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Abstract The free radical copolymerization of di-n-docosyl
fumarate with vinyl acetate and n-alkyl (meth)acrylates was
carried out in toluene at 70°C using benzoyl peroxide as an
initiator. 1H NMR and carbon analysis was used to
determine the copolymer compositions. Monomer reactivity
ratios for high conversion polymerization were calculated by
Fineman-Ross, Kelen-Tüdös and conversion extension
Kelen-Tüdös methods. Gel permeation chromatography
was used to determine the molecular weights and polydis-
persity indexes. In order to determine the stability of
polymers against thermal degradation, the kinetics and
mechanism of the thermal degradation of copolymers were
investigated by differential scanning calorimetry and ther-
mogravimetric analysis techniques. The energy of activation
of the degradation process was determined by several
thermogravimetric analysis models.
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Introduction

Dialkyl fumarates with long side chains may be considered
as typical comb-like polymers. These 1,2-disubstituted
ethylenic monomers have a more rigid conformation due
to bulkiness of substituents [1, 2] and are generally
recognized as unable monomers to homopolymerize due

to strong steric hindrance of the propagation step by the
substituents in both 1- and 2- positions. The voluminous
dialkyl fumarate group acts as the polymerization regulator
being able to take over the radical function. The main
characteristic of these monomers is their low polymeriza-
tion rates which are attributed to the steric hindrance of
the propagation reaction [3]. Due to steric hindrances of the
group, free radical is not able to properly propagate the
chain growth. The steric congestion at the poly(dialkyl
fumarate) radical centre not only increases with the
bulkiness of the alkyl substituents, but also with polymer
chain length up to some critical chain length [4]. It has been
revealed that the bulky ester groups promote propagation
despite the steric repulsion [5]. This indicates that the
polymerization of dialkyl fumarates shows unique charac-
teristics different from ordinary vinyl polymerization [6].
The high density of substituents of the resulting carboal-
koxymethylene repeated units, combined with the bulkiness
of the substituents lead to stiff main chains [7–9]. The
characteristic features of dialkyl fumarate homopolymeriza-
tion are not observed in copolymerization with long chain
alkyl (meth)acrylates, suggesting a low reactivity of the 1,2-
disubstituted ethylene structure. In contrast with vinyl
monomers, copolymers of dialkyl fumarate consisting of a
substituted polymethylene side chain result in less chain
flexibility. Fumarate readily undergoes copolymerization
with electron rich monomers such as styrene and vinyl
acetate. Poly(dialkyl fumarate) based materials have gener-
ated interest as pour point depressants/flow improvers
(PPDs/FIs), viscosity index improvers and additives in
petroleum based products. These comb-like polymers
cocrystallize with hydrocarbon chains in crude and lubri-
cating oils, resulting in a reduction of crystallite size in the
mixture [10, 11]. Due to the cocrystallization of normal
alkanes and long repeating units of polymers, polymeric
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additives affect the habit of wax precipitation in crude oil and
it results the lowing of pour point of crude oils. The
copolymerization behavior of dialkyl fumarate has been
investigated [12] in order to establish the effect of
substitution group volume on the activity of the fumarates
as well as to study the role of charge transfer complex in the
copolymerization [13, 14]. The increase in polymerization
reactivity of the fumarates by incorporating bulky groups is
a consequence of the extremely slow bimolecular termina-
tion of the substituted polymethylene radicals with a rigid
chain structure, which overcompensate the decrement of the
propagation rate [15, 16]. Radical polymerization of
dissymmetric fumarates with bulky alkoxyethyl group is
recently documented. It was observed that monomer
reactivities of dissymmetric fumarates were enhanced with
the increase of alkoxyethyl chain length. The enhancement
of reactivity was due to the suppression of the termination
reaction, resulting from the increased hindrances induced by
the alkoxyethyl chain length [17]. In free radical polymer-
ization of dialkyl fumarate under microwave irradiation, a
significant enhancement of the rate of polymerization was
observed in comparison with thermal conditions [18].

