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Six binary and ternary maleic anhydride copolymers with vinyl acetate, methyl meth-
acrylate and styrene, useful as plastics, adhesives coatings, additives, etc., have been
synthesized. Thermo-oxidative behavior under dynamic conditions of heating has been
studied to test the possible changes during thermal treatments. The four or five thermo-
oxidative steps of weight loss are characteristic for the studied copolymers. The charac-
teristic temperatures, weight losses and overall kinetic parameters have been determined,
and information about physical and/or chemical processes involved has been obtained.

Keywords: Maleic anhydride copolymers; Thermo-oxidative decomposition;
Thermogravimetry

1. INTRODUCTION

The copolymers of maleic anhydride (MA) with different vinylic or
acrylic co-monomers are interesting from both theoretical and practi-
cal points of view [ These copolymers and the polyelectrolytes derived
from them by hydrolysis are used as plastics, printing inks, oil addi-
tives, detergent builders, dispersants/emulsifiers, scale and corrosion

*For part I, see: G.C. Chitanu, L.L. Zaharia and A. Carpov, Int. J. Polym. Anal.
Charact., 4(1), XXX (1997).
iCorresponding author.
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inhibitors, flocculants, biomaterials, drug delivery systems, etc.l24
Most of these polymers are subjected to thermal treatments during
processing and utilization, which can lead to significant changes in
their physico-chemical properties. Consequently, thermal analysis pro-
vides a useful tool for basic research, quality control and product
development based on these copolymers. _

Thermal analysis of MA copolymers was performed using pyrolysis-
gas chromatography (PGC), thermogravimetric analysis (TG) and
differential scanning calorimetry (DSC). PGC allowed the evaluation
of composition for a MA~styrene copolymer using a linear relation-
ship between the styrene content in copolymer and in pyrolysis prod-
ucts, respectively.l’! The low styrene content in pyrolysis products for
1:1 MA—styrene copolymer was assigned predominantly to the alter-
nating distribution of the co-monomers.'>” The TG analysis allowed
acquisition of data on the thermal stability, the decomposition mech-
anism and the microstructure of copolymers.®* ') The PGC and TG
data analysis of the MA-styrene or MA-vinyl acetate copolymers
showed a clearly different behavior of the statistical, alternating and
block copolymers.[—"’”] The results obtained by DSC for MA copoly-
mers showed that the 7, depends on the co-monomer type and con-
firmed their alternating structure.!'!3 The incorporation of MA
increased the thermal stability of a M A -methyl methacrylate copoly-
mer compared to poly(methyl methacrylate).'? While there are
enough data concerning the thermal behavior of some binary MA
copolymers, we have not identified in the literature any study concern-
ing the ternary MA copolymers in comparison with binary ones. Such
polymers-and their derivatives are used as scale inhibitors in geother-
mal systems,'¥ as additives in hide tanning,!'™ etc. In this paper we
have comparatively studied the thermo-oxidative behavior of several
binary and ternary MA copolymers with styrene (S), and/or vinyl
acetate (VA) and methyl methacrylate (MMA).

2. EXPERIMENTAL

21. Copolymer Synthesis

Analytical reagent-grade chemicals were used throughout. The mono-
mers were commercial products that were carefully purified prior to
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use. Thus, MA was twice recrystallized from chloroform to remove the
maleic acid developed by hydrolysis during storage. S, VA and MMA
were freshly distilled under reduced pressure. Benzene and toluene
were dried on Na for 48 h and then distilled. Chloroform and 2-buta-
none were dried with potassium carbonate for 24h and then also
distilled. Benzoyl peroxide, used as the free radical initiator, was
recrystallized from dried methanol.

