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A novel isocoumarin-derived polymer, poly(2-(isocoumarin-3-yl)-2-oxoethyl methacrylate)
(poly(ICEMA)), was synthesized by free radical polymerization. A spectral characterization was per-
formed with FTIR, H and *C-NMR spectroscopies. The glass transition temperature of poly(ICEMA)
was measured to be 161.69 °C by DSC. The initial decomposition temperatures obtained from TGA
showed a change in the positive direction from 256.59 to 286.10 °C as the heating rate increased to 20
°C/min. The thermal decomposition activation energies of poly(ICEMA) in the conversion range of 7—
19% were found to be 136.12 and 134.83 kJ/mol by the Flynn-Wall-Ozawa and Kissinger models, re-
spectively. In addition, various integral models, such as the Coats-Redfern, Tang, Madhusudanan and
Van Krevelen models, were used to determine the thermal decomposition mechanism of poly(ICEMA),
which showed that it proceeded at the optimum heating rate of 5 °C/min over the D1 one-dimensional dif-
fusion-type deceleration mechanism.
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CUHTE3A U KAPAKTEPU3ALIMJA HA HOB ITIOJIMMEP U3BEJEH Ol U3OKYMAPHUH U
HNCIIUTYBAIBE HA KNHHETUKATA HA HETOBOTO TEPMHUYKO PA3JIOKYBAIBE

Ilo nat Ha ci1000QHOPAMKAICKA MONUMEPU3aLja € CHHTETU3UpPaH HOB IMOJHMMEp U3BEICH O
M30KyMapuH, m0ONH(2-u30KyMapuH-3-ii)-2-okcoetrn wmetakpunatr) (poly(ICEMA)). Crekrpannara
kapakTepusanuja e usspuieHa co FTIR, 'H u ¥C-NMR. Co DSC e u3sMepHoO jieka TeMIlepaTypara Ha
Tparsummja Bo crakio Ha POly(ICEMA) e 161,69 °C. UunnujaiHara TeMepaTypa Ha pasjiokKyBame CO
TGA nokaxyBsa mpoMeHa BO MO3UTHBHA Hacoka of] 256,59 no 286,10 °C co nokauyBame Ha CTENEHOT Ha
3arpeBame 710 20 °C/min. M3mepeHo e feka akTHBAallMOHATA CHEprija Ha TEPMHUYKOTO Pa3jIoKByarme Ha
poly(ICEMA\) Bo ormiceror Ha nperBop6a o1 7-19 % cnopex moxenure Ha Flynn—Wall-Ozawa u Kissin-
ger usHecyBa cooaBetHo 136,12 u 134,83 kJ/mol. Hcto Taka, 3a Ja ce Ompenesid MEXaHU3MOT Ha
TepMHUYKOTO paziokyBame Ha POlY(ICEMA), Oea KOpHCTEHH pa3HH MHTETPATHH MOJEIH KaKo IITO Ce
Coats-Redfern, Tang, Madhusudanan u Van Krevelen mro mnokaxka jgexka ontumanHa Op3uHA Ha
3arpeBame e 5 °C/min nopagu D; enHOaMMeH3MOHANIEH 3a0aByBauyKi MEXaHU3aM O AU(Y3€H THIIL.

Kayunu 300poBH: H30KyMapHHCKH ITOJIMMED; CHHTE3a M KapaKTepHu3aluja;
KMHETHKA HAa TEPMHUYKO Pa3JIOKyBamke; aKTUBAIOHATA CHEPTHja
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1. INTRODUCTION

a-Pyranone (2H-pyran-2-one) is a Six-
membered oxygen heterocyclic compound and is
an important member of natural compounds con-
taining an unsaturated lactone ring [1-3]. Isocou-
marins, as a new class of heterocyclic compounds,
are obtained by bonding the benzo-group to the a-
pyranone ring [2]. These compounds are structural-
ly similar to coumarins, which are also lactone-
derived compounds commonly found in nature,
and show structural isomerism with these com-
pounds [1]. In addition, similar to coumarin com-
pounds, the isocoumarins and their derivatives
with the same aromatic lactone ring attract a great
deal of attention due to their abundance in nature
and also their physical, chemical and biological
properties [3-5]. In particular, they have potential
use in many fields thanks to their unique and special
chemical structures containing the heterocyclic n-
conjugated system [4]. Isocoumarins have a wide
range of pharmacological activities, including anti-
fungal [6], anti-inflammatory [7], antimicrobial [8],
phytotoxic [9] and cytotoxic [10] properties. Fur-
thermore, isocoumarins are used as reagents in the
synthesis of many important hetero and carboxylic
compounds, including isocarbostyrils, isoquinolines,
isochromenes and different aromatics [2, 5].

