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a  b  s  t  r  a  c  t

A  glycopolymer,  poly(3-O-methacroyl-5,6-O-isopropylidene-1,2-O-(S)-trichloroethylidene-�-d-
galactofuranose)  (PMIPTEG)  was  synthesized  from  the  sugar-carrying  methacrylate  monomer,
3-O-methacroyl-5,6-O-isopropylidene-1,2-O-(S)-trichloroethylidene-�-d-galactofuranose  (MIPTEG)  via
conventional  free  radical  polymerization  with  AIBN  in  1,4-dioxane.  The  structures  of  glycomonomer
and  their  polymers  were  confirmed  by UV–vis,  FT-IR, 1H  NMR, 13C NMR,  GPC,  TG/DTG–DTA,  DSC,  and
SEM  techniques.  SEM  images  showed  that  PMIPTEG  had  a  straight-chain  length  structure.  On  the  other
hand,  the thermal  decomposition  kinetics  of  polymer  were  investigated  by  means  of  thermogravimetric
hloralose
hermal analysis
ecomposition kinetic
ethacrylate

analysis  in dynamic  nitrogen  atmosphere  at different  heating  rates.  The  apparent  activation  energies
for  thermal  decomposition  of  the PMIPTEG  were  calculated  using  the  Kissinger,  Kim–Park,  Tang,
Flynn–Wall–Ozawa  (FWO),  Kissinger–Akahira–Sunose  (KAS)  and  Friedman  methods  and  were  found  to
be  100.15,  104.40,  102.0,  102.2,  103.2  and 99.6  kJ/mol,  respectively.  The  most  likely  process  mechanism
related  to the  thermal  decomposition  stage  of PMIPTEG  was  determined  to be a Dn deceleration  type  in
terms  of  master  plots  results.
. Introduction

In recent times, the basic raw materials used for polymers have
xpanded by including sugars such as glucose, galactose, fructose,
nd sucrose. Chemically connecting sugar moieties onto synthetic
olymers is an individual method of functionalization of synthetic
olymers. Through this method, the polymer is not only function-
lized, but other desirable properties such as biodegradability can
e achieved. This latter is a hotly debated and much researched
opic nowadays (Varma, Kennedy, & Galgali, 2004). Sugar-carrying
olymers, generally known as poly(vinylsaccharide)s, have been

nvestigated intensively by researchers for a variety of applications,
articularly in the biomedical field. Some potential applications
or these types of polymers are drug delivery systems, dental

edicine, bioimplants, contact lenses and tissue engineering
Pachence & Kohn, 1997, chap. 19). Furthermore, they have

he advantage of being potentially biodegradable. Structurally,
he poly(vinylsaccharide)s have a synthetic C C backbone with
endant carbohydrate molecules. Since sugars are a good source

∗ Corresponding author. Tel.: +90 286 218 00 18; fax: +90 286 218 05 33.
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of food for micro-organisms, many poly(vinylsaccharide)s have
the potential to be utilized as biodegradable polymers. Syntheses
of vinyl monomers prepared from isopropylidene and other
protected sugars were comprehensively reviewed by Wulff,
Schmid, and Venhoff (1996) and Varma et al. (2004) in their
classical reviews. These sugar monomers are usually synthe-
sized via the reaction of corresponding acid chloride (Carneiro,
Fernandes, Figueiredo, Fortes, & Freitas, 2001) or anhydride
(Lowe & Wang, 2007) with sugars in the presence of an organic
amine such as pyridine. Sugar-carrying methacrylates such as 3-
O-methacroyl-1,2:5,6-di-O-isopropylidene-˛-d-glucofuranose
(Kimura & Imoto, 1961), 6-O-methacroyl-1,2:3,4-di-O-
isopropylidene-˛-d-galactofuranose (Lowe & Wang, 2007),
1-O-acroyl-2,3:5,6-di-O-isopropylidene-˛-d-mannofuranose
(Salagean, Pascariu, Bandur, & Rusnac, 2009), monomethacroyl
sucrose (Patil, Dordick, & Rethwisch, 1991) have already been
reported. Homopolymerization or copolymerization of these sugar
methacrylate monomers was performed via both atom transfer
radical polymerization (ATRP) (Ohno, Tsujii, & Fukuda, 1998)

