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Abstract�Copolymers with a mole fraction of acrylate units of 0.20 to 0.69 were prepared by radical
copolymerization of methyl methacrylate with acrylic acid. The heat resistance and thermomechanical prop-
erties of copolymer films formed from dimethylformamide solution were evaluated, and the possibilities of
improving these characteristics were demonstrated.
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Thanks to high light transmittance, polymeric com-
pounds based on poly(methyl methacrylate) (PMMA)
are widely used in optical systems for information re-
cording, but their applicability is restricted by the rela-
tively low glass transition and flow points of methyl
methacrylate (MMA) polymers and the insufficient ad-
hesion of the material to silicate glasses. In this con-
text, an urgent problem is modification of PMMA pro-
perties with the aim to improve its thermomechani-
cal properties and enhance the heat resistance and ad-
hesion, with preservation of the optical transparency.
It has been found previously [1, 2] that materials with
the required characteristics can be obtained by radical
copolymerization of MMA with acrylic acid (AA).
However, the dependence of the properties of the co-
polymers (CPs) on their composition has not been
studied.

In this study we examined how the composition of
MMA�AA copolymers affects their thermal properties.

EXPERIMENTAL

Radical copolymerization in the bulk was per-
formed in a nitrogen flow at 60�C for 4 h in a glass
test tube equipped with a reflux condenser [3]. The
AA : MMA molar ratio was varied from 1 : 4 to 4 : 1.
As initiator we used 2,2�-azobis(isobutyronitrile).
After the synthesis completion, the polymer sample
was ground and washed at room temperature with

water and ethanol to remove the unchanged monomers
and a part of AA homopolymer. Then the sample was
dried and dissolved in dimethylformamide (DMF).
The solution was passed through a glass frit, after
which the copolymerization product was precipitated
from the solution into water. A small amount of
PMMA, which is insoluble in DMF, remained on
the filter. The AA homopolymer remained in the CP
precipitant. The CP composition was determined by
acid�base titration of carboxy groups in organic solv-
ents.

Poly(methyl methacrylate) and polyacrylic acid
(PAA) were prepared under the same conditions as
the MMA�AA copolymer. The molecular weights
(MW) of PMMA and PAA were determined viscom-
etrically in trichloromethane at 25�C (K = 0.48 � 10�4,
a = 0.80; MW = 3.85 � 105) and in water at 30�C
(K = 7.6 � 10�4, a = 0.5; MW = 1.62 � 106), respec-
tively. To estimate the lengths of molecular chains in
CPs of various compositions at 25�C, we measured
the specific viscosities of their 0.5% solutions in
a common solvent, acetic acid.

The thermal properties of the CPs were studied
using film samples prepared from DMF solutions. Be-
cause of the high adhesion to glass, the films could
not be detached from glass supports. Therefore, when
preparing film samples for studying the thermal prop-
erties of the CPs, we used as supports polypropylene
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plates. After solvent evaporation, transparent polymer
films were obtained. They could be readily separated
from the surface of the polypropylene plates. To
remove residual DMF, the films were repeatedly
washed with distilled water.

The thermal properties of MMA�AA were studied
by the methods of combined thermal and thermo-
mechanical analysis. A combined thermal analysis
was performed on an OD-103 derivatograph (MOM,
Hungary). The TG, DTG, and DTA curves were re-
corded in air at a heating rate of 5 deg min�1. The sam-
ple weight was 100 mg. From the TG curves, we de-
termined the temperatures T5 and T10 corresponding
to 5 and 10% weight loss, respectively. From the posi-
tion of the minimum in the DTG curves, we deter-
mined the temperature of the maximal degradation
rate, Tm.

The thermomechanical analysis was performed
with a UIP-70 device (Central Design Office with
Pilot Plant, USSR Academy of Sciences) in air at
the same heating rate. A pressure of 0.59 MPa was
applied to the sample. The film thickness was 50�
90 �m. The thermomechanical properties were evalu-
ated from the curves of the relative punching strain
� (%) vs. temperature T (�C).

Analysis of the chemical composition of the CPs
(Table 1) showed that it coincided with the composi-
tion of the monomer mixture up to AA mole fraction
in the mixture equal to 0.2. With a further increase
in the AA content of the monomer mixture, the CP
became depleted of AA units.

Solubility tests of the CPs in various organic solv-
ents (acetone, ethanol, 1,4-dioxane, aromatic and
chlorinated hydrocarbons, acetic acid, DMF) showed
that the CPs dissolve to give concentrated solutions

Fig. 1. Specific viscosity �sp of 0.5% solutions of homo-
and copolymers of MMA and AA in acetic acid vs. the mole
fraction of AA units in CP.