The copolymerization mechanism of MA is different from the classi-
cal one, because MA, which is an electron acceptor, can form charge
transfer complexes (CTC) with the donor monomers. Depending on
the co-monomer, the CTC participates, more or less, in chain propa-
gation reactions, so that the MA copolymers have a predominantly
alternating structure.>*

Free radical copolymerizations were carried out in solution—suspen-
sion or in solution at 80°C to provide the conditions for a mechanism
via CTC.1'!! All the polymerizations were allowed to reach high con-
versions (80—-90%). The copolymers were purified for 24 h with dried
chloroform in a Soxhlet extractor or reprecipitated in diethyl ether
from acetone to remove the unreacted monomers. Then they were
dried at 40°C under reduced pressure for 3 days. The MA unit content
of the copolymers was determined conductometrically as the acid
number [, in an acetone/water mixture (1:1) with aqueous 0.1 N
NaOH, using a Radiometer AB Copenhagen CDM 2d conductivity

R4

b CH—GH——[CH—C—] —

¢

C% ~No~ %0 Ry

binary copolymer withm =norm=n
Ry=H or CH;
Rz = C¢Hs, OCOCH;, COOCHa.

R4
[—CH—GH—]—{CH—C—]—ICH—CH—];—
< Se LT LT

FN o~ Xp R Ry

ternary copolymer withm=n = p
R; and R; as above
Ri = CsHs. OCOCH,, COOCH:, and Ry £ R,

SCHEME | The structure of the maleic copolymers.
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meter and a CDC 114 cell.®) The composition of the ternary copoly-
mers was roughly estimated from 'H-NMR (nuclear magnetic reso-
nance) spectra, using the chemical shifts at 3.8, 5.5 and 7.4ppm,
corresponding to MMA, VA and S, respectively. The spectra were
recorded on a Brucker AC 300 MHz spectrometer. The proposed
structure of the copolymers is given in Scheme 1.

The experimental conditions used for synthesis and some character-
istics of the copolymers obtained are listed in Table 1.

2.2. Characterization Methods

The TG (thermogravimetric) and DTG (differential thermogravi-
metric) curves were recorded on a Paulik—Paulik—Erdey-type Deriva-
tograph, MOM Budapest, under the following operational conditions:
heating rate (3) 12K min~' temperature range 293-873K, sample
weight 50mg, using powdered samples, in platinum crucibles,
30cm’®min~! air flow. Two TG curves were recorded for each copoly-
mer, the actual 8 values being evaluated from the temperature—time
curve and the calculated (3 values were further employed in evaluating
the kinetic parameters. Three or four repeated readings (temperature
and weight loss) were performed on the same TG curve, each of them
having at least 15 points. Both integral (Coats—Redfern: CR,!'"]
Reich—Levi: RLZ%) single curve and differential (Swaminathan-—
Modhavan: SMP') methods of the kinetic parameter evaluation were
used. The subscript of kinetic parameters indicates the evaluation
method. For the last method the general expression of the conversion
function was considered:

da

g7 = 4 [@"(1 - a)"[~In(1 - a)}] 1)

Sla)

where a = w,/w, 1s the degree of conversion (ratio of the weight loss at
time ¢ and at the end of process), T is temperature in Kelvin, 4 is the
pre-exponential coefficient, E is the activation energy, R is the gas
constant, n is reaction order and m, p are other exponents, f(«) is the
differential form of the conversion function. The exponents m, n, p may
take different values with respect to the reaction mechanism or physical
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processes occurring during decomposition. From the mathematical
point of view both positive and negative values of 4, E or of the expo-
nents can describe with enough accuracy the TG or DTG curves, but
not all values have kinetic significance. Positive values of the kinetic
parameters, 4 and E, must be used as a selection criterion for “the most
probable kinetic parameters”. Additional criterion applied in our stud-
ies was good reproducibility of kinetic parameters obtained from dif-
ferent readings of TG data. Using the obtained kinetic parameters the
TG and DTG curves were simulated and for each experimental point
on the DTG or TG curves, the average square error and also the
correlation coefficient (r) were evaluated. Minimum values of the
average square error and maximum values of the correlation coefficient
were also among the selection criteria for kinetic parameters.
The parameters @ and b of the isokinetic relation:

InA =a+bE )

(where b=1/RT,,, R is the gas constant, T} is the isokinetic tem-
perature), describing the compensation effect, have been also
determined.!*?!