and free radical methods such as a 2,2′-azobisisobutyronitrile
(AIBN) (Carneiro et al., 2001). Poly(methacryoyl glucose)
could be dyed by a water-soluble dyestuff (Varma et al.,
2004). Owing to their low price, sugars such as sucrose and

dx.doi.org/10.1016/j.carbpol.2013.09.065
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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-galactose play an important role for this purpose. In this con-
ext, we decided to prepare a new isopropylidene protected
inyl saccharide, 3-O-methacroyl-5,6-O-isopropylidene-1,2-O-
S)-trichloroethylidene-˛-d-galactofuranose. This compound
as obtained from trichloroethylidene acetal of d-galactose,

lso known “galactochloralose” (Anıl, Yüceer, & Yüceer, 1983).
onosaccharides mostly react in their furanose forms with chloral

o give trichloroethylidene acetals. Thus, 1,2-O-trichloroethylidene
cetals of d-glucofuranose (Forsen, Lindberg, & Silvander, 1965),
-galactofuranose (Anıl et al., 1983), d-arabinofuranose (Salman,
akinabakan, & Yüceer, 1994) and d-mannofuranose (Salman, Kök,

 Yüceer, 2004) are known. 1,2-O-(R)-Trichloroethylidene-˛-d-
lucofuranose is a commercially available compound, also known
s ˛-chloralose, which is used as an anesthetic for animals (Metz,
se, & Haberle, 1996). Additionally, trichloroethylidene acetals are
uitable protecting groups for the synthesis of some biologically
mportant compounds (Kök & Salman, 2012) and antimicrobial
hloralose derivatives are also known (Yenil, Ay, Ay, Oskay, &
addaluno, 2010). On the other hand, thermogravimetric analyses

f polymer samples have been extensively utilized for determining
ecomposition characteristics and also for determining kinetic
arameters. However, non-isothermal thermogravimetry has
een widely used to investigate the thermal stability characteristic
f various substances, including the polymer pyrolyzes. Several
apers have shown that nonisothermal thermogravimetric analy-
is is a powerful tool to characterize the thermal decomposition of
olymers (Doğan, Akat, Balcan, Kaya, & Yürekli, 2008; Doğan, Ş irin,
aya, & Balcan, 2010; Ş irin, Doğan, Balcan, & Kaya, 2009). Doğan,
aya, and Bilici (2011) investigated the thermal behavior, kinetic
nd thermodynamic parameters of many polyphenol-based poly-
eric materials using different thermogravimetric methods. They

eported for first time that the thermal decomposition processes
f so-called polymeric materials follow a diffusion model (Dilek,
oğan, Bilici, & Kaya, 2011; Kaya, Doğan, & Bilici, 2009). Budrugeac
nd Segal (2008) studied the decomposition mechanism and
inetic parameters of an epoxy system using isoconversional
nd multivariate non-linear regression methods. Briefly, the
hermal decomposition kinetics for many polymer species has
een studied in the literature. However, the thermal decompo-
ition kinetics and process mechanisms of a carbohydrate-based
olymer are presented for the first time in this study. Accord-

ngly, a new sugar derivative of the methacrylate polymer was
ynthesized from 3-O-methacroyl-5,6-O-isopropylidene-1,2-
-(S)-trichloroethylidene-˛-d-galactofuranose by free radical
olymerization with AIBN in 1,4-dioxane. The structures of the
esulting compounds were confirmed by UV–vis, FT-IR, 1H NMR
nd 13C NMR. Further characterization processes were performed
y thermogravimetry–differential thermal analysis (TG–DTA), gel
ermeation chromatography (GPC), scanning electron microscope

SEM) and solubility testing. Also, the kinetics of the thermal
ecomposition of a carbohydrate-based sugar polymer was inves-
igated with the TG technique. The kinetic parameters related
o the decomposition kinetics of a carbohydrate-based sugar

Scheme 1. Synthetic method for 
ers 101 (2014) 324– 331 325

polymer were calculated using the Kissinger (Kissinger, 1957),
Kim–Park (Kim & Park, 1995), Tang (Tang, Liu, Yang, & Wang,
2004), Flynn–Wall–Ozawa (Flynn & Wall, 1966; Ozawa, 1965)
(FWO), Kissinger–Akahira–Sunose (Akahira & Sunose, 1971)
(KAS) and Friedman (Friedman, 1965) (FR) methods under an N2
dynamic atmosphere and at different heating rates of 5, 10, 15 and
20 ◦C/min. The mechanism function and pre-exponential factor
were determined by master plots curves.