In this paper, we describe the free radical copolymeriza-
tion of di-n-docosyl fumarate (DDF) with vinyl acetate
(VA), n-octadecyl acrylate (OA), n-docosyl acrylate (DA)
and n-octadecyl methacrylate (OMA) in toluene in the
presence of benzoyl peroxide as the initiator (Scheme 1).
The objective of this study is to correlate, for the studied
systems, the monomer structure with its reactivity, and the
polymer structure with its properties. The reactivity ratios
of monomers for high conversion polymerizations were
calculated by Fineman-Ross, Kelen-Tüdös and conversion
extended Kelen-Tüdös methods. The melting endotherms
and thermal stabilities of each series of copolymers have
been investigated by differential scanning calorimetry and
thermogravimetric techniques. The thermal degradation
kinetics and energy of activation of the degradation process
were investigated by several thermogravimetric analysis
models applicable to dynamic data.

Experimental

Materials and polymerization

n-alkyl (meth)acrylates and DDF were prepared and
purified as indicated elsewhere [12]. Vinyl acetate, benzoyl

peroxide and the solvents were purified by standard
methods. Polymerization was carried out in sealed glass
ampoules placed in a bath thermostatized at desired
temperatures. The ampoule containing the reaction mixture
is deaerated by three freeze-pump-thaw cycles and sealed
with a rubber septum. After the polymerization, the
ampoules were cracked open and the contents are poured
into a beaker containing the precipitating solvent and traces
of hydroquinone for isolation of the polymers. The
polymers were then filtered, reprecipitated several times
and dried in vacuum. The polymer yield was determined
gravimetrically.

Instrumentation and analysis

Molecular weight (MW) and molecular weight distribution
(MWD) of the polymers were determined using a Waters
515 gel permeation chromatograph equipped with three
styragel columns (HR1, HR3 and HR4) in series with a
2410 differential refractometer as the detector. The analysis
was performed at room temperature with purified high-
performance liquid chromatography grade tetrahydrofuran
(THF) as eluent at 1.0 mL min−1. Low polydispersed linear
polystyrene standards supplied by Shodex Standards (Mn

from 1290 to 498000) were used to construct the calibration
curve based on universal GPC calibration [19]. Data
acquisition and processing were performed using Waters
Millennium32 software package. Differential scanning
calorimetric (DSC) measurements were performed on a
TA series DSC 2010 instrument in nitrogen atmosphere
with 2–5 mg of polymer samples weighed in aluminum
pans at a heating rate of 10°C min−1. The instrument was
calibrated with indium for correction of heat of transition.
Thermal stability studies were performed using a TA series
STD 2960. Such model was simultaneously equipped with
DTA and TGA analyzer, which were operated in a nitrogen
atmosphere at a heating rate of 10°C min−1; in measure-
ments were used between 10 and 15 mg of polymer sample.
DSC and DTA-TGA runs were repeated thrice for each
sample. The 1H NMR spectra were recorded on a Brucker
300 MHz spectrometer in CDCl3 with tetramethylsilane
(TMS) as an internal standard. The X-ray diffractogram of
polymer samples were recorded at room temperature on a
model JDX-11P3A JEOL diffractometer with a solid
sample using a Ni filter with Cu–Kα radiation at 35 kV
and 10 mA in the wide angle range 2°<θ<60°. The
samples used for obtaining X-ray diffractograms were pre-

Scheme 1 Structure of di-n-docosyl fumarate copolymer
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sented in film form with a sample size of 7–10 mg. IR
spectra were recorded on Perkin Elmer IR 833 spectropho-
tometer. Elemental analysis was done in a Perkin Elmer
2400 CHN/O analyzer.

Results and discussion

Synthesis of the di-n-docosyl fumarate copolymers

The results of radical copolymerization of DDF with VA,
OA, DA and OMA are summarized in Table 1. Clearly, the
average molar masses (Mn and Mw), polydispersities and
Rp depend sensitively on the structure (bulkiness) of the
ester substituents. For the copolymerization with DDF with
n-alkyl (meth)acrylates, at any particular feed composition
of n-alkyl (meth)acrylate the Rp of the copolymerization is
in the order of OA ∼ OMA > DA. This may be attributed to
the higher stability of alkyl group substitution size. The

Table 1 Copolymerization of vinyl acetate, n-octadecyl acrylate, n-docosyl acrylate and n-octadecyl methacrylate (M1) with di-n-docosyl
fumarate (DDF) at 70°C in toluene. BP½ � ¼ 2:0� 10�2 mol L�1; reaction time=6 h

