (usually 1680–
1620 cm21). In addition, the infrared spectrum of the
PMMA char indicated the presence of methyl side-groups
(1380 cm21) and that the structure around the double bonds
is likely to be R1R2CyCHR3 (840 cm21) [17]. A similar

structure to poly(isoprene) with a conjugated system is
suggested for the char product.

It is clear that the char was produced by side-group elim-
ination (Fig. 6) by scission of the C–C bond of the methoxy-
carbonyl side-group [8–11]. A relative measurement of the
amount of char (which is related to the amount of conjuga-
tion) formed during degradation, can be made by dividing
the absorbance of the conjugated CyC band (c), at a given
time with that of the initial height of the carbonyl band (m).
A plot of c/m versus degradation time for samples of differ-
ent molecular weights at 3708C is shown in Fig. 7. The final
c/mvalues for the molecular weight range, at 370 and 4208C
were calculated, and whenc/m was plotted against 1/D in
Fig. 8, a straight-line relationship was observed with a posi-
tive intercept. The amount of conjugation, hence char,
produced is clearly dependent on the number of polymer
chain ends. At 4208C, more char was observed than at
3708C, and it was found that the slope ofk(obs) versus 1/D
was similar, but the intercept had increased, by approximately
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Fig. 4. First-order rate plot for loss of absorbance of selected infrared bands
of PMMA �Mp � 12; 700� at 3708C.

Fig. 5. Infrared spectra of PMMA char.

Fig. 6. Proposed mechanism of side-group elimination in PMMA.

Fig. 7. Build-up of conjugation band at 1550 cm21 with time.



two. This shows that there is increasing involvement of side-
group elimination along the polymer chain with tempera-
ture. It should be noted that even at moderate conversions,
the actual degree of polymerisation is likely to be different
from the initial degree of polymerisation. In which case, the
change in the amount of char produced with 1/D should not
be regarded as being due to the initial number of polymer
chain ends, but the number of chain ends present at any
given time.

The evolution of the conjugated unsaturation band with
fractional degradation of polymer at 3708C is shown in Fig.
9. For the first 20% conversion, similar amounts of conjuga-
tion are produced at all values of 1/D. However, above 20%
conversion, the samples of lower initialD produced more
conjugation. This may have been due to a greater number of
unsaturated end-groups, as CyC from previous scission or
from activation by the 2,2-diphenyl hexyl terminal group,
joining with unsaturated groups from side-chain elimina-
tion, following depropagation (see Fig. 10).

From TG studies (see Table 3) at 3708C it was observed
that for PMMA samples of different molecular weight (Mp)
of 12,700 and 1,520,000 different amounts of char were
produced, 5.8 and 3.0 wt%, respectively. The ratio of
these two values (1.93̂ 0.19) was consistent with thec/
m values determined by TA-FTIR (2.17̂ 0.26). At 4208C,

5.0% char was recovered from PMMA with anMp of
1,520,000, giving a ratio of 1.67̂ 0.17 with that at
3708C, and c/m values from TA-FTIR give a ratio of
2.03^ 0.29. This indicates that although TA-FTIR cannot
be used to calculate the absolute amount of char, the relative
yields of char determined by TA-FTIR were consistent with
those found by TG.

Using the structure identified for the char from its infrared
spectrum, it was possible to calculate the amount of PMMA
converted to char during the TG experiments. The relative
molecular mass of a repeat unit of the char is 40 g mol21,
whereas that of PMMA is 100 g mol21. At 3708C, 14.5 and
7.5% of the PMMA is turned to char forMp of 12,700 and
1,520,000, respectively, and at 4208C, 12.5% of PMMA of
Mp 1,520,000 converts to char. Such proportions of PMMA
converting to char must alter the overall thermal degrada-
tion kinetics and the kinetic order with increasing conver-
sion.