In addition to their natural presence and ex-
traction from various plants, the synthesis of these
compounds and new derivatives not found in na-
ture has also been well performed in laboratory
conditions in recent years. With the exception of
the conventional methods used for the synthesis of
these compounds, transition metal catalyzed reac-
tions have recently been attempted [5]. Transition
metal catalyzed reactions for the synthesis of iso-
coumarin derivatives, in particular salts of transi-
tion metals, such as Cu, Pd, Ag, Ru, Rh and Ir, or
their complexes are noteworthy [1]. Furthermore,
other synthetic methods, such as insertion, cycliza-
tion and bond cleavage reactions, are possible [5].

Alternatively, a large number of polymers
with different reactive functional groups have suc-
cessfully been synthesized and tested to date [11-
16]. These polymers are used not only for their
macromolecular properties, but also for their spe-
cific applications due to their functional properties
[12, 17]. However, nearly all of the studies per-
formed on isocoumarins are directed to the obtain-
ing of small molecules with organic synthesis [1-3,
5]. Based on our literature knowledge, we have not
found any studies that develop isocoumarin-
derived methacrylate polymers and investigate the
thermal decomposition kinetics of these polymeric

materials. Therefore, in present study, we aim to
synthesize and characterize a novel isocoumarin-
derived polymer, poly(2-(isocoumarin-3-yl)-2-
oxoethyl methacrylate) (poly(ICEMA)), and inves-
tigate its thermal decomposition Kinetics by vari-
ous kinetic models in the studied conversion range.

2. EXPERIMENTAL

2.1. Materials

2-Carboxybenzaldehyde, chloroacetone, bro-
mine (reagent grade), glacial acetic acid, sodium
methacrylate, triethylamine, sodium methacrylate,
tetrahydrofuran (THF), N,N-dimethylformamide
(DMF), chloroform, ethanol, sodium hydroxide
and anhydrous magnesium sulfate were purchased
from  Sigma-Aldrich.  Azobisisobutyronitrile
(AIBN) used as an initiator for polymerization was
purchased from MERC and it was dissolved in
chloroform and then recrystallized from ethanol.

2.2. Instrumental techniques

NMR spectra of the compounds were rec-
orded on a Bruker 300 MHz Ultrashield TM in-
strument at room temperature using a deuterated
DMSO solvent and TMS as an internal standard.
The infrared characterization of compounds was
carried out using a Perkin Elmer Spectrum 100
FTIR spectrometer with an ATR accessory. A Per-
kin EImer DSC 8000 was used to determine the
glass transition temperature of poly(ICEMA) in the
temperature range of 30-250 °C at a heating rate of
20 °C/min under a nitrogen atmosphere. TGA ex-
periments were performed with a Seiko SII 7300
TG/DTA under a dynamic nitrogen gas atmosphere
of 25 ml/min flow rate with heating rates of 5, 10,
15 and 20 °C/min over a range of temperatures
from 30 to 500 °C.

2.3. Synthesis of 3-acetyl isocoumarin

2-Carboxybenzaldehyde (2.33 g, 1.53 mmol),
chloracetone (0.14 g, 1.53 mmol) and triethyla-
mine (0.15 g, 1.53 mmol) were added into a three-
necked reaction flask. After setting the ambient
temperature to 130 °C, the reaction was carried out
in solvent-free media for 3 h, as reported by Koca
et al. [18]. The obtained crude product was precipi-
tated in pure water and then dried at room tempera-
ture. Finally, 3-acetyl isocoumarin compound (1)
was purified by crystallization from ethyl alcohol.

FTIR (cm™): 3088-3048 (aromatic C-H
stretching), 3003-2881 (aliphatic C-H stretching),
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1721 (acetyl ketone C=O stretching), 1678 (iso-
coumarin C=0 stretching), 1643 (isocoumarin ali-
phatic C=C stretching), 1600 (aromatic C=C
stretching) and 1086 (C-O-C stretching).

H-NMR (CDCls, dppm): 8.39 (isocoumarin
=CH- proton), 7.86-7.42 (aromatic =CH- protons)
and 2.61 (acetyl -CHjs protons).

B3C-NMR (CDCls, dppm): 192.21 (acetyl ke-
tone carbonyl carbon), 160.93 (isocarbonyl carbonyl
carbon), 149.39 (ipso carbon next to acetyl group),
135.31-109.02 (aromatic and aliphatic C=C car-
bons) and 26.18 (acetyl -CHs carbon).

2.4. Synthesis of 3-(2-bromoacetyl) isocoumarin

For the bromination process, 3-acetyl iso-
coumarin (0.5 g, 1.87 mmol) and glacial acetic acid
(50 ml) were added to a three-necked reaction flask
to dissolve the isocoumarin compound and the reac-
tion medium temperature was then set to 5 °C. Al-
ternatively, the liquid bromine (Br;, 0.3 g, 1.87
mmol) dissolved in 20 ml of glacial acetic acid was
added dropwise to the 3-acetyl isocoumarin solu-
tion. After the addition of bromine solution was
finished, the mixture was stirred with a magnetic
stirrer for 24 h at room temperature. The reaction
mixture was then precipitated in pure water. The
obtained product was crystallized from acetic acid
to synthesize pure 3-(2-bromoacetyl) isocoumarin
compound (2).