2. Experimental

TLC and column chromatography were performed on pre-
coated aluminum plates (Merck 5554) and silica gel G-60 (Merck
7734), respectively. Methacrylic anhydride and all the solvents
were commercially obtained as chemical pure reagents and used
without further purification.

2.1. Synthesis of MIPTEG

5.0 mL  of methacrylic anhydride was added to a solu-
tion of 5,6-O-isopropylidene-1,2-O-(S)-trichloroethylidene-˛-d-
galactofuranose (5.0 g, 14.3 mmol) (Anıl et al., 1983) in 30 mL  of
dry pyridine. The mixture was stirred at room temperature and
after 24 h. TLC (Toluen:MeOH, 8:2) showed that no original starting
compound remained. The solvent was  evaporated under reduced
pressure at 35 ◦C and the residue was extracted with CH2Cl2
(3 mL  × 50 mL). The combined extracts were dried with anhydrous
sodium sulfate and evaporated under reduced pressure. The syrupy
residue was  purified using column chromatography on silica gel
eluted with CH2Cl2:MeOH (50:1) and 5.44 g of a monomeric syrupy
compound were obtained, yield: 91%. The resulting monomer was
characterized using spectroscopic analyses such as UV–vis, FT-IR,
1H NMR  and 13C NMR  techniques. The synthetic strategy is outlined
in Scheme 1.

UV–vis (�max) (DMSO): 278 nm,  FTIR (ATR): 2982–2897 � (C H),
1711 � (C O), 1610 � (C C), 1153 � (COC), 798 cm−1 � (CH Cl).
1H NMR  (CDCl3): ı 6.34 (d, 1H, J1,2 = 4.4 Hz, H-1), 6.15 (bs, 1H,
CH2 C CH3), 5.74 (s, 1H, CHCCl3), 5.67 (dt, 1H, CH2 C CH3, JCH2 =
1.6 Hz, JCH2,CH3 = 1.6 Hz), 5.16 (d, 1H, J3,4 = 1.6 Hz, J2,3 = 0.0 Hz, H-3),
5.09 (d, 1H, H-2), 4,35 (dd, 1H, H-5), 4.14 (m, 1H, H-4), 4.09 (dd, 1H,
J6a,6b = 8.4 Hz, J5,6a = 6.8 Hz, H-6a), 3.96 (dd, 1H, J5,6b = 7.2 Hz, H-6b),
1.96 (bs, 3H, CH2 C CH3), 1.49 and 1.42 (s, 6H, (CH3)2C). 13C NMR
(CDCl3): ı 166.4 (C O), 135.4 (CH2 C CH3), 127.6 (CH2 C CH3),
110.6 and 109.8 (CHCCl3 and C-1), 107.8 ((CH3)2C), 99.5 (CHCCl3),
87.4, 87.0, 78.6, 75.8, 72.4 (C-2, C-3, C-4, C-5, C-6), 26.6 and 25.7
((CH3)2C), 18.3 (CH2 C CH3). Anal. Calcd. for MIPTEG: C, 57.50; H,
6.70. Found: C, 58.07; H, 6.12.

2.2. Synthesis of PMIPTEG
PMIPTEG was obtained through a conventional free radical poly-
merization using 2,2′-azobisisobutyronitrile (AIBN) (2%, based on
the total weight of the monomer) as initiator in 5 mL  of 1,4-dioxane

the preparation of MIPTEG.
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Scheme 2. Synthetic route for PMIPTEG.

t 70 ◦C for 24 h with 92% conversion in an all glass Schlenk flask.
he resulting polymer was  precipitated in ethanol and dried under
acuum at 40 ◦C for 24 h and characterized using various spectro-
copic methods (yield: 95%). The synthetic route is presented in
cheme 2.