A significant amount of char formation in degradation
could result in an incorrect estimate of the rate of degrada-
tion. In a situation where the rate of degradation was
measured through the quantity of volatiles produced from
an initial short burst, followed by a complete burn off of
volatiles, the burn off would underestimate the limiting
yield of material being degraded. This would lead to an
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Table 2
Band assignments for the infrared spectrum of PMMA char

Band frequency (cm21) Intensity Group

PMMA char 2950–2850 Medium Alkane C–H(str)

1550 Strong CyC(str) conjugated
1385 Medium C–(CH3)2 (def)

1375 Shoulder C–(CH3)(def)

1350 Shoulder –CH–(def)

1170 Weak C–(CH3)2 skeletal vibration
840 Weak R1R2CyCHR3

Fig. 8. Plot of finalc/mvalue versus 1/D, for thermal degradation of PMMA
at 370 and 4208C.

Fig. 9. Plot ofc/mat a certain fractional conversion versus 1/D, for thermal
degradation at 3708C.



overestimate of the fractional conversion, and the observed
rate constant.

In TA-FTIR spectroscopic studies, kinetic measure-
ment based on the change in absorbance of vibrational
bands related to the methoxycarbonyl side-group (1730,
1234 & 1139 cm21), would lead to an overestimate in loss
of material attributed to conversion to monomer, because
side-groups are also lost by elimination. However, the
total amount of material, which is measured at the begin-
ning of the experiment, would not be affected. TA-FTIR
spectroscopy has the advantage that in the early stages of
degradation, the rate of char formation does not vary
much with molecular weight, whereas in the burn-off
situation where maximum conversion has to be achieved,
the amount of char varies greatly with temperature and
molecular weight. Hence, the error in measuredk(obs) due
to char formation for TA-FTIR spectroscopy is likely to
be smaller in size and more consistent.

4.2. A comparison of rate constants obtained by TA-FTIR
spectroscopy and TG

Initial first-order rate constants for the thermal degrada-
tion of PMMA measured by TG and TA-FTIR are shown in
Table 4. The values are in good agreement, and differences
are likely to be due to the different sample sizes, sample
thickness and architecture of the furnaces and thermo-
couples used.

4.3. The kinetics of thermal degradation of PMMA by TA-
FTIR

Assuming, as discussed above, that the effect of char
formation on the overall rate of loss of infrared bands
related to the methoxycarbonyl side-group is small at low
conversion and consistent, the loss of the 1139 cm21 infra-
red band (O–CH3(str)) with time was used to measure the
extent of thermal degradation. Six isothermal temperatures
were chosen in the range 340–4208C and up to seven mate-
rials of different molecular weights were degraded at each
temperature. The results for the different temperatures will
be discussed in the following sections and are summarised
in Table 5.

4.3.1. Low temperature range (340–3618C)
At these temperatures the rates of thermal degradation

were low (typically of the order 1025 s21). First-order rate
plots for the loss of absorbance with time, were typically
linear for the first 20% conversion, over whichk(obs) was
calculated. Plots ofk(obs) versus 1/D for each temperature
were linear, with an intercept above zero (see Fig. 11),
consistent with Eq. (1). This indicated that initiation was a
mixture of both chain end and random chain scission initia-
tion, and that termination was by a first-order process.
Previously, it has been shown that at low degradation
temperatures, degradation was initiated at chain ends only
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Fig. 10. Proposed mechanism for end-group contribution to the infrared
band at 1550 cm21.

Table 3
Measurement of char yield by TG and TA-FTIR

Degradation temperature (8C) Molecular weight Percentage char by TG (%) TA-FTIRc/m value

370 12,700 5.8̂ 0.6 0.296̂ 0.017
1,520,000 3.0̂ 0.3 0.136̂ 0.016

420 1,520,000 5.0̂ 0.5 0.276̂ 0.040

Table 4
Comparison of first-order rate constants for the thermal degradation of PMMA measured by TG and TA-FTIR

Degradation temperature (8C) Molecular weight Estimation ofk(obs) by TG (s21) Estimation ofk(obs) by
TA-FTIR (s21)

370 12,700 (1.29̂ 0.14)× 1024 (1.130^ 0.002)× 1024

1,520,000 (1.03̂ 0.12)× 1025 (8.36^ 0.02)× 1025

420 1,520,000 (1.02̂ 0.08)× 1022 (8.73^ 0.05)× 1023



[6,7] (k(obs)versus 1/D passed through the origin). However,
in this study this is not the case.

