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In this study, 2-methacryloxyethyl phenyl phosphate (MEPP), a phosphorus-containing flame retardant,
was synthesised via the esterification of phenyl dichlorophosphate (PDCP) with 2-hydroxyethyl ethylene
methacrylate (HEMA), followed by hydrolysis. A two-stage bulk polymerisation process prepared MEPP/
methyl methacrylate (MEPP/MMA) copolymers containing various amounts of MEPP. The condensed-
phase and volatized products produced at various temperatures during the thermal degradation of MEPP/
MMA copolymer were monitored by Fourier transform infrared (FT-IR) spectroscopy and thermo-
gravimetric analysis with Fourier transform infrared spectroscopy (TGA/FT-IR). Finally, we propose the
possible mechanisms for the thermal degradation of MEPP/MMA copolymer according to the analytical
results of the condensed-phase and volatilized products.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Poly(methyl methacrylate) (PMMA) is an important thermoplastic
material due to its high optical transmissibility and high weather
ability. Therefore, it is widely used in several industries, such as
building construction, moulding, and decorative panelling. Unfortu-
nately, PMMA is a highly flammable plastic and is thus limited in
many applications. Under normal circumstances, the thermal degra-
dation of PMMA proceeds via the depolymerisation of the methyl
methacrylate (MMA) unit, resulting in flammable MMA gas [1–4],
which accelerates the burning rate of PMMA. Therefore, the fire
resistance and thermal stability of PMMA must be improved in order
to increase its commercial value. The fire resistance of PMMA can be
improved by the incorporation of flame retardants, such as inorganic
materials [5,6], phosphorus-containing compounds [7–12] and
halogen-containing compounds [13]. Phosphorous-containing
compounds canprevent the release of toxic gases into the atmosphere
by acting via a condensed-phase flame-retardant mechanism during
burning. This produces a largely incombustible char residue and
releases gases that are less toxic than the halogen-containing
43.
.-J. Chou), yokoi@gwip.com.
g), ccy7@ccmail.ncku.edu.tw

009 Published by Elsevier Ltd. All
compounds. Therefore, recent flame retardant technology has
focused on phosphorus-containing compounds, which are used to
achieve non-toxic PMMA flame retardation with good compatibility
between PMMA and flame retardants.

The first use of the reactive phosphorus-containing flame
retardant 2-methacryloxyethyl phenyl phosphate (MEPP) in form-
ing an MEPP/methyl methacrylate (MEPP/MMA) copolymer, syn-
thesised by the bulk polymerisation of MMA in the presence of
MEPP, has been reported [14]. Additionally, thermogravimetric
analysis (TGA) revealed that the incorporation of MEPP into MEPP/
MMA copolymers greatly enhanced the thermal stability and
amount of char residue. In this report, we discuss the mechanism of
the MEPP/MMA copolymer by Fourier transform infrared (FT-IR)
spectroscopy, thermogravimetric analysis with Fourier transform
infrared spectroscopy (TGA/FT-IR) and other analysis, including
NMR, and Py-GC-MS. Consequently, the thermal degradation
behaviours of the copolymers were determined through kinetic
analysis.

2. Experimental details

2.1. Materials

The materials and detail preparation of the synthesis of PMEPP
and MEPP/MMA copolymers have been described elsewhere
[15,16].
rights reserved.
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Fig. 1. FT-IR spectra of condensed-phase products at various temperatures during the thermal degradation of PMMA20. (a) Room temperature, (b) 250, (c) 300, (d) 330, (e) 360,
(f) 400 �C.

Table 1
The summary of the IR characteristic peaks during the thermal degradation of the
PMMA20 condensed products.