FTIR (cm™): 3118-3031 (aromatic C-H
stretching), 2986-2888 (aliphatic C-H stretching),
1724 (acetyl ketone C=O stretching), 1705 (iso-
coumarin C=0 stretching), 1680 (isocoumarin ali-
phatic C=C stretching) and 1598 (aromatic C=C
stretching).

'H-NMR (CDCls, éppm): 8.40 (isocoumarin
=CH- proton), 7.87-6.88 (aromatic =CH- protons)
and 4.50 (acetyl -CH2Br protons).

2.5. Synthesis of 2-(isocoumarin-3-yl)-2-oxoethyl
methacrylate monomer

3-(2-bromoacetyl) isocoumarin (0.5 g, 1.87
mmol), sodium methacrylate (0.205 g, 1.90 mmol),
THF (50 ml) and hydroquinone as an inhibitor
(trace amount) were added into a three-necked re-
action flask, which was then heated under reflux
for 24 h on a heated magnetic stirrer. After the re-
action was completed, the reaction mixture was
filtered and the THF solvent was removed in vacu-
um. The crude product was then purified by pre-
cipitation in pure water. The resulting ICEMA
monomer (3) was dried at room temperature.
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FTIR (cm™): 3111-3041 (aromatic C-H
stretching), 2993-2853 (aliphatic C-H stretching),
1741 (methacrylate C=0 stretching), 1722 (acetyl
ketone C=0O stretching), 1708 (isocoumarin C=0
stretching), 1672 (isocoumarin aliphatic C=C
stretching), 1634 (vinyl C=C stretching) and 1601
(aromatic C=C stretching).

H-NMR (DMSO, dppm): 8.27 (isocoumarin
=CH- proton), 8.01-7.78 (aromatic =CH- protons),
6.17 and 5.82 (vinyl =CH, protons), 5.45 (-OCH;
protons next to methacrylate ester carbonyl), 1.95
(-CHs protons next to vinyl group) and 3.35 and
2.50 (DMSO solvent protons).

BC-NMR (DMSO, dppm): 186.42 (ketone
carbonyl carbon next to isocoumarin group), 165.86
(methacrylate ester carbonyl carbon), 159.89 (iso-
coumarin carbonyl carbon), 146.91 (ipso carbon at
3th position of coumarin), 135.66-111.10 (aromatic
and aliphatic C=C carbons), 66.00 (-OCH- carbon
next to methacrylate ester), 17.96 (vinyl -CHjs car-
bon) and 39.46 (DMSO solvent).

2.6. Synthesis of poly(2-(isocoumarin-3-yl)-2-
oxoethyl methacrylate) homopolymer

Homopolymerization of the ICEMA mono-
mer was achieved using the free radical polymeri-
zation method. To this end, ICEMA monomer (0.4
g), AIBN initiator (0.040 g, 10 % wt. monomer)
and DMF solvent (2 ml) were added to a polymeri-
zation tube, respectively. After dissolving the rea-
gents, the solution was purged with nitrogen gas
for 10 min. The tube was then closed and im-
mersed in an oil bath previously set to 60 °C. The
polymerization time was continued for 48 h. The
polymer solution was precipitated in ethanol and
then filtered and dried at 40 °C to obtain poly(2-
(isocoumarin-3-yl)-2-oxoethyl methacrylate) ho-
mopolymer (4), poly(ICEMA). A schematic repre-
sentation of the polymer synthesis is shown in
Scheme 1.

FTIR (cm™): 3132-3020 (aromatic C-H
stretching), 2996-2898 (aliphatic C-H stretching),
1739 (methacrylate C=0 stretching), 1722 (acetyl
ketone C=0O stretching), 1715 (isocoumarin C=0
stretching), 1671 (isocoumarin aliphatic C=C
stretching) and 1601 (aromatic C=C stretching).