Copolymer Feed composition in
mol ratios

Copolymer
composition in mol
ratios

105· Rp mol L−1s−1 Mn Mw=Mn mp (°C) Heat capacity (J g−1)

M1 DDF M1 DDF

VA-DDF1 0.50 1.00 38.2 61.8 4.07 7300 1.6 64.2 112.2

VA-DDF2 1.00 1.00 40.1 59.9 3.84 7700 1.6 64.0 113.7

VA-DDF3 1.50 1.00 42.1 57.9 3.56 10200 1.7 64.5 113.2

VA-DDF4 3.00 1.00 43.3 56.7 3.34 10700 1.7 63.2 120.7

VA-DDF5 5.00 1.00 45.5 54.5 2.97 12000 1.8 63.5 122.1

VA-DDF6 10.00 1.00 48.1 51.9 2.30 13200 1.9 62.9 125.4

OA-DDF1 0.50 1.00 35.1 64.9 12.89 35800 2.1 54.3 85.3

OA-DDF2 1.00 1.00 36.3 63.7 11.12 40600 2.5 56.6 88.8

OA-DDF3 2.00 1.00 37.8 62.2 10.45 42200 2.5 57.0 89.6

OA-DDF4 3.00 1.00 39.6 60.4 10.30 42400 2.4 57.2 89.8

OA-DDF5 5.00 1.00 41.1 58.9 9.99 42500 2.3 58.3 92.4

OA-DDF6 10.00 1.00 43.4 56.6 7.34 47100 2.1 60.3 93.1

DA-DDF1 0.50 1.00 40.3 59.7 11.23 21000 1.8 62.3 99.6

DA-DDF2 1.00 1.00 41.2 58.8 9.75 23100 2.7 63.7 108.9

DA-DDF3 2.00 1.00 42.2 57.8 9.12 23400 2.5 64.1 111.5

DA-DDF4 3.00 1.00 43.0 57.0 8.88 27200 2.7 63.9 117.1

DA-DDF5 5.00 1.00 44.5 55.5 6.61 31100 2.7 64.4 117.5

DA-DDF6 10.00 1.00 47.1 52.9 6.46 35400 2.5 63.5 118.4

OMA-DDF1 0.50 1.00 33.9 66.1 12.78 150200 2.6 69.8 130.1

OMA-DDF2 1.00 1.00 35.3 64.7 11.12 156000 2.2 68.6 128.8

OMA-DDF3 2.00 1.00 36.2 63.8 11.04 158000 2.4 68.4 128.2

OMA-DDF4 3.00 1.00 38.0 62.0 10.80 168000 2.2 68.2 127.8

OMA-DDF5 5.00 1.00 41.1 58.9 8.70 173100 2.1 68.0 125.7

OMA-DDF6 10.00 1.00 43.4 56.6 7.54 198700 2.2 67.5 124.8

Fig. 1 GPC curves of VA-DDF copolymer prepared in toluene at 70°C
with benzoyl peroxide (BP) as initiator. BP½ � ¼ 2:0� 10�2 mol L�1;
reaction time: 6 h. Molar ratios of [VA]:[DDF] for (a)=10.0:1.0, (b)=
5.0:1.0, (c)=3.0:1.0, (d)=1.5:1.0 and (e)=.0:1.0
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steric factor and hindrance parameters increases with the
increase of bulky ester substituents [20]. In ordinary vinyl
polymerization, the direction of monomer addition and the
opening mode of C=C double bond cannot be discriminated
from each other. But in the case of polymerization of 1,2-
disubstituted ethylenes, the direction of monomer addition
determines the configuration of two carbon atoms. Also the
stereochemical structures of dialkyl fumarate polymers are
dependent on the structure of the ester alkyl groups. It was
observed that the molecular weight (MW) of polymers
increases with the increase of mole fraction of VA and n-
alkyl (meth)acrylate fractions in the feed. The molecular
weight results indicate the formation of copolymers with
high polydispersity. Figure 1 presents the GPC chromato-
grams of VA-DDF copolymers and it is evident that
molecular weight increases with the increase of VA fraction
in the copolymer feed. Macromolecules with molecular
weight less than 1290 which elutes after 28.7 min were
ignored for computation of average molecular weight and
MWD. In the copolymerization of DDF and VA, the rates
of polymerization and molecular weights of the resulting
polymer are low in comparison with those corresponding to
the copolymerization of DDF with (meth)acrylates having

bulkier ester substituents. It is clear that MW increases with
the increase in bulkiness of the alkyl substituents. DA
which has more bulky substituent than OA showed low
reactivities, primarily due to the bulkiness of the docosyl
substituent was too large to exhibit high polymerization
rates. However, the molecular weight increased significant-
ly with methacrylate substituents.