UV–vis (�max) (DMSO): 253, 375 nm,  FTIR (ATR): 2986 � (C H),
730 � (C O), 1153 � (COC), 809 cm−1 � (CH Cl); 1H NMR  (DMSO-
6): ı 6.43 (H-1), 5.52 (CH CCl3), 4.82 (H-3), 4.52 (H-2), 4.01 (H-5),
.81 (H-4 and H-6a), 3.67 (H-6b), 1.28–0.60 (H-8, H-9, H-10 and
-11); 13C NMR  (DMSO-d6): ı 179.7 (C O), 111.7 (CHCCl3), 109.2

C-1), 107.0 (C-9), 99.3 (CHCCl3), 86.2, 78.8, 74.1, 65.3 (C-2, C-3, C-4,
-5 and C-6), 47.8, 30.4, 26.4, 20.1, 19.3 (C-10, C-11, C-13, C-14 and
15). Calcd. for PMIPTEG: C, 57.26; H, 7.00. Found: C, 57.97; H, 7.32.

.3. Characterization techniques

Ultraviolet–visible (UV–vis) spectra were measured with the
erkin-Elmer Lambda 25. The spectral analyses of MIPTEG and
MIPTEG were recorded using a Mattson FT-IR-1000 spectrome-
er with KBr discs (4000–400 cm−1). 1H (400 MHz) and 13C NMR
100 MHz) spectra of PMIPTEG were recorded on a Varian AS
00 instrument, and NMR  spectra of MIPTEG were recorded on
he Varian XL200. TMS  was used as an internal standard. Ele-

ental analysis was carried out with a Carlo Erba 1106. The
umber-average molecular weight (Mn), weight-average molecu-

ar weight (Mw) and polydispersity index (PDI) of PMIPTEG were
etermined by using a Huwlett Packard GPC–SEC system calibrated
ith polystyrene standards at 30 ◦C using THF as an eluent at a
ow rate of 1.0 mL/min. The TG/DTA and DSC curves were obtained
sing a Shimadzu TGA-50 thermobalance and a Shimadzu differ-
ntial scanning calorimeter (DSC) DSC-50 model, respectively. The
G measurements were performed by using a dynamic nitrogen
urnace atmosphere at a flow rate of 60 mL/min up to 1273 K. The
eating rates were 5, 10, 15 and 20 K/min and sample sizes ranged

n mass from 8 mg  to 10 mg.  Platinum was used for the sample
ontainer. DSC experiments were performed using aluminum pans
ith 5 mg  samples in the temperature range of 20–450 ◦C at a
eating rate of 10 K/min. All experiments were performed twice

or repeatability, and the results showed good reproducibility with
mall variations in the kinetic parameters. ˛-Al2O3 was  used as a
eference material. The surface morphology of PMIPTEG was eval-
ated via scanning electron microscopy (SEM), using a Philips XL
0S FEG apparatus.

. Results and discussion

.1. Characterization studies

As shown in Scheme 1, 5,6-O-isopropylidene-1,2-O-(S)-

richloroethylidene-˛-d-galactofuranose reacted with methacrylic
nhydride in pyridine at room temperature to give 3-O-
ethacroyl-5,6-O-isopropylidene-1,2-O-(S)-trichloroethylidene-
-d-galactofuranose (MIPTEG). Then PMIPTEG was obtained
Fig. 1. FT-IR spectra of (a) MIPTEG and (b) PMIPTEG.

through the homopolymerization of MIPTEG with 2,2′-
azobisisobutyronitrile (AIBN) as a radicalic initiator in a 1,4-dioxane
solution at 70 ◦C. PMIPTEG was isolated as a white powder in high
yield (95%). MIPTEG and PMIPTEG were structurally character-
ized by using different spectral techniques: FT-IR, 1H and 13C
NMR. Further characterization of PMIPTEG was carried out by
GPC, SEM, TG/DTG–DTA and DSC analyses. PMIPTEG was sol-
uble in common organic solvents, such as dimethylsulfoxide
(DMSO), dimethylformamide (DMF), dimethylacetamide (DMA),
N-methyl-2-pyrrolidone (NMP). However, it was  insoluble in
chloroform, dichloromethane, hexane, toluene, and methanol.
Infrared spectroscopy is widely used for analysis of poly(vinyl
saccharide)s. In almost all cases, the disappearance of C C bond is
a means for deciding the completion of polymerization of the vinyl
sugars.