H-NMR (DMSO, dppm): 8.26 (isocoumarin
=CH- proton), 7.95-6.64 (aromatic =CH- protons),
5.39 (-OCH; protons next to methacrylate ester
carbonyl), 2.27 and 1.28 (methylene and methyl
protons in polymer main chain) and 3.35 and 2.50
(DMSO solvent protons).
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Scheme 1. Synthesis of poly(2-(isocoumarin-3-yl)-2-oxoethyl methacrylate)

3. RESULTS AND DISCUSSION

Figure 1(a) shows the FTIR spectrum of the
ICEMA monomer, where the most characteristic
absorption bands are observed at 3111-3041 cm
for aromatic C-H stretching, 2993-2853 c¢cm™ for
aliphatic C-H stretching, 1741 cm™ for methacry-
late C=0 stretching, 1722 cm™ for acetyl ketone
C=0 stretching, 1708 cm™ for isocoumarin C=0
stretching, 1672 cm™* for isocoumarin aliphatic C=C
stretching, 1634 cm* for vinyl C=C stretching and
1601 cm™ for aromatic C=C stretching. In the *H-
NMR spectrum of the ICEMA monomer, as shown

in Figure 2(a), the observed chemical shifts are at-
tributed to the =CH- proton in the isocoumarin ring
at 8.27 ppm, to aromatic =CH- protons at the chem-
ical shift range of 8.01 to 7.78 ppm, to the vinyl
=CH, protons at 6.17 and 5.82 ppm, to -COOCH-
protons next the methacrylate ester at 5.45 ppm, to
the -CHj3 protons adjacent to the vinyl group at 1.95
ppm, and the 3.35 and 2.50 ppm signals are also
attributed to the DMSO solvent protons.

The synthesized isocoumarin-derived poly-
mer, poly(ICEMA), was also characterized by
FTIR and 'H-NMR techniques. The FTIR spec-
trum of poly(ICEMA) is shown in Figure 1(b).

Maced. J. Chem. Chem. Eng. 37 (2), 173-184 (2018)



Synthesis and characterization of a novel isocoumarin-derived polymer... 177

Transmittance (%0)

4000 3200 2400 1800 1600
Wavenumbers (cm1)

Fig. 1. FTIR spectra (a) ICEMA monomer
and (b) poly(ICEMA) homopolymer
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Fig. 2. 'H-NMR spectra of (a) ICEMA monomer
and (b) poly(ICEMA) homopolymer

The vibration bands at 3132-3020 and 2996—
2898 cm* are characteristic for aromatic and aliphat-
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ic C-H stretching, respectively. The methacrylate
ester carbonyl stretching is observed at 1739 cm™,
whereas the acetyl ketone carbonyl and isocoumarin
carbonyl stretching is at 1722 and 1715 cm™, respec-
tively. At the frequency region of C=C stretching in
this spectrum, only the absorption bands at 1671 and
1601 cm reasoned from isocoumarin aliphatic C=C
and aromatic C=C stretching are seen. As expected,
the vinyl C=C stretching at 1634 cm™ (for the mon-
omer) disappeared by polymerization and this is one
of main evidences that the homopolymerization of
ICEMA is accomplished by the free radical polymer-
ization method [14].

In the *H-NMR spectrum of the poly (ICE-
MA) polymer (Fig. 2(b)), the chemical shift at 8.26
ppm is attributed to the isocoumarin =CH- proton.
The signal groups between 7.95 and 6.64 ppm are
due to aromatic =CH- protons. The singlet signal at
5.39 ppm is assigned to the —OCH; protons next to
methacrylate ester carbonyl. By the polymeriza-
tion, two vinylic =CH; protons present in the mon-
omer at 6.17 and 5.82 ppm disappear and these sig-
nals are moved to 2.27-1.28 ppm of homopolymer
backbone methylene and methyl proton scale. This
is also another main evidence that the homopoly-
merization of ICEMA is accomplished by the free
radical polymerization method.

Heat flow (mW)

25 75 125 175 225
Temperature (°C)

Fig. 3. DSC curve of poly(ICEMA) homopolymer

The glass transition temperature (Tg) of
poly(ICEMA) was determined by using differential
scanning calorimetry technique (DSC) and its
thermogram is illustrated in Figure 3. As can be
seen from that thermogram, the tg of poly(ICEMA)
was measured to be 161.69 °C. We can compare
this value only to that of coumarin-derived poly-
mers (as the isomer of isocoumarin), since the iso-
coumarin containing polymers cannot be found in
the literature according to our literature
knowledge. The Tg value of poly(ICEMA) is agre-
ement with the Tg values recorded for the couma-
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rin-derived polymers in the literature. For example,
in one study, Fomine and coworkers reported that
the Tg values of some coumarin polymers are
shifted in the range of 100-230 °C [19]. In addi-
tion, in our previous studies, we have found that
the Tg of a coumarin-derived polymer,
poly(poly(3-benzoyl coumarin-7-yl-methacrylate),
to be 179 °C [13], and in another study, it is deter-
mined to be 176 °C for another coumarin, polymer
poly(3-acetylcoumarin-7-ylmethacrylate) [14].