In the IR spectra of the copolymers, the carbonyl peak of
the ester bond which is located at about 1720 cm−1 for the
monomer, is shifted to ∼1732 cm−1 upon polymerization.
This is due to the increase of electron cloud intensity off the
carbon carbon double bond of fumarate and consequently
strong inductive effect of C=O to the carbon-carbon double
bond of fumarate was weakened [21].

Wide angle X-ray diffraction (WAXD) of DDF copoly-
mers shows a peak at about 2θ=21.5°, which corresponds
to 4.14 Å (Fig. 2). This peak may be associated with the
repeating alkyl segments of the rigid polymer backbone
[22, 23], or the amorphous phase. The alkyl chains are
packed together to form stereochemically acceptable sub-
cell structure. These results are the same with those
observed for the conventional widely spaced comb-like
polymers and indicate the hexagonal packed long alkyl side
chains. WAXD has revealed that copolymers with pendent
alkyl side chains are paraffinic in nature in their ability to
form hexagonal crystal lattice structure.

Monomer reactivity ratios

The copolymerization behaviour of comonomers can be
better understood by the determination of reactivity ratios
of monomer pair. Monomer feed compositions were
planned according to the approximate design scheme
proposed by McFarlane et al [24]. The 1H NMR spectra
of DDF containing copolymers show the loss of the signals
at 6.9 ppm characteristic for the protons of the double bond
in DDF. Copolymer compositions have been found by total
organic carbon analysis and 1H NMR spectroscopy using
the percentage of hydrogen and ratio of the intensities of
downfield protons at 4.00 ppm (-CH2-) to that of the total

Fig. 2 Wide angle X-ray diffraction diffractogram of VA-DDF
copolymer

Peak Peak intensities for copolymers

VA-DDF1 VA-DDF2 VA-DDF3 VA-DDF4 VA-DDF5 VA-DDF6

-OCH2- 0.06 0.10 0.10 0.12 0.20 0.20

-CH2- 0.05 0.08 0.08 0.10 0.12 0.14

-CH- 0.40 0.45 0.58 0.60 0.60 0.50

-(CH2)n- 5.00 5.50 5.50 6.00 5.80 5.40

-CH3 0.50 0.50 0.56 0.60 0.60 0.50

Total 6.01 6.63 6.82 7.42 7.32 6.74

%C 75.0 81.9 80.5 82.5 84.9 87.4

Table 2 1H NMR and total
organic carbon data of VA-DDF
copolymer for calculation of
copolymer composition. Copol-
ymer prepared in nitrogen at-
mosphere at 70°C in toluene
with BP as initiator.
BP½ � ¼ 2:0� 10�2 mol L�1;
reaction time=6 h
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protons. The values thus obtained were used to calculate the
mole fraction of monomers in the copolymers [25, 26]. For
VA-DDF copolymer system, peaks at 4.20 ppm (-CH-),
4.00 ppm (-CH2-), 1.60 ppm (-OCH2-), 1.26 ppm (-CH2-)n
and 0.89 ppm (-CH3) have been taken for total peak ratio
calculation (Table 2).

To determine the copolymerization behavior at high
conversion polymerization, the monomer reactivity ratios r1
and r2 were determined by the least square method
according to Fineman and Ross (FR) equation:

G ¼ Fr1 � r2

Where the transformed variables are

G ¼ x y� 1ð Þ=y and F ¼ x2=y

x and y are defined as

x ¼ M1=M2 and y ¼ dM1=dM2

Where M1 and M2 are the concentration of monomers and
dM1/dM2 corresponds to the concentration ratio of copol-
ymer components. The reactivity ratios r1 and r2 can be
obtained from the plot of G versus F. The ordinate intercept
is –r2 and the slope of the line is r1. Values of r1 and r2
obtained from the FR procedure are summarized in Table 3.