Representative FT-IR spectra of MIPTEG and PMIPTEG are pro-
vided in Fig. 1. In the FT-IR spectrum of the glycomonomer and
glycopolymer, the bands observed at approximately 1711 and
1730 cm−1 for both MIPTEG and PMIPTEG, respectively, are due to
the characteristic carbonyl vibrations of the methacrylate groups.
The intensity of the vinyl linkage observed at 1630 cm−1 for
PMIPTEG drastically decreased and shifted to a longer wave num-
ber after polymerization, which was  attributed to the absence of
conjugation between C O and C CH2 linkages. On the other hand,
the extended spectrum of polymers compared to monomers is also
common for sugar-based polymers bearing vinyl groups and sug-
gests the presence of the polymerized structure of MIPTEG with
broad chain dispersity. The band at 1630 cm−1 which is the most
important and characteristic absorption for vinyl structure is also
observed for monomer. However in the case of polymers, this band
disappeared.

The 1H NMR  peak performance of the glycomonomer (MIPTEG)
is presented in Fig. 2, and shows the specific double bond protons
at 5.67–6.15 ppm (H-10) and the methyl group at 1.96 ppm (H-11)
from the methacroyl moiety. The protons of the sugar moiety of
MIPTEG were observed at 6.34 (H-1), 5.74 (H-7), 5.16 (H-3), 5.09
(H-2), 4.35 (H-5), 4.14 (H-4), 4.09 and 3.96 (H-6), 1.49 and 1.42 ppm
(H-8 and H-9) in the spectrum (in Fig. 2a). However, disappearance
of characteristic vinyl peaks (H-10) for the methacroyl moiety of
the monomer can be observed in the 1H NMR  spectrum of PMIPTEG

(Fig. 2b).

Also, the 13C NMR  peak performance of MIPTEG and PMIPTEG
were described in Fig. 3 and similarly, the expected indications
were observed. In the 13C NMR  spectrum of MIPTEG (Fig. 3a), the
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Fig. 2. 1H NMR  spectra o

eaks at 127.7 and 135.4 ppm (C-13 and C-14) were assigned the
inyl carbon and a carbonyl peak was observed at 166.4 ppm. In the
ase of the polymer, it was observed that vinyl protons disappeared
fter the polymerization process and alkyl group peaks (C-13, C-
4) of glycopolymer appeared in the range from 47.6 to 22.1 ppm.
lso, vinyl carbons of PMIPTEG shifted to a higher field as a result
f increased electron intensity. 13C NMR  peaks of the sugar moiety
or both the polymer and the monomer were observed as predicted
rom C-1 to C-11 in Fig. 3.

The uncleavage of the isopropylidene groups MIPTEG and
MIPTEG are understood from NMR  spectra. IR and NMR  analy-
es clearly indicated that MIPTEG was successfully obtained and
hat PMIPTEG was polymerized by free radical reaction. The num-
er average molecular weight (Mn), mass average molecular weight
Mw) and polydispersity index (PDI) of PMIPTEG were found to be
300 g/mol, 13,400 g/mol and 1.44, respectively. The thermal prop-
rties of MIPTEG and PMIPTEG were studied using the TG/DTG and
TA techniques from ambient temperature to 1000 ◦C under nitro-
en atmosphere. Typical TG/DTG and DTA curves for MIPTEG and
MIPTEG in N2 were presented in Fig. 4. The initial and final tem-
eratures and total mass losses in the thermal decomposition of
ompounds were determined, together with temperatures of the
ighest rate of decomposition (DTGmax).

MIPTEG and PMIPTEG exhibited the stage one decomposition
rocess. From the TG curve for MIPTEG, it appeared that the sam-
le decomposed with a mass loss of 96.3% in the temperature

ange 199–435 ◦C. However, endothermic thermal effects at 121
nd 311 ◦C in the DTA profile correspond to the solvent peak
absorbed in syrup) and thermal decomposition of MIPTEG, respec-
ively. PMIPTEG is thermally stable up to 218 ◦C and decomposed in
IPTEG and (b) PMIPTEG.