100] ——————

=]
=

(=3}
=1

Weight loss (%)
E=S
=

[ 5]
[

0 100 200 300 400 500
Temperature (°C)

Fig. 4. TGA curves of poly(ICEMA) at different heating rates
of a) 5 °C/min, b) 10 °C/min, ¢) 15 °C/min and d) 20 °C/min

The thermal behavior of the poly(ICEMA)
homopolymer was investigated in detail using

thermogravimetric analysis (TGA). For this pur-
pose, poly(ICEMA) samples were heated from
ambient temperature at 500 °C at different heating
rates of 5, 10, 15 and 20 °C/min in a nitrogen gas
atmosphere. TGA thermograms of poly(ICEMA)
recorded at different heating rates are shown com-
paratively in Figure 4. Decomposition is observed
at two stages, with up to 30% weight loss attribut-
ed to the formation of volatile hydrocarbons at
~350 °C and the second decomposition stage iS
approximately between 350 and 450 °C, with up to
65 % weight loss. This decomposition range is
consistent with the thermal decomposition values
of coumarin polymers. Patel and co-workers de-
termined that the thermal decomposition of a series
of coumarin containing polyacrylates occurred at
the temperature range of 263-458 °C [17]. In ad-
dition, some thermal characteristics, such as the
initial and final decomposition temperatures, the
weight losses at different temperatures and the
temperature of semi-weight loss, are given in Table
1. It can be seen that the initial decomposition
temperatures (accepted as 5 % weight loss) of
poly(ICEMA) at heating rates of 5, 10, 15 and 20
°C/min are measured as 256.59, 269.61, 285.36
and 286.10 °C, respectively. As the heating rate
increases, the decomposition temperatures show a
change in the positive direction [13, 16, 20].

Table 1
Thermal behaviors of poly(ICEMA) at different heating rates
. o o o %Weight lossat ~ %Weight lossat  Residue at 500

Reaction rate (°C/min) Ta (°C) Tb (°C) 300 °C 400 °C °C (%)

5 256.59 416.90 19.82 42.70 65.06

10 269.61 427.26 15.09 39.64 66.06

15 285.36 433.18 10.25 38.46 67.39

20 286.10 437.71 8.22 37.54 67.99

Taand Tv: Decomposition temperatures at the weight losses of 5% and 50%, respectively

Thermal decomposition reactions of solid-
state materials are defined by the following expres-
sion [21]:

E
RT

STO‘ =A exp((—

f(a)
) "’ 1)

where k(T) is a temperature-dependent rate constant,
f(a) is the particular reaction model describing the
dependence of the reaction rate on the extent of re-
action, a represents the extent of reaction, which can
be determined from TGA runs as a fractional mass
loss, t is time, and A and E are the pre-exponential
factor and activation energy, respectively.

Furthermore, g(o) is defined as the integral
function of conversion as expressed by the follow-
ing equation:

"y A e
g((l) :f f(g = ﬂ] e RT dT
0 0 )

where R is the ideal gas constant, § is the heating
rate and T is the absolute temperature. Thermal
decomposition of polymeric materials generally
follows one of the decomposition processes of a
sigmoidal and deceleration-type mechanism [22].

Maced. J. Chem. Chem. Eng. 37 (2), 173-184 (2018)
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Various statements of g(a) integral functions are
given in Table 2 and by using these functions,

Table 2

thermal decomposition mechanisms may easily be
determined by TGA [23].

Algebraic expressions for g(a) for the most frequently used mechanisms of solid state processes

Symbol g(a) Solid state processes

Sigmoidal curves

A2 [-In(1-a)]¥2 Nucleation and growth (Avrami equation 1)

Az [-In(1-0)]*3 Nucleation and growth (Avrami equation 2)

Aq [-In(1-0)]¥4 Nucleation and growth (Avrami equation 3)

Deceleration curves

R1 o Phase boundary controlled reaction (One-dimensional movement)
R2 [1-(1-a)¥3 Phase boundary controlled reaction (contraction area)

R3 [1-(1-a)¥?] Phase boundary controlled reaction (contraction volume)

D1 o? One-dimensional diffusion

D2 (1-a)In(1-a)+o Two-dimensional diffusion

Ds [1-(1-0)¥3)? Three-dimensional diffusion (Jander equation)

D4 (1-2/30) (1-a)?3 Three-dimensional diffusion (Ginstling-Brounshtein equation)
F1 -In(1-a) Random nucleation with one nucleus on the individual particle
F2 1/ (1-a) Random nucleation with two nuclei on the individual particle
Fs 1/ (1-0)? Random nucleation with three nuclei on the individual particle

The thermal decomposition activation ener-
gies of the ICEMA homopolymer have been de-
termined according to the Flynn-Wall-Ozawa
[24,25] and Kissinger [26] methods using the data
obtained from TGA thermograms at different heat-
ing rates. Both of these methods are especially
used to determine activation energies because they
are integral methods and do not require any
knowledge of the reaction order or the decomposi-
tion mechanism of the polymer [23]. The Flynn-
Wall-Ozawa method uses the following equation:

AE 0.457 E
log A= log|_ 9(aR ] -2.315 =

3)

where E is the activation energy calculated from
the slope of log S versus (1000/T) plots. Another
integral method is the Kissinger method, expressed
as follows:

In( B ):{InAER + In [n(l—amax)"'ll}' %ﬂax

Tho
(4)

where Tmax is the temperature corresponding to the
maximum reaction rate, omax IS the maximum con-
version at Tmax and n is the reaction order. The ac-
tivation energy, E, can be calculated from the slope
of a plot of In(B/T?max) versus 1000/T max.