The FR method is no longer considered proper except
for a quick determination of reactivity ratios of monomer
pairs, therefore, the slope of the best fit FR plot is used to
obtain the correct values of reactivity ratios [27]. The
reactivity ratios were also determined by the conversion
based modified Kelen and Tüdös [28, 29] (KT) treatment,
according to the equation:

h ¼ x r1 þ r2=a½ �ð Þ � r2=a

where η and ξ are mathematical functions of the mole ratios
of monomers in the feed and in the copolymer, defined as
h ¼ G= a þ Fð Þ and x ¼ F a þ Fð Þ and α s a symmetrical
parameter ( α>0), which according to the authors [28] has a
best value of a ¼ Fmin »Fmaxð Þ0:5, where Fmin and Fmax

are the lowest and highest values of F calculated from a
series of experiments. From the linear plot of η as a
function of ξ, the values of r1 and r2/α were obtained from
the intercept at ξ=1 and ξ=0, respectively. The experi-
mental data were evaluated by the method of least square.
Parts a and b of Fig. 3 represent the FR and KT plots for
VA-DDF copolymers as an example of this type of
polymerization system.

The above method is applicable only for low conversion
and azeotropic copolymerization. Kelen and Tüdös modi-
fied their equation of low conversion polymerization for
high conversion data by redefining F and G as:

F ¼ m1=m2ð Þ= log z1= log z2ð Þ

Table 3 Monomer reactivity ratios for copolymers containing vinyl
acetate, n-octadecyl acrylate, n-docosyl acrylate and n-octadecyl
methacrylate (r1) with di-n-docosyl fumarate (rDDF) obtained by
Fineman-Ross (FR), Kelen-Tüdös (KT) and conversion based Kelen-
Tüdös (NLLS-KT) methods

Copolymer Methods r1 rDDF

VA-DDF FR 0.833 0.675

KT 0.523 0.214

NLLS-KT 0.498±0.050 0.755±0.089

OA-DDF FR 0.523 0.420

KT 1.247 0.821

NLLS-KT 0.499±0.050 0.758±0.090

DA-DDF FR 0.933 0.994

KT 0.523 0.321

NLLS-KT 0.519±0.051 0.776±0.091

OMA-DDF FR 0.485 0.308

KT 0.811 0.322

NLLS-KT 0.520±0.051 0.778±0.092

Fig. 3 (a) Fineman-Ross and
(b) Kelen-Tüdös plots of the
copolymerization parameters for
VA-DDF copolymer system
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and

G ¼ m1=m2 � 1ð Þ � log z1= log z2ð Þ
where

z1 ¼ M1F=M10

and

z2 ¼ M2F=M20

M10, M1F, M20, and M2F represent the initial and final con-
centrations of monomer 1 andmonomer 2, respectively. m1 and
m2 are the mol fractions of monomer pair in the copolymer.

Figure 4 shows the conversion-extended KT plot for VA-
DDF copolymerization system. The modified KT method
can be used with relatively high conversion data. This
modified methods does not suffer from reindexing errors,

and can be used with relatively high conversions [27]. The
reactivity ratios of all four copolymer systems determined
by the above methods are summarized in Table 3. This
indicates that the structure of ester substituents has no
affects the reactivity of monomers in the investigated
copolymerization systems.

Differences in the values of the reactivity ratios obtained
by both methods are expected according to the data
generally reported [28–30] and inaccuracies have been well
established in the use of linear estimation methods [31, 32].
Reactivity ratios are usually estimated by using procedures
based on statistically valid error-in-variables model (EVM).
The 95% confidence limits for the above estimates were
calculated according to the standard procedures given by
Kelen-Tüdös. Considering the joint confidence limits, it is
recommended [27] that an non linear least square (NLLS)
method or Kelen-Tüdös modified method may be used to
determine reliable reactivity ratio values.

For a system with the simple binary copolymerization
method, Kelen-Tüdös introduced a quantitative measure of
the confidence, δ, which is defined by the relative value of
confidence intervals:

d ¼ Δr1 Δr2=r1r2ð Þ
In a high conversion system, Kelen-Tüdös defined a

class I system as that is strictly linear and has a δ value <1.
For the present copolymerization systems, the δ values
determined by the Kelen-Tüdös procedure are in the range
of 0.15–0.40. The correlation coefficients of the systems are
also in the range of 0.94–0.98 indicating that the copoly-
merization deviates slightly from ideal copolymerization.
This also categorized the copolymerization systems as class
I copolymer as defined by Kelen and Tüdös [29].