Although thek(obs) versus 1/D relationship only held for
the lower temperature situations, an attempt was made to
quantify the activation energy of chain end initiation and
chain scission initiation processes by measuring the slope

and intercept for each temperature, calculating the activa-
tion energy from an Arrhenius relationship, and the relation-
ships from Eq. (1),

slope� kikd

k 0t

intercept� 2k 0ikd

k 0t
:

The activation energy for chain end initiated and chain scis-
sion initiated degradation processes was found to be
150^ 25 and 210̂ 40 kJ mol21, respectively. This indi-
cates that it is marginally easier to break an end-group
than a bond in the polymer backbone, probably because
the phenyl groups of the 2,2-diphenyl hexyl group activate
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Table 5
Mechanistic implications of the dependence ofk(obs) on D

Degradation
temperature (8C)

Dependence ofk(obs) versusD Proposed mechanism

340 k(obs) versus 1/D linear with intercept Chain end and chain scission initiation, first-order termination
361 k(obs) versus 1/D linear with greater slope and intercept than 3408C Chain end and chain scission initiation, first-order termination
370 k(obs) versus 1/D appears slightly curved, with lower slope than 3608C Chain end and chain scission initiation, first-order termination

combined with very small amount of depropagation to chain
end

385 k(obs) versus 1/D almost horizontal Chain end and chain scission initiation, first-order termination
combined with depropagation to chain end makes plot appear
almost horizontal

400 k(obs) versusD linear at lowD with intercept Chain end and chain scission initiation, depropagation to chain
end predominates at lowD, at higherD first-order termination
may occur

420 k(obs) versusD linear at lowD with intercept Chain end and chain scission initiation, depropagation to chain
end predominates at lowD, at higherD first-order termination
may occur

Fig. 11. Plot ofk(obs) versus 1/D for PMMA at 340 and 3618C.

Fig. 12. Plot ofk(obs) versus 1/D for PMMA at 3708C.

Fig. 13. Theoretical kinetic data, calculated from low temperature kinetic
data, to show the effect of chain end and chain scission initiation on the
dependence ofk(obs) with 1/D.



the C–C bond linked to the polymer chain. The bond
enthalpy for a C–C bond is quoted [18] as 348 kJ mol21,
which is somewhat higher than predicted for the chain scis-
sion and chain end initiated processes, the values of which
may have been affected by thekd and k 0t terms associated
with them.

These differences may reflect differences in the terminal
units, i.e. lauryl mercaptyl units (used previously) and 2,2-
diphenyl hexyl units (used in this study), and may also
account for the difference in observed rate constants
between the two polymer systems studied. The bond enthal-
pies associated with C–C bonds and C–S bonds are 348 and
259 kJ mol21, respectively [18]. Therefore the C–S bond
that links the mercaptyl end-group to the PMMA chain
can be more readily broken than the C–C bond that links
the 2,2-diphenyl hexyl group to the PMMA chain. Hence
chain end initiation is more likely in the case where lauryl
mercaptyl end-groups were used.

4.3.2. Intermediate temperature (3708C)
At first glance, the plot ofk(obs) versus 1/D at 3708C

appeared to be linear (Fig. 12). However, it should be
noted that the slope is less than that at 3618C. It is suggested
that at low values of 1/D, there is some curvature in the
dependence. It has previously been claimed [6,7] that the
slope ofk(obs) versus 1/D reduces at higher temperature due
to the predominance of random scission. However, this
would require that the rate constant for chain end initiation
would have to reduce with increasing temperature, which is
most unlikely. The kinetic parameters collected at 340 and
3618C were used to determine the rate constants fork(obs)

versus 1/D for a range of temperatures (Fig. 13), and it is
obvious that as the temperature increased, so did the value
of the slope and intercept.