Maced. J. Chem. Chem. Eng. 37 (2), 173-184 (2018)

1,1
o=t & A LI =
809 - \
0,7 7 - A ¥ ° [ ]
0,5 f I I I I
166 17 174 178 182 186 19

1000/T(K)

Fig. 5. Flynn-Wall-Ozawa lines at different conversion values

The measurements at conversion values of
7 %, 9 %, 11 %, 13 %, 15 %, 17 % and 19 % are
obtained for the Flynn-Wall-Ozawa method. The
logP against 1000/T values determined at the
above conversions are plotted in Figure 5. From
the slope of a series line, the activation energy val-
ues corresponding to each conversion percentage
have been separately calculated and given in Table
3. The average activation energy value for the
poly(ICEMA) homopolymer among these values is
calculated to be 136.12 kJ/mol. The closest value
to the calculated average activation energy value is
also obtained at the conversion of 11% with a val-
ue of 131.51 kJ/mol.
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Table 3

Activation energies of poly(ICEMA) calculated by
Flynn-Wall-Ozawa method

a (%) E (kJ/mol) R
7 102.06 0.986
9 115.98 0.984
11 131.51 0.981
13 141.12 0.991
15 148.60 0.994
17 153.80 0.995
19 159.80 0.993
Mean 136,12
-9
-~ N y =-16,217x + 18,334
g -10 - R? = 0,9694
[ i
=
e i
_12 T T T
1,7 1,74 1,78 1,82

1000/T,,,,

Fig. 6. In(8/T%max) versus 1000/ Tmax plots obtained
from Kissinger method.

The In(B/T?max) Versus 1000/Tmax plots ob-
tained at different heating rates for the Kissinger
method, another method that is independent of re-
action order, is shown in Figure 6. The tempera-
tures (Tmax) corresponding to the maximum de-
composition rate required to calculate the activa-
tion energy value according to this method have
been measured from the derivative thermogravime-
try (DTG) as 280.91, 289.49, 298.81 and 306.10

°C at heating rates of 5, 10, 15 and 20 ° C/min,
respectively.

From the slope of the curve shown in Figure
5, the activation energy is calculated as 134.83
kJ/mol. There is an energy difference of 1.29
kJ/mol between the thermal decomposition activa-
tion energy values calculated according to Flynn-
Wall-Ozawa and Kissinger methods. This result
shows that the activation energies obtained from
both methods are in good agreement with each
other.

In order to determine the thermal degrada-
tion mechanism of the ICEMA homopolymer, the
activation energy values calculated from the kinet-
ic methods of Coats-Redfern [27], Tang [28],
Madhusudanan [29] and Van Krevelen [30] have
been compared with the activation energies ob-
tained from the Flynn-Wall-Ozawa and Kissinger
integral methods. By using these kinetic methods,
the accuracy of the measurements for calculating
the thermal decomposition mechanisms of
poly(ICEMA) will have been increased. These ki-
netic methods are briefly described below.

One of these kinetic methods is suggested by
Coats-Redfern, as represented by the following
equation:

()

The apparent activation energies of each
g(a) function can be determined from a plot of
In[g(a)/T?] versus 1000/T according to the various
decomposition processes. In addition to the Coats-
Redfern method, thermal decomposition mecha-
nism of poly(ICEMA) is expressed by the Tang
method as below:

In |[g(a) J = ”Zn ﬂA—E + 3.63504095 - 1.89466100 In EJ - 1.00145033571_

Tl.89466100

where the activation energy is calculated from the
slope of the plots of In[g(o)/T896610] versus
1000/T for every g(a) function. Another kinetic

9(a)

Tl.921503

(6)
method to determine the decomposition mecha-
nism of poly(ICEMA) is suggested by Madhusu-
danan in the following equation:

In|—=% __ |- |En AE | 3772050 - 1.921503 In EJ - 1.000955716 —E—
BR RT

The slope of In[g(a)/T+%21%] versus 1000/T
plots gives the activation energies of each g(a) func-
tion. Additionally, the Van Krevelen method may

()

be used to verify the thermal decomposition mecha-
nism of poly(ICEMA) by the following equation:
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log g(e) = logB + (:—T + 1) logT
' (8)

where T, is a reference temperature that represents
the maximum temperature rate obtained by deriva-
tive thermogravimetric analysis. The slope of log
g(a) versus logT plots gives the activation energies
for each g(a) function.