In order to verify if the chemical changes occur in the copolymer
structures in various temperature ranges, the IR spectra were recorded
using a Perkin-Elmer spectrometer 577 on KBr tablets.

3. RESULTS AND DISCUSSION

The derivatograms of the studied copolymers are presented in Figures 1
and 2 for binary and ternary copolymers, respectively. At least three
thermogravimetric steps are distinguished for each copolymer; some
copolymers even showed additional temperature ranges of thermo-
gravimetric steps depending on the nature of co-monomer. In Tables
II-V are listed the characteristic temperatures of decomposition steps,
the corresponding weight losses, overall kinetic parameters, evaluated
by Coats—Redfern (Ecg, In Acg), Swaminathan—Modhavan (Egy,
In Asym, #, m and p) and Reich—Levi (Egy ) methods.

The following temperature ranges of weight losses were studied: 20—
120°C (step I — Table II), 120-220°C (step II — Table I1I), 220-310°C
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DTG

dw/dT, mg/°C

16

L i ! L

100 200 300 400 500

FIGURE 1 Derivatograms of the binary maleic anhydride copolymers.

or 430°C (step III — Table TV or step 1V for some copolymers — Table
V) and 430-580°C (step V — Table V).

All six polymers studied are mildly hygroscopic. The first thermo-
gravimetric step is due to the physical phenomenon of water release
from copolymer. The weight loss in this temperature range is between
1.0 and 4.75 wt.%. The overall activation energy Ecgr varies from 54.5
to 82.73 kJ/mole while the Egp varies from 43.10 to 82.32 kJ/mole.
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DTG -

dw/dT, mg/°C

1

L

i
500
T,°C

| n J i 1 R |
100 200 300 400

16

W, Mg

—— MA-VA-MMA
——— MA-VA-S
——— MA-S-MMA

FIGURE 2 Derivatograms of the ternary maleic anhydride copolymers.

It seems that the water—copolymer physical bond is stronger for co-
polymer containing VA which is indeed more hydrophilic than S or
MMA. The exponent n (“reaction order” is not suitable for such a
physical process) takes values around unity. That should mean that all
bonds with water are strong enough (for example hydrogen bonding
type) so that water loss is close to a chemical reaction. In A4 values vary
between 13.5 and 29.7. The agreement between the overall kinetic
parameters obtained by the both methods is satisfactory taking into
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account the limitation of each of them. For this thermogravimetric
step, a compensation effect between the kinetic parameters appear for
both binary and ternary copolymers (Figure 3), described by the iso-
kinetic relation:

InA = 0.3452E + 0.0234, with r* = 0.9974. (3)
The corresponding isokinetic temperature is about 75°C, which lies

between T, values of this step for all copolymers. With only a few
exceptions which are in the experimental and evaluation error limits

120.00

MA-VA

0.00 MA.S
n A MA-MMA
-40.00 — & MA-VA-MMA
ﬁ 0 MA-VA-S
$0.00 —— 2 MaSVMA

-200.00 -100.00 0.00 100.00 200.00 300.00
E (KJ/mole)

FIGURE 3 In A versus E for the first thermogravimetric step of binary and ternary
maleic anhydride copolymers.
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the activation energy evaluated according to the Reich—Levi method is
approximately constant for 0.1 < a < 0.6, the average Fry values vary-
ing from 70 to 90 kJ/mole in accordance with overall values of kinetic
parameters (Table 1I). Similar results for this step of binary maleic
anhydride copolymers were found by other authors!'*! who also attrib-
uted this DTG peak (of differential thermogravimetric curve) to the
water desorption.