Band No. Wave number
(cm�1)

Description

Band 1 3069 C–H stretching of aromatic
Band 2 2990 CH3 asymmetric stretching of methyl group
Band 3 2950,2841 Symmetric and asymmetric stretching of CH2

Band 4 2852 CH2 stretching of P–O–P
Band 5 1805,1762 Ester stretching
Band 6 1728 C]O stretching of ester
Band 7 1594,1488 C]C stretching of aromatic
Band 8 1465 CH2 bending
Band 9 1445 CH3 asymmetric bending of methyl group
Band 10 1072 P–O–P stretching
Band 11 765,690 Out of plane bending of aromatic C–H
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2.2. Characterisations and measurements

Thermogravimetric analysis (TGA) was performed using a Per-
kin–Elmer TGA-7. Fifteen-milligram samples were heated at
a heating rate of 20 �C min�1 under a nitrogen and air purge
(70 mL min�1). Each TGA experiment for the MEPP/MMA copoly-
mers was repeated at least three times, with a typical temperature
error of approximately �1 �C. Approximately 2 g of MEPP/MMA
was heated by a NEYTECH Qex 94-94-400 furnace at a 1 �C min�1

heating rate with air purging (70 mL min�1) to 200 �C and was then
held isothermally for 10 min to obtain the condensed-phase
products at 200 �C. The condensed-phase product for the other
temperature was obtained by the same procedure. Fourier trans-
form infrared (FT-IR) spectra of these products were recorded on
samples pressed into KBr disks using a Bio-Rad FTS-40A FT-IR
spectrometer. Spectra in the optical range of 400–4000 cm�1 were
obtained through the averaging of 64 scans at a resolution of
4 cm�1. TGA/FT-IR studies were carried out using a TA TGA-Q50
thermogravimetric analyser that was interfaced to a Varian 2000
FT-IR spectrometer. The solid-state 31P and 13C magic angle spin-
ning (31P and 13C MAS NMR) spectra were recorded with a Bruker
AVANCE-400 solid-state NMR spectrometer. A pyrolysis gas chro-
matography/mass spectrometer (Py-GC/MS) was employed to
achieve fast pyrolysis of sawdust and on-line analysis of the
pyrolysis vapors with a Finnigan MD-800 GC/MS/JAI JHP-3S
pyrolyser.
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Fig. 2. 13C solid-state NMR spectra of condensed-phase products at various tempera-
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W.-J. Chou et al. / Polymer 50 (2009) 5094–51025096
3. Results and discussion

3.1. Characteristics of condensed-phase products

The condensed-phase products were characterised in order
to investigate the thermal degradation mechanism of the
2-methacryloxyethyl phenyl phosphate (MEPP) and MEPP/methyl
Fig. 3. 31P solid-state NMR spectra of condensed-phase products at various tempera-
tures during the thermal degradation of PMMA20. (a) Room temperature, (b) 230,
(c) 250, (d) 330, (e) 400, (f) 600 �C.
methacrylate (MEPP/MMA) copolymer. The data of those copoly-
mers gave similar results hence, only the results for PMMA20 are
discussed here. The condensed-phase products of PMMA20 were
characterised by FT-IR, as shown in Fig. 1(A)–(C). The characteristic
peaks in the spectrum in Fig. 1(A) can be assigned as follows:
3069 cm�1 (stretching vibration of aromatic C–H, band 1) [17–19],
2990 cm�1 (asymmetrical stretching vibration of methyl metha-
crylate CH3, band 2), 2950 cm�1 and 2418 cm�1 (asymmetrical and
symmetrical stretching of CH2, band 3) [20] and 2852 cm�1

(stretching vibrations of CH2 in the P-O-C aliphatic structure, band
4). The intensity of band 1 decreases with temperature and no
visible changes can be observed beyond 250 �C, which may be
caused by the unstable P–O–C aromatic structure of the copolymer
PMMA20.In addition, the intensities of band 3 decreased with
temperature from 250 �C to 400 �C and then vanished beyond
400 �C. These results can be attributed to the MMA chain degra-
dated and can be further proved by the following data from the
TGA/FT-IR in Fig. 5. The band 4 almost disappeared at 250 �C, which
can be explained by the unstable P–O–C aliphatic structure
breaking up during the thermal degradation of PMMA20.