The thermal decomposition activation ener-
gies and linear regressions for various statements

Table 4

of g(e) integral functions determined in the range
of 9-21 % are summarized in Tables 4 to 7 for the
used kinetic models at heating rates of 5, 10, 15
and 20 °C/min. When these tables are examined,
the deceleration-type dimensional diffusion mech-
anisms (Dy) are evident in all methods because the
activation energies calculated for these decelera-
tion-type mechanisms are very close to the activa-
tion energies calculated from the Flynn-Wall-
Ozawa (E = 136.12 kJ/mol) and Kissinger (E =
134.83 kJ/mol) methods.

Activation energies obtained for several solid-state processes at different heating rates
using the Coats-Redfern method

Heating rate

Mechanism 5 °C/min 10 °C/min 15 °C/min 20 °C/min
E (kJ/mol) R E (kJ/mol) R E (kJ/mol) R E (kJ/mol) R
Az 32.93 0.995 39.60 0.998 53.52 0.994 52.44 0.996
As 18.87 0.993 23.26 0.998 32.48 0.992 31.74 0.995
A4 11.84 0.991 15.09 0.998 21.96 0.991 21.38 0.994
R1 69.78 0.997 82.40 0.998 108.58 0.993 106.66 0.996
R2 72.39 0.996 85.47 0.998 112.57 0.994 110.57 0.996
Rs 73.27 0.996 86.46 0.999 113.90 0.994 111.82 0.996
D1 148.73 0.997 174.17 0.998 226.80 0.994 222.98 0.996
D2 152.14 0.997 178.25 0.998 232.04 0.994 228.13 0.996
Ds 155.72 0.996 182.41 0.999 237.44 0.995 233.45 0.997
D4 153.40 0.997 179.66 0.999 233.78 0.994 229.88 0.996
F1 75.06 0.996 88.54 0.999 116.64 0.995 144.56 0.997
F2 1.58 0.370 3.28 0.809 6.85 0.954 6.44 0.916
Fs 12.39 0.895 15.98 0.960 23.29 0.983 22.56 0.970
Table 5

Activation energies obtained for several solid-state processes at different heating rates using the Tang method

Heating Rate

Mechanism 5 °C/min 10 °C/min 15 °C/min 20 °C/min
E (kJ/mol) R E (kJ/mol) R E (kJ/mol) R E (kJ/mol) R
A 33.36 0.995 40.04 0.999 53.95 0.994 52.88 0.996
Az 19.33 0.994 23.72 0.998 32.94 0.993 32.20 0.995
As 12.32 0.992 15.56 0.998 22.44 0.991 21.86 0.994
R1 70.16 0.997 82.79 0.998 108.92 0.993 107.01 0.996
R2 72,77 0.996 85.84 0.998 112.90 0.994 110.91 0.996
Rs 73.66 0.996 86.83 0.999 114.23 0.994 112.24 0.996
D1 149.02 0.997 174.42 0.998 226.97 0.994 223.23 0.996
D2 152.42 0.997 178.49 0.998 232.20 0.994 228.30 0.996
D3 155.99 0.996 182.64 0.999 237.60 0.995 233.61 0.991
D4 153.66 0.997 179.90 0.999 234.03 0.994 230.13 0.996
F1 75.44 0.996 88.91 0.999 116.97 0.995 114.89 0.997
F2 2.07 0.499 3.76 0.848 7.34 0.96 6.94 0.926
Fs 12.86 0.902 16.45 0.962 23.76 0.983 23.04 0.971
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In particular, between D, diffusion-type de-
celeration mechanisms, the activation energies cor-
responding to the D; one-dimensional diffusion-
type deceleration mechanism is remarkable at a
heating rate of 5 °C/min, as the closeness to the
Kissinger and Flynn-Wall-Ozawa methods can be
seen. When it is considered for the Coats-Redfern
method, as given in Table 4, at a heating rate of 5
°C/min, the activation energy corresponding to the

Table 6

D; mechanism is 148.73 kJ/mol with a strong line-
ar regression (R = 0.997). This value is very close to
the value of 136.12 kJ/mol by the Flynn-Wall-
Ozawa method and is also in good agreement with
the Kissinger method (134.83 kJ/mol). Therefore, it
can be said that the one-dimensional diffusion
mechanism of D is the probable thermodegradation
kinetic mechanism of the poly(ICEMA) homopol-
ymer according to the Coats-Redfern method.