the temperature range from 218 ◦C to 581 ◦C with a 92.30% weight
loss. The temperature related to the maximum decomposition rate
for MIPTEG was  determined to be 288 ◦C in the DTG curve. This tem-
perature for PMIPTEG is 303 ◦C. As expected, these results showed
that PMIPTEG is more stable than MIPTEG. The differential scanning
calorimetry (DSC) was  used to investigate the thermal properties
of PMIPTEG. The DSC curve of PMIPTEG exhibited an endother-
mic  peak at 74 ◦C and an exothermic peak at 317 ◦C. These peaks
in the DSC curve were attributed to the glass transition tempera-
ture and the thermal decomposition of PMIPTEG, respectively. The
morphological properties of the resulting polymer were investi-
gated by means of SEM analysis. SEM photographs of powdered
PMIPTEG are given in Fig. 5. The sequence bead structures on the
main chain in Fig. 5 were observed for the powdered PMIPTEG sam-
ples. In addition, as shown in the SEM image of the selected area,
PMIPTEG had a linear backbone structure. Also, the linear polymer
chains were very condensed, unhomogeneous and did not exhibit
a well-ordered structure or shape. They consisted of long and thin
channels. The average particle diameter of randomly oriented ellip-
soids is lower than approximately 1 �m.

On the other hand, isoconversional methods such as FWO,
Tang, KAS, FR, Kim–Park and Kissinger were used to investigate
the kinetic parameters (activation energy, E, frequency factor,
A) related to the solid state thermal decomposition of PMIPTEG.
Kinetic analysis of PMIPTEG was  investigated using the thermo-
gravimetry technique with samples of 8–10 mg  at heating rates of

5, 10, 15 and 20 ◦C/min under a nitrogen atmosphere (60 mL/min).
A typical dynamic TG/DTG–DTA curve for PMIPTEG at a heating
rate of 10 ◦C/min in N2 is represented in Fig. 4b. Additionally, the
solid state degradation mechanism of PMIPTEG was determined by
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aster plots of TG/DTG curves under N2. All of the TG/DTG–DTA
urves which were obtained at several heating rates for PMIPTEG
howed that the thermal decomposition took place mainly in one
tage. However, TG-curves are characteristically very similar to
ach other. In this work, the Kissinger and Kim–Park procedures are

he primary thermogravimetric methods. TG data of PMIPTEG were
nitially analyzed with the Kissinger procedures as it is independent
f the heating rate and any thermal decomposition mechanisms.
his method uses the maximum decomposition temperature (Tmax)

Fig. 4. TG curves of (a) MIPT
IPTEG and (b) PMIPTEG.

at which the rate of mass loss is the highest. This method may briefly
be expressed by the following equation.

ln

(
ˇ

T2
max

)
=

{
ln

AR

Ea
+ ln[n(1 − ˛max)n−1]

}
− Ea

RTmax
(1)
The activation energy can be calculated using Eq. (1) without
knowing the solid state degradation reaction mechanism. The slope
of the line drawn between ln (ˇ/T2

max) versus 1000/Tmax gives

EG and (b) PMIPTEG.
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selected areas in PMIPTEG.
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Fig. 5. SEM image of 

he activation energy. On the other hand, the Kim–Park method
ssumes that maximum degradation fraction, ˛m is independent
f the kinetic triplet: the activation energy, the pre-exponential
actor and the decomposition mechanisms. The activation energy
an be obtained by the slope of the plot of ln  ̌ versus 1/Tm by using
q. (2).

n  ̌ = ln A +
(

E

R

)
+ ln

[
1 − n + n

0.944

]
− 5.3305 − 1.0516

(
E

RTmax

)
(2)

The activation energies related to the thermal decomposi-
ion stage of PMIPTEG obtained by using Kissinger and Kim–Park

ethods in N2 were determined to be 100.1 and 104.4 kJ/mol,
espectively.

The other methods used for calculating the kinetic
arameter of PMIPTEG were those of Flynn–Wall–Ozawa,
issinger–Akahira–Sunose, Tang and Friedman based on mul-

iple heating rates. The conventional integral procedures such
s FWO, KAS and Tang were proposed by assuming invariant
ctivation energies and in the case of variable activation energies
hey might yield incorrect values (Criado, Sanchez-Jimenez, &
erez-Maqueda, 2008). In those cases, advanced integral isocon-
ersional (Vyazovkin, 2001) or differential methods are preferred
ver integral isoconversional methods. Thus, in the present
ase, differential isoconversional methods (Friedman, Kissinger,
im–Park), in addition to integral isoconversional methods (FWO,
AS and Tang) were used for solid state decomposition kinetic
tudies. The Flynn–Wall–Ozawa method is a conventional integral
ethod and the activation energy of a solid state decomposition