Table 1. Resistance of MMA�AA copolymers to thermal
oxidative degradation
����������������������������������������

Mole fraction � T5 � T10 � Tm
����������������������������������������
AA in mono- � AA units �

�Cmer mixture � in CP �
����������������������������������������

0 � 0 � 161 � 182 � 283
0.2 � 0.20 � 239 � 267 � 390
0.3 � 0.24 � 240 � 272 � 380
0.4 � 0.28 � 259 � 280 � 387
0.5 � 0.34 � 240 � 270 � 380
0.6 � 0.40 � 233 � 261 � 375
0.7 � 0.60 � 161 � 185 � 380
0.8 � 0.69 � 135 � 168 � 380
1.0 � 1.0 � 131 � 159 � 255

����������������������������������������

only in DMF and glacial acetic acid. Poly(methyl
methacrylate) forms in these solvents only dilute
solutions.

Figure 1 shows that, as the mole fraction of AA
units in the CP is raised to approximately 0.3 (mono-
mer molar ratio AA : MMA = 1 : 1.5), the specific
viscosity of the CP increases relative to PMMA. As
the mole fraction of AA units is raised further,
the viscosity decreases, and, at the mole fraction of
AA units equal to 0.69, becomes equal to the specific
viscosity of PAA. Apparently, variation of the mono-
mer ratio in the course of the CP synthesis was ac-
companied by variation of not only the chemical
composition but also the polymer chain length, with
the maximal chain length attained at approximately
equimolar ratio of the monomers.

The thermogravimetric curves of MMA and AA
homopolymers and of MMA�AA copolymers of var-
ious compositions (Fig. 2) show that the weight

Fig. 2. Weight loss �m vs. temperature T in thermal gravi-
metric analysis of (1) PMMA, (2�4) MMA�AA copoly-
mers, and (5) PAA. Mole fraction of AA units in CP:
(2) 0.20, (3) 0.28, and (4) 0.69.
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Table 2. Glass transition and flow points of MMA�AA
copolymers
����������������������������������������

Mole fraction � Tg � Tf
����������������������of AA units in CP � �C

����������������������������������������
0 � 76 � 168
0.28 � 72 � 212
0.34 � 93 � 230
0.40 � 64 � 130
1.0 � 85 � 160

����������������������������������������

loss by the CPs may be either smaller or larger than
the weight loss by the homopolymers, depending on
the composition and temperature. For example,
the weight loss by the CPs with the mole fraction of
AA units equal to 0.20 and 0.28 (curves 2 and 3, re-
spectively) in the range from room temperature to
365�370�C is lower than the weight loss by PMMA
(curve 1) and PAA (curve 5), and only at tempera-
tures exceeding 370�C, the weight loss by the CPs be-
comes larger, compared to PAA, but remains smaller,
compared to PMMA. At the mole fraction of AA units
in the CP equal to 0.69, the weight loss in the range
from 100 to 240�250�C (curve 4) is smaller, com-
pared to PAA (curve 5), but larger, compared to
PMMA (curve 1). In the temperature range 250�
500�C, the weight loss by the CP with a high con-
tent of AA units is smaller than that by PMMA and
similar to that by PAA.

Thus, the CP with a relatively low content of AA
units is the most resistant to thermal oxidative degra-
dation. The observed effect is apparently associated
with the decreased efficiency of cleavage of chem-
ical bonds in the CP backbone, due to changes in
the chemical nature of pendant functional groups in
going from the homopolymers to CP. The low resis-

Fig. 3. Thermomechanical curves of (1) PMMA, (2�4)
MAA�AA copolymers, and (5) PAA. (�) Strain and
(T ) temperature. Mole fraction of AA units in CP: (2) 0.28,
(3) 0.34, and (4) 0.40.

tance to thermal oxidative degradation of the CP with
a high content of AA units, compared to PMMA, in
the range of up to 250�C is apparently caused by
the possible decarboxylation of relatively long blocks
of AA units. At temperatures exceeding 250�260�C,
when the decarboxylation is complete and the ob-
served weight loss is caused by the cleavage of chem-
ical bonds in the CP backbone, the enhanced resistance
of the copolymers to thermal oxidative degradation,
compared to PMMA, is clearly manifested.