Therefore, there must be an additional process, which is
causing the curvature in Fig. 12, which indicates a bonus in
rate constant at high values ofD. The origin of this bonus
will be discussed in the next section.

4.3.3. High temperatures (385–4208C)
The dependence ofk(obs) with 1/D at higher temperatures

(385–4208C) can be seen in Fig. 14. It is clear that there is
an additional process occurring at higher temperature,
which has a greater effect on samples of highD. If this is
due to the kinetic chain length of depropagation being
greater than the length of the polymer chain, the depropaga-
tion process will terminate by volatilisation of a small chain
end radical, and the rate of termination will depend upon the
number of chain ends (1/D). That is,

rate of termination� kv�Rz� 1
D

� �
wherekv is the rate constant for termination by volatilisation
of a small radical. In deriving Eq. (1) replacing the first-
order termination step with that for depropagation to a chain

end, changes Eq. (1) to

k�obs� � �ki 1 2kiD� kd

kv
�3�

and,k(obs)now has a dependence onD. Plots ofk(obs)versusD
at 385, 400 and 4208C are shown in Fig. 15(a)–(c), respec-
tively. At low values ofD (up to 689 units), the plot ofk(obs)

versusD is linear, but at higher values ofD, deviates from
linearity, due to longer chains terminating by radical dispro-
portionation or addition. For these chains, the kinetic chain
length of depropagation is less that the total length of the
polymer chain, and the dependence ofk(obs) on D expressed
in Eq. (1) should be considered as part of the overall
dependence.

From Eq. (3), it is clear that the linear portion of a plot of
k(obs)versusD would have a slope of 2k 0ikd=kv;which is the rate
constant for the process of chain scission initiation, followed
by depropagation to a chain end. Furthermore, the intercept
would bekikd/kv, which is the rate constant for the process of
chain end initiation, followed by depropagation to a chain end.
The activation energy for the process of depropagation to a
chain end was calculated as 190̂10 and 450̂ 20 kJ mol21,
for chain end and chain scission initiation, respectively. The
activation energy for chain end initiation is similar to that
found at low temperature (150̂ 25 kJ mol21). However,
the activation energy calculated for chain scission initiation
is high. In addition, the rate constants estimated in this way
were very low (2.9× 1026–2.4× 1028 s21) compared to the
low temperature (k(obs) versus 1/D) results (1.4× 1025 to
6 × 1025 s21). It is likely that char formation, or changes
in D during thermal degradation would have affected the
observed rate of thermal degradation. Furthermore, domi-
nance of the chain end initiation process at high tempera-
ture, followed by depropagation to the end, will limit the
opportunity for chain scission initiation to occur.

The observed rate constant for thermal degradation at
3858C appeared to have little dependence on 1/D (compared
to results at 400 and 4208C). Previously, this has been asso-
ciated with a situation where chain scission predominates,
but as Fig. 14 shows, the slope of a plot ofk(obs) versus 1/D
should become steeper with increasing temperature
(becauseki increases with temperature). Hence, it is consid-
ered that the absence of a significantly larger slope at 3858C
is due to the depropagation to chain end mechanism increas-
ing k(obs) more, at lower values of 1/D.

4.4. Effect of sample age on the kinetics of thermal
degradation of PMMA

Standard mono-disperse PMMA samples�Mp � 29;700
and 460,000), used as molecular weight standards for GPC
for about 15 years, were also degraded at 3708C by TA-
FTIR spectroscopy, for the purpose of comparison. It was
noticed that the infrared spectrum of the lower molecular
weight sample contained an additional weak band at about
1600 cm21, indicative of the presence of some double
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bonds, perhaps due to oxidation on storage. The molecular
weight and polydispersity of the samples, measured by
GPC, did not change appreciably on storage (see Table 1).
The rate constants for the thermal degradation of these
samples were greater than those of the newer samples, see
Fig. 16, although the slope of the plot ofk(obs)versus 1/D did
not change, which indicated that end-groups of both
materials were equally effective in causing chain end initia-

tion. The amounts of char produced by the old materials
were found to be greater (see Fig. 17). ForMp values of
29,700 and 460,000, thec/m values calculated were
0.325^ 0.026 and 0.144̂ 0.013, respectively. The amount
of char formed by theMp � 29;700 sample was even
greater than would be expected at anMp of 12,700.