In Fig. 1(B), band 6 at 1728 cm�1 was assigned to the stretching
vibration of the ester group, C]O [19,21,22] and new peaks appeared
at 1805 cm�1 and 1762 cm�1 (band 5) [20,21]. The peak at 1594 cm�1

and 1488 cm�1 are associated with stretching vibration of aromatic
C]C (band 7) [19,20,23] and the band 8 at 1465 cm�1 was assigned to
the CH2 bending vibration. The asymmetrical bending vibration of
methyl methacrylate CH3 occurred at 1445 cm�1 (band 9). The
intensity of band 5 increased with temperature from 250 �C to 300 �C,
and the maximum value occurred at 300 �C. Beyond 300 �C, the
intensity of band 5 began to decrease and disappeared at 400 �C. All of
the changes in band 5 may be explained as follows. The ester structure
of PMEPP started to transfer into a carbonic anhydride structure at
300 �C, leading to a simultaneous decrease in the intensity of band 6
and formation of band 5 [20,21]. In addition, the intensities of band 3
and band 8 decreased with temperature from 250 �C to 400 �C and
then vanished beyond 400 �C. These results are attributed to the MMA
chain degradated and can be further supported by the following data
from the TGA/FT-IR.

In Fig. 1(C), the peaks at 765 cm�1 and 690 cm�1were assigned
as out of plane bending vibration of aromatic C–H (band 11) [20,24–
27] and band 10 (1072 cm�1) are assigned to the stretching vibra-
tions of the P–O–C aliphatic structure. Bands 4 and 10 almost
disappeared at 250 �C, which can be explained by the unstable
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P–O–P aliphatic structure breaking up during the thermal degra-
dation of PMMA20. The intensity of band 11 keeps constant after
250 �C, which is contributed from the thermal cracking of unstable
P–O–C aromatic structure of the copolymer PMMA20. Many new
peaks are appeared in Fig. 5(C), including peaks at 1292 cm�1,
1273 cm�1, 1150 cm�1, 1023 cm�1, 1089 cm�1, 890 cm�1, 760 cm�1,
and 679 cm�1 at 250 �C, and the intensities of those peaks increase
with temperature. This shows that the remnants of the P–O–P and
P–O–F complex structures, where F represents the graphite-like
polynuclear aromatic structure [28–30], were formed during the
thermal degradation of this copolymer (PMMA20) [27]. Zhu and Shi
[27] developed phosphorus-containing homopolymer by UV poly-
merisation of methacrylate phosphate (MAP), showing the same
results of formation of P–O–P and P–O–F complex structures
during the thermal degradation of this homopolymer. All of the
bands mentioned above are summarised in Table 1.

The condensed-phase analysis for the PMMA20 copolymer was
carried out by solid-state NMR. Fig. 2 displays the 13C MAS NMR
spectra of the condensed-phase products at various temperatures.
In Fig. 2(b), the signals of Cg, Ce, and Cf disappear, and a new signal
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(Cl) increases at 172.5 pm, which reveals that the unstable P–O–C
structure in the MEPP unit cracked at 250 �C and that the carbonic
anhydride [20,21] and carboxylic structures formed simultaneously
[21]. The intensity of the Cl signal increased and the formation of
the carbonic anhydride structure was continuous at 300 �C.
However, the signals of Cl and Cd almost disappeared at 400 �C. The
signals of the methyl and aromatic/olefinic groups were in the
range of 10–30 ppm and 110–150 ppm, respectively. The results
imply that the aromatic/olefinic complex structure is generated
during ester structure decomposition. The signals in the range of
110 to 150 ppm increased from 400 �C to 600 �C, and the peaks in
the range of 10–30 ppm decayed rapidly at 600 �C. Finally, as shown
in Fig. 2(f), the signals in the range of 110–150 ppm appeared at
600 �C and were attributed to the conversion of the aromatic/
olefinic groups into various kinds of P–O–P and P–O–F complex
structures during the thermal degradation of PMEPP20, resulting in
a graphite-like polynuclear aromatic structure [31,32].

The 31P solid-state NMR spectra of PMMA20 thermal degrada-
tion at different temperatures are shown in Fig. 3. A new peak
appeared (d¼ 0 ppm) at 230 �C, which was attributed to the
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Fig. 6. Relationship between the intensity of the characteristic peak and temperature for MMA, phenol, CO, CO2, and alcohol.
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carbonic anhydride or polyphosphoric acid structures that were
formed during the thermal degradation of the MEPP unit. As the
temperature increased to 250 �C, the original peak of phosphorus
nearly disappeared. In other words, the MEPP unit was completely
degraded confirming the results from the FT-IR spectra (Fig. 1). In
addition to the original signal at 0 ppm, a new broad peak appeared
between d¼�8 ppm and d¼�20 ppm at temperatures above
330 �C. Moreover, the intensity of the new peak increased with
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temperature, and the P–O–P and P–O–F complex structures were
formed, Ebdon et al. had the similar results [21].