Fig. 4 Extended Kelen-Tüdös plot based on conversion data for VA-
DDF copolymer system

Fig. 5 DSC curves under nitro-
gen at the heating rate of
10°C/min of VA-DDF copoly-
mer system. Mole ratio of [VA]:
[DDF], ( )=10.0:1.0;
( )=5.0:1.0; (+)=3.0:1.0;
( )=1.5:1.0; ( )=1.0:1.0;
( )=0.5:1.0
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Thermal properties

When the polymers are used as PPDs/FIs for the transpor-
tation of crude oils, the polymers encounter temperature far
excess lower critical solution temperature in the course of
their lifetime. Therefore, thermal properties of the polymers
against thermal stress are of great importance. Hence the
goal of this study was to determine thermal degradation
behavior of copolymers of dialkyl fumarate and the thermal
stability of polymers was investigated by differential
scanning calorimetry (DSC) and thermogravimetric analy-
sis (TGA). DSC studies showed that poly(fumarates)
typically do not show a glass transition temperature (Tg)
below their degradation temperature [7, 32]. This observa-
tion is also valid for the copolymers prepared in this study.
From DSC measurements, melting endothermic peaks were
observed for the copolymer systems. Typical DSC endo-
therms for the second heating scan of the VA-DDF
copolymer system are shown in Fig. 5. The melting point
(mp) and the heat capacity of copolymers were determined
from the endothermic peaks and the values are shown in
Table 1. The melting behaviour of copolymers can be

ascribed to the crystallization of alkyl chains. All polymers
exhibit a single peak indicating the formation of random
copolymers. The melting point and heat capacity values
were almost constant, regardless of the feed composition of
monomer pair, MW and MWD of resulting copolymers.

TGAwhich measures the weight loss kinetics at elevated
temperatures has been used to predict the stability of
polymeric materials because it is very simple and accurate
[33]. The effect of alkyl groups on the thermal degradation
kinetics of long chain poly(alkyl acrylates) and its copoly-
mers has been extensively studied. The thermal degradation
occurs by hemolytic scission followed by inter- and intra-
molecular transfer reactions [34]. The TGA study of
fumarate based copolymer systems under nitrogen atmo-
sphere supports apparent single-step decomposition and the
decomposition starts above 220°C. Above 350°C, where
the main mass loss occurs, random main chain scission can
also occur. The decomposition curves of OMA-DDF
system are shown in Fig. 6. From the TGA curves, it can
be seen that the degradation mechanism of copolymers is
probably similar to that of the polymers of n-alkyl (meth)
acrylates. Thermal decomposition of poly(alkyl acrylates)
generates radicals that would abstract tertiary hydrogen
atoms from the main chain, resulting in the formation of
resonance stabilized radical and that all major decomposi-
tion reactions in poly(alkyl acrylates) would be initiated by
this radical [35]. At temperatures above 350°C, there is
sufficient energy in the system for the random main chain
scission of the C–C bonds to occur [36]. Furthermore, the
copolymer systems leave nearly no residue at and above
550°C. There are also no relevant changes in the shape and
size of the TGA curves with different heating rates. To
make an accurate quantitative prediction of thermal
degradation of copolymers, the information of the underly-
ing chemical mechanisms is insufficient [37]. Therefore, the
development of a molecular-level understanding of the
thermal degradation of polymers is an increasingly impor-
tant area of research. The overall thermal degradation
activation energies (Ea) of the copolymer samples were
calculated from non-isothermal TG curves using non-

Fig. 6 TGA curves under nitrogen at the heating rate of 10°C/min of
VA-DDF copolymer system. Molar ratios of [OMA]:[DDF] for: ( )=
10.0:1.0; ( )=5.0:1.0; ( )=3.0:1.0; ( )=2:1; ( )=1.0:1.0; ( )=
0.5:1.0

Table 4 Activation energies and correlation Coefficients of copolymers of di-n-docosyl fumarate with vinyl acetate, n-octadecyl acrylate, n-
docosyl acrylate and n-octadecyl methacrylate by various methods

Copolymer systems Temperature range (°C) Activation energies, E (kJ mol−1) and correlation coefficients, r