Activation energies obtained for several solid-state processes at different heating rates
using the Madhusudanan method

Heating rate

Mechanism 5 °C/min 10 °C/min 15 °C/min 20 °C/min
E (kJ/mol) R E (kJ/mol) R E (kJ/mol) R E (kJ/mol) R
A2 33.23 0.995 39.93 0.999 53.85 0.994 52.77 0996
As 19.22 0.993 23.61 0.998 32.83 0.993 32.09 0.995
Ay 12.20 0.991 15.44 0.998 22.31 0.991 21.74 0.994
R1 70.08 0.997 82.71 0.998 108.89 0.993 106.98 0.996
R2 72.68 0.996 85.71 0.998 112.79 0.994 110.80 0.996
R3 73.57 0.996 86.79 0.999 114.20 0.994 112.13 0.996
D1 149.01 0.997 174.42 0.998 227.00 0.994 223.18 0.996
D2 15241 0.997 178.49 0.998 232.23 0.994 228.33 0.996
Ds 155.98 0.996 182.65 0.999 237.63 0.995 233.64 0.997
Da 153.58 0.997 179.82 0.999 233.98 0.994 230.07 0.996
F1 75.36 0.996 88.87 0.999 116.86 0.995 114.79 0.997
F2 1.95 0.469 3.64 0.839 7.21 0.958 6.82 0.924
F3 12.75 0.900 16.33 0.961 23.65 0.983 22.92 0.971
Table 7

Activation energies obtained for several solid-state processes at different heating rates

using the Van Krevelen method

Heating rate

Mechanism 5 °C/min 10 °C/min 15 °C/min 20 °C/min
E (kJ/mol) R E (kJ/mol) R E (kJ/mol) R E (kJ/mol) R
Az 37.53 0.998 44.01 0.999 57.77 0.995 57.02 0.997
Az 23.48 0.997 27.79 0.999 36.94 0.995 36.42 0.997
A 16.46 0.997 19.675 0.999 26.51 0.995 26.11 0.997
R1 73.35 0.998 86,54 0.998 112.36 0.993 111.05 0.996
R2 76.97 0.997 89,58 0.998 116.26 0.994 114.907 0.996
Rs 77.85 0.997 90,61 0.998 117.60 0.994 116.207 0.996
D1 153.35 0.993 177.80 0.998 229.49 0.993 226.92 0.996
D2 156.80 0.997 181.82 0.998 234.67 0.994 232.03 0.996
Ds 160.35 0.997 185.94 0.998 240.00 0.994 237.27 0.996
D4 158.02 0.997 183.18 0.998 236.43 0.994 233.76 0.996
F1 79.64 0.997 92.71 0.999 120.31 0.995 118.90 0.997
F2 6.21 0.964 7.95 0.985 11.55 0.992 11.25 0.986
Fs 17.04 0.964 20.58 0.985 27.86 0.992 26.84 0.986
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We have used the other integral methods of
Tang, Madhusudanan and Van Krevelen to verify
the D; mechanism determined by the Coats-
Redfern method and also to increase the accuracy
of the measurements. The calculated decomposi-
tion activation energies and linear regression val-
ues are listed in Tables 5, 6 and 7 for each method,
respectively. Table 5 (Tang method) shows activa-
tion energy (E = 149.02 kJ/mol) and linear regres-
sion (R = 0.997) values corresponding to the D;
mechanism at a heating rate of 5 °C/min, which are
also in good agreement with the Flynn-Wall-Ozawa
(E = 136.12 kJ/mol) and Kissinger (E = 134.83
kJ/mol) methods. Additionally, Table 6 gives simi-
lar results obtained by using the Madhusudanan
method in which the activation energies and linear
regressions for the D1 mechanism at a heating rate
of 5 °C/min are E = 149.01 kJ/mol and R = 0.997,
respectively. Finally, the Van Krevelen method was
tested. According to this method, the calculated ac-
tivation energy (E = 153.35 kJ/mol) and regression
(R =0.997) at 5 °C/min are in good agreement with
the Flynn-Wall-Ozawa and Kissinger methods, as
shown by Table 7.

4. CONCLUSIONS

The thermal behaviors of poly(2-(isocou-
marin-3-yl)-2-oxoethyl methacrylate) (poly(ICE-
MA)) were investigated by DSC and TGA tech-
niques. The glass transition temperature of
poly(ICEMA) was measured to be 161.69 °C by
DSC. The initial decomposition temperatures were
increased from 256.59 to 286.10 °C as the heating
rate increased to 20 °C/min. The thermal decompo-
sition activation energies of poly(ICEMA) in the
conversion range of 7-19 % were found to be
136.12 and 134.83 kJ/mol by the Flynn-Wall-
Ozawa and Kissinger methods, respectively. From
the kinetic analysis of poly(ICEMA), the best con-
formity in all the kinetic models and the heating
rates to that of the Flynn-Wall-Ozawa (E = 136.12
kJ/mol) and Kissinger (E = 134.83 kJ/mol) methods
was obtained in the case of the Coats-Redfern
method (E = 148.73 kJ/mol and R = 0.997) for the
D: mechanism at a heating rate of 5 °C/min. This
result showed that the thermal decomposition mech-
anism of poly(ICEMA) proceeded at the optimum
heating rate of 5 °C/min over the D; one-
dimensional diffusion-type deceleration mechanism.
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