Data on the resistance of MMA�AA copolymers to
thermal oxidative degradation (T5, T10, Tm) in relation
to their composition are listed in Table 1. It can be
seen that MMA and AA homopolymers show similar
resistances to thermal oxidative degradation: For
PMMA, T5, T10, and Tm are 161, 182, and 283�C,
and for PAA, 131, 159, and 255�C, respectively.
The MMA�AA copolymers with the mole fraction
of AA units of 0.20 to 0.40 are more resistant to
thermal oxidative degradation than PMMA and PAA.
The largest values of T5 and T10, exceeding those
of PMMA and PAA by almost 100�C, are attained
at the mole fraction of AA units in the CP equal to
0.28, i.e., at the same copolymer composition at
which the specific viscosity of 0.5% solutions of
the CP in acetic acid becomes maximal. With a fur-
ther increase in the mole fraction of AA units in CP
to 0.60 and 0.69, T5 and T10 dramatically decrease,
approaching the values characteristic of PAA. It is
important that the specific viscosity of 0.5% solutions
of such CPs in acetic acid also becomes lower than
that of the 0.5% PMMA solution. Therefore, apparent-
ly, the lower resistance to thermal oxidative degrada-
tion of the CP with a high content of AA units, ob-
served in the initial steps of weight loss, may be due
not only to possible decarboxylation of long blocks
of AA units, but also to increased tendency of shorter
CP chains to degrade. A certain contribution to
the weight loss may also be made by removal of
sorbed moisture whose amount increases with the con-
tent of AA units in the CP.

At high temperatures corresponding to active cleav-
age of chemical bonds in the backbone, the resistance
of the CPs to thermal oxidative degradation is virtu-
ally independent of their composition. The tempera-
ture of the maximal degradation rate, Tm, of CPs
fluctuates in the range 375�390�C as the mole fraction
of AA units in the CP is varied from 0.20 to 0.69,
whereas for PMMA, Tm is 283, and for PAA, 255�C.

The thermomechanical curves of PMMA, PAA, and
MMA�AA copolymers are shown in Fig. 3, and the
temperatures of transitions from one relaxation state
to another are listed in Table 2. As can be seen from
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Fig. 3, the thermomechanical curve of PMMA is typi-
cal of amorphous polymers. The temperature ranges
corresponding to glassy, hyperelastic, and viscous-
flow states can be distinguished. The temperatures of
transitions from glassy to hyperelastic (glass transition
point, Tg) and from hyperelastic to viscous-flow states
(flow point, Tf) for PMMA are 76 and 168�C, respec-
tively (Table 2). The thermomechanical curve of PAA
is also typical of an amorphous polymer and is charac-
terized by the temperatures Tg and Tf close to those
of PMMA: 85 and 160�C, respectively.

The thermomechanical curves of MMA�AA co-
polymers do not differ essentially from those of
PMMA and PAA. However, their position on the tem-
perature scale relative to the curves of the homopoly-
mers depends on the CP composition. The thermo-
mechanical curves of CP samples with a AA mole
fraction equal to 0.28 and 0.34 are shifted toward
higher temperatures relative to the homopolymers.
The glass transition points Tg of the CPs of these com-
positions are close to those of MMA and AA, whereas
the flow points Tf exceed those of the homopolymers
by more than 40�C. At the same time, the thermo-
mechanical curve of the CP sample with a AA mole
fraction equal to 0.40 is shifted toward lower tempera-
tures, and Tg and Tf become lower than those of
the homopolymers. Apparently, the sharp decrease in
the flow point of the CP with a AA mole fraction
equal to 0.40 is due to the short chain length (Fig. 1).

CONCLUSIONS

(1) Resistance to thermal oxidative degradation of
methyl methacrylate�acrylic acid copolymers with
the mole fraction of acrylic acid units of 0.20 to
0.40 exceeds that of the corresponding homopoly-
mers. The heat resistance enhancement takes place for
the step of cleavage of chemical bonds in the macro-
molecular backbone.

(2) The dependences of the glass transition and
flow points of the methyl methacrylate�acrylic acid
copolymers on the copolymer composition pass
through a maximum at the mole fraction of acrylic
acid units equal to 0.34.

REFERENCES

1. Krul, L.P., Matusevich, Yu.I., Matusevich, V.Yu., et al.,
STEPI 7: 7th European Technical Symp. on Polyimides
and High Perfomance Functional Polymers, Montpellier
(France), 2005, 2 S.T.L., p. 163.

2. Butovskaya, G.V., Matusevich, Yu.I., Matuse-
vich, V.Yu., et al., Mater. Tekhnol. Instr., 2006,
vol. 11, no. 1, pp. 55�59.

3. Praktikum po vysokomolekulyarnym soedineniyam
(Practical Course of Macromolecular Compounds),
Kabanov, V.A., Ed., Moscow: Khimiya, 1985.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