rocess without knowledge of the reaction order can determined
y this method. In the technique the A, f(˛) and E are independent
f T while A and E are independent of ˛. So this method provides
he following expression in logarithmic form for thermal decom-
osition kinetic studies based on the basic Arrhenius equation:

og  ̌ = log
(

AE

R

)
− log g(˛) − 2.315 − 0.4567

(
E

RT

)
(3)

ccording to the Eq. (3), constant mass loss lines were determined
y measuring the temperature at a given mass percent for each rate.
ig. 6 presents the Arrhenius type plots of dynamic TG runs for mass
anging from  ̨ = 0.05 to 0.95 in N2. The apparent activation energy
f PMIPTEG can be obtained from a plot of log  ̌ against 1000/T  for a
onstant degree of conversion since the slope of such a line is given
y −0.456E/RT.

The activation energies and correlation coefficient on the over-
ll mass loss from 5 to 95 mass% determined with the FWO  method
n N2 are summarized in Table 1 and the average value was  found
o be 103.2 kJ/mol over the range of  ̨ given. However, Table 1 indi-
ated that the correlation coefficient with the Arrhenius type plots

s acceptable and always superior to 0.98202.

On the other hand, the Tang and KAS methods are an integral iso-
onversional method similar to the FWO. The Tang method allows
he activation energy to be determined by plotting ln (ˇ/T2) against
Fig. 6. FWO  plots for the thermal decomposition of PMIPTEG at varying conversion
in N2.

1/T  for a fixed degree of conversion at the different heating rates
ˇ. The slope of such a line obtained by the KAS method is given by
−0.456E/RT (Eq. (4)). However, to calculate the values of the acti-
vation energy from plots of ln (ˇ/T1.894661) against 1/T  over a wide
range of conversions, Eq. (5) proposed by KAS can also be used. The
activation energy E can be obtained from the slope −1.001450E/R
of the regression line. The kinetic procedures of the Tang and KAS
methods are given below, respectively.

ln
(

ˇ

T1.894661

)
= ln

(
AE

R g(˛)

)
+  3.635041  −  1.894661  ln  E − 1.001450E

RT
(4)

ln

[
ˇ

T2

]
= ln

[
AR

E g(˛)

]
− E

RT
(5)

In this study the equation  ̨ = 0.05–0.95 was  chosen to deter-
mine the E values of PMIPTEG. The activation energy of PMIPTEG
obtained with the Tang and KAS methods were found to be 102.0
and 102.2 kJ/mol, respectively, over the range of 0.05 <  ̨ < 0.95.
These results are more agreeable with the mean value of the acti-
vation energy obtained by the FWO  method. The other differential
isoconversional method, similar to the Kissinger and Kim–Park
method used in this study was  that of Friedman. This method, used
for thermal decomposition kinetic studies, can be simplified as

ln
(

d˛

dt

)
= ln(A) + n ln(1 − n) − E

RT
(6)

Like the other methods, the technique assumes that the activa-
tion energy of a solid state decomposition process is independent of
the reaction order. The activation energy related to thermal decom-
position of PMIPTEG can therefore be calculated from the plot of
ln[ˇd˛/dT] versus 1000/T  with the data fitting into a straight line.
The activation energies of thermal decomposition E of PMIPTEG in

N2 were determined to be 99.0 kJ/mol, over a wide range of con-
versions. This result is much smaller than the related values of
PMIPTEG obtained with the other five methods in N2. The activa-
tion energies calculated from the FWO, Tang, KAS and Friedman
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Table  1
Activation energies and correlation coefficient obtained by KAS, FWO, Tang and Friedman methods for the thermal decomposition stage of PMIPTEG.

Thermal decomposition stage

Conversion ETang r EKAS r EFWO r EFR r

0.05 127.3 0.98721 128.1 0.98635 127.7 0.98323 123.6 0.98755
0.1  119.6 0.98734 117.3 0.984223 117.9 0.98411 116.2 0.98767
0.2  116.2 0.99273 115.4 0.99557 114.6 0.99424 112.9 0.99877
0.3  114.8 0.99465 114.2 0.99479 113.7. 0.99566 111.1 0.99222
0.4  113.2 0.99844 111.3 0.99860 112.8 0.99767 109.4 0.99311
0.5  115.8 0.99324 114.8 0.99455 114.6 0.99757 112.5 0.99233
0.6  114.2 0.99876 113.4 0.99722 114.0 0.99181 111.4 0.99566
0.7  115.1 0.99384 116.7 0.99284 115.4 0.99233 113.2 0.99744
0.8  114.3 0.99823 112.1 0.99547 110.3 0.99414 109.3 0.99222
0.9  58.61 0.99775 56.22 0.99742 57.52 0.99555 55.80 0.99311
0.95  26.72 0.98465 25.43 0.98809 23.48 0.98202 21.10 0.98644