Freeman and Carroll Flynn and Wall Coats and Redfern

E r E r E r

VA-DDF 220.00–400.00 87.6 0.96 79.5 0.94 75.8 0.94

OA-DDF 220.00–400.00 81.9 0.95 74.2 0.96 68.4 0.94

DA-DDF 220.00–400.00 90.1 0.94 80.3 0.93 74.9 0.92

OMA-DDF 220.00–400.00 98.9 0.95 88.2 0.94 81.8 0.94
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mechanistic equations of Freeman and Carroll [38] Flynn
and Wall [39] and Coats and Redfern [40] at heating rates
of 2.5, 5.0, 10.0 and 20.0°C min−1. In this study a first
order reaction was assumed to be applicable for the studied
copolymerization systems, and all methods were evaluated
assuming first order kinetics. The results are found to be in
good agreement with each other.

Differential method of Freeman and Carroll [38]

The final equation derived from the modified treatment of
the Freeman and Carroll method can be represented in the
differential form as:

log Q dw=dTð Þ=Wr½ � ¼ �E=2:303RTþ logA

where, Wr = Wo – Wt, Wo is the total mass loss in the
decomposition process, Wt is the total weight loss at any
time t, Q is the constant heating rate which is 10°C min−1

(4.66°K min−1), A is the Arrhenius pre-exponential factor,
R is the universal gas constant, and E is the activation
energy. E and A can be calculated from the slope and
intercept, respectively.

Differential Flynn and Wall equation [39]

The simplified differential rate expression and weight loss-
time equation of the Flynn and Wall can be represented in
the form of

log dw=dTð Þ= Wo �Wtð Þn½ � ¼ �E=2:303RTþ logA

where the terms have the same meaning as that of the
Freeman and Caroll equation. Curves can be drawn for
different values of n in the range of 0–2 and E was fixed
from the value of n, which gave the best-fit line. Slope of
the plot of left-hand side of the equation vs. 1/T is −E/
2.303R, from where E can be calculated.

Integral method of Coats and Redfern [40]

For a first-order reaction process, Coats and Redfern
derived the following relation by using a series of
approximations. The final results may be expressed as:

log½�ðlog 1� bÞ=T2
� � ¼ log AR=QEð Þ 1� 2RT=Eð Þ½ �

� E=2:303RT

Where β is the fractional decomposition and other terms
have the same meaning as that of the Freeman and Caroll
equation. Since (1- 2RT/E) ≈ 1, a plot of the left hand side
of the equation versus 1/T should result a straight line with
a slope of −E/2.303RT.

Table 4 summarizes the activation energy obtained by
three different methods examined in this work. These

values are compared favourably with the literature values
reported for copolymers containing n-alkyl acrylate with
pendent alkyl side chains [12]. The thermal degradation
profiles indicated that the thermal stability of the copolymer
systems follow the order OMA-DDF > DA-OMA > OA-
DDF > VA-DDF. Table 4 also provides that the degradation
mechanism can be approximated by first order kinetics,
since the results obtained from Flynn-Wall method closely
match those of other two methods. In Flynn-Wall method
no assumption about the order of the reaction is made for
calculations of activation energies. If the degradation
pattern deviates from the first order, then the other methods
would give quite different values for activation energies.
The different analysis models are in agreement for
determination of activation energies associated with the
degradation.

Conclusion

Well defined copolymers containing dialkyl fumarate were
prepared using radical initiator. The resultant copolymers
were analyzed by composition and molecular weight. In
radical copolymerization of di-n-docosyl fumarate with
vinyl acetate and n-alkyl (meth)acrylates, monomer reac-
tivity ratios of the comonomers supported the occurrence of
successive propagation of DDF, which does not give high
polymer in radical homopolymerization. It showed that
introduction of higher alkyl pendent side chains on the
copolymer backbone adopt more compact packing mode
and thus have higher regularities, which results higher
attraction energy. The molecular weight of polymers
produced increased as the bulkiness of the ester substituents
decreased. The polymers obtained are colorless powders
and undergoes one step degradation at nearly 350°C.
Exhibiting a single step degradation mechanism, the data
were analyzed using three different techniques that have
been reported in the literature for analysis of dynamic TGA
data. WAXD has revealed that polymers having long
flexible n-alkyl side chains crystallize into layered struc-
tures in which the rigid backbones form backbone layers
and the side chains form a separated crystal region.
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