The second step could not be attributed to the loss of solvent or
monomers because all temperatures are higher than the boiling points
of the corresponding compounds. Both characteristic temperatures
and weight losses are approximately constant for all copolymers, so it
can be supposed that it is due to the common monomer; namely,
maleic anhydride. It is possible that the residual co-monomer is lost by
sublimation or that a dehydration reaction takes place as other
authors have shown.["* Low values for weight loss, overall activation
energy and pre-exponential factor should indicate that the dehydration
mainly occurs between a few hydrolyzed anhydride groups.

The existence of the same process for all copolymers is also a proof
of the existence of a compensation effect (Figure 4) found as in the
case of the corresponding first thermogravimetric step. The isokinetic
relation and temperature are

In4 =0.2727E - 0.0082 #* = 0.997 (4)

and T, = 168°C, respectively.

The isokinetic temperature corresponds with an average T, of DTG
peak of all copolymers in this temperature range (see Table IIT). Our
results and literature data!'®) indicate that a first-order reaction is tak-
ing place for this stage. The influence of the neighboring co-monomers
is evidenced both in the overall values of kinetic parameters (Table 111)
and E-« curves (Figure 5). For the binary copolymers, approximately
constant values of E in the 0.1 <« < 0.6 interval were found (Figure
5(a)), while a variation of the activation energy with conversion degree
1s characteristic for the ternary copolymers (Figure 5(b)).

It seems that in binary copolymers the dehydration reaction is
dependent on the co-monomer chemical nature: it is facilitated by
styrene and MMA and it is hindered by VA. Also it could be con-
cluded that the Egy (from differential method) for ternary copolymers
is much more reliable than Ecg (from integral method).
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80.00 .
N /
g
40.00 - ¥
#
-« o/f@
=000 -
£ o MA-VA
— /A! a MA-S
f s MA-MMA
-40,00 — 0
/]/ & MA-VA-MMA
~ ° MA-VA-S
, O MA-VA
o A MA-S-MMA
8000

-400.00  -200.00 0.00 200.00  400.00
E (KJ/mole)

FIGURE 4 In A4 versus E for the second thermogravimetric step of binary and tern-
ary maleic anhydride copolymers.

The third step is the main one for decomposition of copolymers. It
can mainly involve the side groups elimination, for the VA containing
copolymers, or the random scission, for MM A containing copolymers,
being particular for each copolymer both in respect to characteristic
temperatures, weight losses and kinetic parameters. Binary copolymers
containing VA or S show a narrow decomposition temperature range
of about 100°C and a weight loss of 19.5-30wt.%. Binary copolymers
containing MMA decompose approximately totally during this step
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@ 180 —6—MA-VA
—a—MA-MMA
160+ —4&—MA-S
140 +
E
(KJ/mole)
120 1
100 +
80 t } } |
0 0.2 0.4 0.6 0.8
a
(b) 160 1
—O—MA-VAMVIA
130 1 MA-VAS
140
130
120
E
110
(KJY/mole)

—8-
g

} i ) 1
1 T T 3

0 02 04 0.6 0.8

a

FIGURE 5 Variation of the activation energy evaluated by the Reich—Levi method
with degree of conversion a, for the second thermogravimetric step of the binary
(a) and ternary (b) maleic anhydride copolymers.
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(72.5wt.%) but the decomposition temperature range is wide, about
200°C. Ternary copolymers show also distinctive values for char-
acteristic temperatures and weight losses depending on constituent
co-monomers. Also, MMA containing copolymers decompose over a
wider temperature range with higher weight losses than the corre-
sponding values for other two copolymers. Comparing the weight
losses of this step with theoretical values of acetic acid or MMA loss
from the VA or MMA containing chains a satisfactory accordance
was found. Kinetic parameters take specific values for each copolymer,
The styrene containing copolymers show a lower thermo-oxidative
stability and lower weight losses and overall kinetic parameter values
than VA containing copolymers. Reaction order of this step is
higher than 1.0. No compensation effect was found for this step, but
activation energy remains approximately constant for a wide range of
a (0.05 < a<0.7) (Figure 6). The higher values for & < 0.5 could be
due to the errors in area evaluation. The average value of Egr; agrees
with overall Ecgr and Eqy values.