The summary of the results depicted in Figs. 1–3 specifies that
the thermal degradation of MEPP/MMA copolymers can be
approximately separated into six processes: the scission of
the unstable P–O–P aromatic and aliphatic structure, the decom-
position of the MMA unit, the decomposition of the ester group
occurring with the formation of the carbonic anhydride structure,
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the decomposition of the carbonic anhydride structure, the scission
of the methyl group, and the formation of the P–O–P and P–O–F
complex structures.

3.2. Characteristics of volatilized products

During the PMMA decomposition, the release products were
characterised by Py-GC/Mass. The Py-GC/Mass spectrum is shown
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in Fig. 4 and contains only a peak for the MMA unit. In other words,
the MMA monomer was the main phase product for the thermal
degradation of PMMA [33]. This reveals that the thermal degra-
dation of PMMA was a depolymerisation reaction. The release of
thermal degradation products was examined by TGA-FTIR at
different temperatures and is displayed in Figs. 5 and 6. The
PMMA20 copolymer began to decompose at temperatures higher
than 250 �C, which resulted in mass loss.
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The following characteristic bands were observed: MMA (2960,
1740, 1640, 1452, 1309, 1166, 1019, and 934 cm�1) at 250 �C, phenol
(3655, 3057, 1602, 1499, 1260, 1184, 748 cm�1) at 290 �C and alcohol
(3675, 2969, 2921, 1406, 1250, 1065, and 590 cm�1) at 330 �C. At
temperatures greater than 375 �C, the peaks of aldehyde (3675,
2969, 2921, 1406, 1250, 1065, and 1184 cm�1), CO (2197 and
2110 cm�1), and CO2 (2359 and 2322 cm�1) were detected. The
signals of water did not appear during the decomposition of the
PMMA20 copolymer (Fig. 5). In addition, apparent peaks of phos-
phate were observed during the decomposition of the PMMA20
copolymer from 330 �C to 433 �C.

In order to understand the changes occurring in these formative
products, the relationships between the intensity of the charac-
teristic peak and the temperature of the release products (MMA,
phenol, aldehyde, alcohol, CO, and CO2) of PMMA20 copolymer
decomposition are summarised in Table 1. It can be seen that the
formative temperature of MMA can be approximately forced to
375–525 �C, though a small amount of MMA was detected from
250 �C to 375 �C. In other words, the ratio of MMA decomposition
H2
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by unsaturated end-group initial scissions was too low, and the
thermal degradation of most MMA units initially took place along
the main chain. The signal of phenol was observed at 290 �C and
increased with temperature, reaching a maximum at 390 �C.
Beyond 390 �C, the intensity of phenol rapidly decreased and
almost disappeared by 415 �C. Furthermore, the peak correspond-
ing to alcohol increased with temperature up to 450 �C but quickly
decreased beyond 450 �C. At higher temperatures, up to 565 �C the
weak signal of alcohol still exists. The peak for aldehyde showed
a behavior similar to that of alcohol.

Finally, the formative temperature of CO or CO2 can be divided
into two regions: 375–450 �C and 450–650 �C. These ranges may
result from the decomposition of the anhydride structure and the
further oxidation of char, respectively. From the results shown in
Figs. 4(b) and 5, we can conclude that the volatilized products for
the thermal degradation of PMMA20 are MMA, CO2, phenol, alde-
hyde, alcohol, and phosphate (DMPP).

However, the volatilized products that are formed during the
thermal degradation of PMMA20, including MMA, phenol,
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aldehyde, CO, and CO2, appeared at higher temperatures than those
of PMMA and PMEPP. This reveals that the incorporation of MEPP
caused MEPP/MMA copolymers to exhibit better thermal stability.
Cochez et al. obtained similar results for phosphonate/MMA
copolymers with flame retardant [34].