The intercepts of the plots in Fig. 16 were taken and
plotted against approximate sample age (Fig. 18(a)) and
the square root of sample age (Fig. 18(b)). It is evident,
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Fig. 14. Plot ofk(obs) versus 1/D for PMMA at 385, 400 and 4208C.

Fig. 15. Plot ofk(obs) versusD for PMMA at (a) 3858C, (b) 4008C and (c) 4208C.

Fig. 16. Plot ofk(obs)versus 1/D for old and new PMMA degraded at 3708C.



within the experimental error, that the intercept ofk(obs)

versus 1/D increases with sample age, indicating
increasing contribution of random scission initiation. If
the contribution of random scission was proportional to
the sample age, see Fig. 18(a), the intercept in this plot
would indicate that some random scission occurs during
the thermal degradation of newly polymerised samples.
If the contribution of random scission was proportional
to the square root of the sample age, see Fig. 18(b), the
closeness of the straight line to the origin indicates that
random scission would not occur in a newly poly-
merised sample. This dependence would be consistent
with a diffusion controlled oxidation process, such as
peroxidation during storage in air at room temperature,
or the product of degradation of the peroxide, leading to
random scission through degradation of the oxidation
product during thermal degradation. However, it was
considered that the oxidation products responsible for
random scission were of too low a concentration to be
detected by infrared spectroscopy. If oxidation during

storage lead to random scission, a newly polymerised
sample of PMMA would not degrade by a random scis-
sion initiation process, and only chain end initiation
would occur. This might explain the variability in
degradation rate constants of PMMA reported elsewhere
[4–6].

5. Conclusions

The technique of TA-FTIR spectroscopy has been used to
study the kinetics of thermal degradation of PMMA. In
addition, it can provide a considerable amount of informa-
tion about chemical changes occurring in the polymer resi-
due, which is an advantage over many other techniques of
studying thermal degradation.

Kinetic data extracted by TA-FTIR showed that at lower
degradation temperatures (340–3618C), the mechanism of
thermal degradation was initiated by a mixture of chain end
and chain scission processes, followed by depropagation,
and first-order termination. At higher temperatures, initia-
tion was by a mixture of chain end and chain scission
processes, followed by depropagation to the end of the poly-
mer chain. However, at higher molecular weights, where the
length of the polymer chain exceeded the average kinetic
chain length, some first-order termination could occur. It
also may be the case that a large kinetic chain length of
depropagation may reduce the opportunities for chain
scission to occur.

PMMA produces char. The process appears to be elim-
ination of the methoxycarbonyl side-group, producing an
unsaturated conjugated system. The amount of char yielded
varies with molecular weight and temperature, and in some
cases, it is estimated that 15% (or possibly even more) of the
PMMA structure can degrade in this way. Given the amount
of conjugated char produced, it was considered that side-
chain elimination was unlikely to be an initiation route for
depropagation.
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Fig. 17. Plot ofc/mversus 1/D for old and new PMMA degraded at 3708C.

Fig. 18. Plot ofk(obs) for random scission only versus (a) sample age and (b) (sample age)1/2.



Random scission initiation appears to be related to the age
of the PMMA sample, and hence probably oxidation of the
sample in storage, which does not cause scission of the
PMMA at room temperature. Chain end initiation is due to
the activating effect of the 2,2-diphenyl hexyl or cumyl
groups used to terminate the polymer. Furthermore, the
observation that all random scission occurs by peroxide
degradation, leads to the conclusion that side-group initiation
[10,11] of chain depropagation, which would have a similar
dependence onD to random scission, is unlikely to occur.
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