The main decomposition step of the styrene containing maleic anhy-
dride copolymers occurs between 280-438°C (Table V) with a weight
toss of 30—40% and overall activation energy of 163.5-251.3kJ/mole.
It can be supposed as in this temperature range the main chain random
scission started when the third step is accomplished.

HauBler ef al® showed that, at the beginning of degradation above
210°C carbon dioxide was found by Py-GC-MS analysis. The carbon
dioxide is generated by formation of a spirodilactone structure,* the
decarboxylation occurring between two neighboring anhydride
groups. In helium, the maximum of the decarboxylation process was
found to be about 330-340°C. In the second step, besides CO,, the
co-monomer styrene was also detected, a lactone structure being
formed.”” With further increase in temperature, complete decompo-
sition with chain destruction takes place.

The characteristic temperatures for the third and fourth DTG peaks
presented in the Tables IV and V are in satisfactory accordance with
those cited by above-mentioned authors.32%

The activation energy takes approximately constant values with
respect to degree of conversion — the average value being in satisfac-
tory agreement with overall activation energy. Therefore our results
could be explained by the same reaction mechanisms. Moreover,
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FIGURE 6 Variation of the activation energy evaluated by the Reich—Levi method
with degree of conversion o, for the third thermogravimetric step of the binary (a)
and ternary (b) maleic anhydride copolymers.
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comparing the IR spectra of the copolymers with those of their
decomposition solid products, significant structural changes can be
observed (Figures 7 and 8). In the IR spectra of the decomposition
products resulting from the copolymers containing vinyl acetate
(Figure 7) the diminishing and then disappearance of the hydroxyl and
carbonyl groups (1380 and 1040cm™' bands) and the formation of
double bonds (1640 and 740 cm ™' bands) are evident. The changes are
less evident in the IR spectra of the decomposition products of the
copolymers for which the chain scission is the main reaction, as for the
copolymers containing MMA or S (Figure 8). However, the shoulders
corresponding to the lactone ring {1180 cm™') or double bonds
(1640 cm ™) are present. At the same time the bands corresponding to
the carboxylic OH disappear (1380 cm™! band).

At high temperatures (430—600°C), where other reactions of thermal
cracking, cyclization and gasification of residue resulting from pre-
vious processes could occur, as expected overall activation energies
have higher values (143—196 kJ/mole), generally following a complex
kinetic law. This step is not complete for all copolymers up until
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FIGURE 7 IR spectra of the maleic anhydride~vinyl acetate copolymer after heat-
ing to 200°C and 300°C.
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FIGURE 8 IR spectra of the maleic anhydride—styrene copolymer after heating to
200°C and 300°C.
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SCHEME 2 The proposed mechanism of thermo-oxidative decomposition of the
maleic copolymers.
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600°C, so it was not possible to evaluate all characteristic values. The
residual weight loss has appreciable values for VA containing copoly-
mers (Table V). It is known that the acetic acid elimination leads to a
polyene chain which makes crosslinking reactions possible, increasing
the carbonaceous residue. The behavior during heating could be
described as in Scheme 2.

4. CONCLUSION

The thermo-oxidative decomposition of three binary and three ternary
copolymers of maleic anhydride with vinyl acetate, styrene or methyl
methacrylate have been comparatively studied. Some similarities
between thermo-oxidative behavior of the binary and ternary copoly-
mers, probably due to their common co-monomer, MA, have been
demonstrated. Thus, the second step of decomposition could be attrib-
uted to a characteristic reaction of hydrolyzed maleic anhydride units,
such as dehydration. The first step of decomposition is also common
for all copolymers. It is more prominent in the copolymers containing
VA (the most hydrophilic co-monomer) and is ascribed to the loss of
water adsorbed onto the copolymers. The quantity of absorbed water
and hydrolyzed maleic anhydride units can be determined by thermo-
gravimetric analysis.