3.3. Possible mechanisms for the thermal degradation of the
MEPP/MMA copolymer

By combining the analytical results of the condensed phase
obtained with FI-IR, 13C NMR, 31P NMR, the volatilized products
obtained by TGA/FT-IR and Py-GC/Mass, and the previous literature
for thermal degradation of PMMA [35,36] and PMEPP [2,4,37], we
propose possible mechanisms for the thermal degradation of
PMEPP. We divide these into two parallel reactions: (A) scissions of
the MMA unit and (B) scissions of the MEPP structure, as shown
from Schemes 1–4. According to the literature [35,36,38], the first
reaction, scission of the MMA unit, involves unsaturated end-group
fragmentation, including the b-scission reaction (Scheme 1, A-1a)
and the end-scission reaction (Scheme 1, A-1b). Next, as the
temperature increases, the thermal degradation of the MMA unit
takes place along the main chain, as shown in Scheme 1 (A-2).

Based on the above results, the scissions of the MEPP structure
may be divided into five steps, occurring in sequence as the
C
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temperature increases, the similar results have reported in our
previous research [15]. Apparently, the first step involves the scis-
sions of the least stable P–O–P aromatic and aliphatic structures. In
other word, the thermal degradation of PMEPP takes place initially
along the side chain. The scission of the P–O–P aromatic structure
by a condensation reaction results in the elimination of phenol
(Scheme 2, B-1a). The scission of the P–O–P aliphatic structure by
a rearrangement of the intramolecular structure forms the possible
structures A, B, C, and F (Scheme 2, B-1b). The formation of struc-
ture F can occur by a transesterification reaction with the MMA unit
of the MEPP/MMA copolymer and can cause the elimination of
phosphate and the formation of structure B (Scheme 2, B-1c).

The formation of the phosphoric and carbonic anhydride
structures is the second step. The formation of the intramolecular
phosphoric anhydride structures by the condensation reaction
between structure B and the MMA of the MEPP/MMA copolymer
cause the elimination of alcohol (Scheme 3, B-2a). Structures B and
A undergo a condensation reaction forming the intra- or intermo-
lecular carbonic anhydride structure, with the elimination of
aldehyde and alcohol (Scheme 3, B-2b). In addition, structure C and
phosphoric acid precede the condensation reaction by constructing
intramolecular phosphoric anhydride, with the elimination of
aldehyde (Scheme 3, B-2c). In this study, the peak for water did not
appear during the thermal degradation of the MEPP/MMA
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copolymer and was replaced by that of alcohol. This may be
attributed to the fact that the amount of MMA is higher than that of
MEPP during the thermal degradation of the copolymer and the
probability of alcohol elimination is stronger than that of water
elimination. Therefore, the signal of water did not appear during
the analysis of the release gas of the copolymer.

During the thermal degradation of PMEEP, that the formations
of carbonic anhydride structures further decomposed are classi-
fied as the third portion. The decompositions lead to the elimi-
nation of CO2 and CO as well as the formation of structure D
(Scheme 4, B-3). We can observe the change arising from methyl
scission at high temperatures by 13C NMR analysis. The fourth step
involves a series of intra- and intermolecular Diels–Alder reactions
between adjacent unsaturated sequences of structure D, accom-
panied by the elimination of alkane and the formation of structure
E (Scheme 4, B-4). In comparison with PMEPP, the amount of
structure D was lower during the thermal degradation of the
MEPP/MMA copolymer with a low MEPP content. Hence, it was
difficult to observe the signal of the alkane elimination caused by
the Diels–Alder reaction. The last step involves the formation of
a char residue with P–O–P and P–O–F complex structures. The
char residue is formed from the oxidation of structure E, simul-
taneously linking structure E with other P–O–P structures at high
temperatures (Scheme 4, B-5).
4. Conclusion

MEPP/MMA copolymers containing various amounts of MEPP
were prepared by a two-stage bulk polymerisation process. The
results of the analysis of condensed-phase products and volatilized
products can be separated into four conclusions: (1) The MEPP in
the PMMA enhances flame retardance and delays the elimination of
the MMA unit. (2) Due to the inclusion of MEPP, a new mechanism
was developed, and the volatilized products for the thermal
degradation of MEPP/MMA copolymer, including CO, CO2, and char
residue, reduced the concentrations of combustible gas and oxygen.
(3) The decomposition of the carbonic anhydride structure and the
formation of P–O–P and P–O–F complex structures cover the
burning substances and decrease the transmission of oxygen, heat,
and active gas.
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