The following steps of decomposition are different, depending on
the nature of the co-monomer. For the copolymers containing VA the
third step is principally, the elimination of acetic acid, as observed
from the weight loss and the IR spectra. For the copolymers with
styrene or methyl methacrylate these steps of decomposition consist
rather in the random scission of the main chain. The characteristic
temperatures, weight losses and kinetic parameters are specific for
each binary or ternary copolymer, permitting their identification and
eventually a discrimination between ternary copolymers and blends of
binary copolymers with homopolymers.

References

(1] B.M. Culbertson, Maleic and Fumaric Polymers. In Encycl. Polym. Sci. Eng..
2nd Edition, John Wiley & Sons, 1987, Vol. 9, 225-294.



16: 51 21 January 2011

Downl oaded At:

500 G.C. CHITANU et al.

[2] J.R. Ebdon, C.R. Towns and K. Dodgson (1986) J. Macromol. Sci., Rev. Macromol.
Chem. Phys., C 26(4), 523-550.
[3] M. Raetzsch (1988) Progr. Polym. Sci., 13, 277.
[4] G.C. Chitanu, A.G. Anghelescu-Dogaru and A. Carpov: (unpublished).
[5] S. Yamaguchi, J. Hirano and Y. Isoda (1987) J. Anal. Appl. Pyrol., 12, 283.
{6] C.E.R. Jones and G.E.J. Reynolds (1969) British Polym. J., 1, 197.
[7} C.N. Cascaval, G.C. Chitanu and A. Carpov (1996) Thermochimica Acta, 275, 225.
[8] K. Bhuyan and N.N. Dass (1988) J. Macromol. Sci. Chem., A-25, 1667.
[9] C. Cazé and C. Loucheux (1981) J. Macromol. Sci. Chem., A-15,95.
{10} S. Matsui and H. Aida (1969) Kobunshi Kagaku, 26, 10.
[11] R.B. Seymour, D.P. Garner and L.J. Sanders (1979) J. Macromol. Sci. Chem.,
A-13,173.
{12] P.K. Dhal, M.S. Ramakrishna and G. Srinivasan (1985) J. Polym. Sci., Polym.
Chem. Ed., 23, 2679.
[13] R. Vilcu, I. Jonescu-Bujor, M. Olteanu and I. Demetrescu (1987) J. Appl. Polym.
Sci., 33,2431.
[14] L. losifescu, G.C. Chifanu and A. Carpov (1984) Hidrotehnica Bucharest, 29, 143.
[15] D. Costas, G. Chitanu, G. Sebeny, A. Carpov and S. Sauciuc, Rom. Pat. Appl.,
C1257/1994.
[16] H. Aida, T. Yoshida and A. Matsuyama (1968) Fukui Daigaku Kogakubu Kenkyu
Hokoku, 16, 103.
[17] R. Endo, M. Hattori and M. Takeda (1972) Kobunshi Kagaku, 29, 48.
{18] R. Endo, T. Hinokuma and M. Takeda (1968) J. Polym. Sci., Part. A-2, 6, 665.
[19]) A.W. Coats and J.T. Redfern (1964) Nature (London), 201, 68.
[20} L. Reich and D.W. Levi (1963) Makromol. Chem., 66, 102.
[21] V. Swaminathan and N.S. Modhavan (1981) J. Anal. Appl. Pyrolysis, 3, 131.
(22} E. Segal and D. Fatu, Introduction in Non-Isothermal Kinetics, Bucharest,
Romanian Academy Publ. House (1983), pp. 201-210.
[23] L. HéuBler, U. Wienhold, V. Albrecht and S. Zschoche (1996) Thermochim. Acta,
277,17-27.
[24] M. van Duin and B. Klumperman, International Patent Application, WO 90,06956.
[25] V. Jarm and G. Bogdanic (1990) Thermochim. Acta, 171, 39.