103.2 99.6
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Table 2
Activation energies and correlation coefficients obtained by plotting
ln[ˇR/E] − ln[P(u)] against −ln[˛2].

 ̌ (K/mol) ln A (s−1) r

5 12.19 0.998821
10 12.28 0.99873
15  12.05 0.99766
0.05  <  ̨ < 0.95 102.0 102.2 

, activation energy (kJ/mol); r, correlation coefficient.

ethods for the thermal decomposition stage of PMIPTEG are
ummarized in Table 1. In the equations above, ˛, g(˛), ˇ, Tm,
, A, and R correspond to the degree of reaction, integral func-
ion of conversion, heating rate, DTG peak temperature, activation
nergy (kJ/mol), pre-exponential factor (s−1) and gas constant
8.314 J/mol K), respectively. Briefly, the activation energies (E val-
es) of PMIPTEG calculated according to all kinetic procedures
re very close to each other. Also, the correlation coefficients
f the Arrhenius type plots of dynamic TG/DTG runs for activa-
ion energy during the decomposition stage of PMIPTEG given in
able 1 are considerably higher for masses ranging from  ̨ = 0.05
o 0.095 in N2. E values obtained by the Kissinger, Kim–Park,
ang, KAS, FWO  and Friedman method are 100.1, 104.4, 102.0,
02.2, 103.2 and 99.6 kJ/mol, respectively for the thermal decom-
osition stage, over the conversion degree of 0.1 <  ̨ < 0. From the
-dependencies degree of conversion for the thermal decomposi-
ion stage of PMIPTEG,  ̨ in TG runs in N2 presented in Table 1, it was
hown that the thermal decomposition process of PMIPTEG had a
imilar behavior for all the methods in conversions ranging from

 = 0.2 to 0.8. This result indicates that the mechanism of the ther-
al  decomposition stage of PMIPTEG does not change in the range

f 0.1 <  ̨ < 0.8. The lowest activation energy value related to the
nitial decomposition of PMIPTEG obtained by using the Friedman

ethod was determined to be approximately 123.6 kJ/mol, over
he range of 0.05 <  ̨ < 0.95. In order to determine the most likely

echanism for the solid state decomposition process of PMIPTEG,
n this study we chose master plots in which a comparison of the
xperimental master plots with theoretical ones corresponds to
he mechanism of a solid state decomposition process. The integral
unction of conversion in the solid state non-isothermal decompo-
ition reactions is expressed as

(˛) =
(

A

ˇ

)∫ T

T0

exp
(−E

RT

)
dT =

(
AE

ˇR

)
p(u) (7)

here p(u) =
∫ u

∞(e−u/u2)du and u = E/RT.
According to Eq. (5), using a reference at point  ̨ = 0.5 gives

(˛) =
(

AE

ˇR

)
p(u0.5) (8)

here u0.5 = E/RT. When Eq. (7) is divided by Eq. (8), the following
quation can be written
g(˛)
g(0.5)

= p(˛)
p(u0.5)

(9)

According to the master plots method, by using an approximate
ormula of P(u), P(u) = exp(−u)/[u(1.00198882u + 1.87391198)]
20  12.22 0.99657

Mean 12.18

(Wanjun, Yuwen, Hen, Zhiyong, & Cunxin, 2003), the experimental
master plots of P(u)/P(u0.5) against  ̨ can be drawn from experi-
mental data of the thermal decomposition of PMIPTEG obtained
under different heating rates. In this case, Eq. (9) shows that,
for a given ˛, the experimental values of g(˛)/g(˛0.5) along with
ones obtained by using an appropriate kinetic model are equiva-
lent to each other. Therefore, comparing the experimental master
plots with theoretical ones we can determine the kinetic model
related to the thermal decomposition stage of PMIPTEG. The com-
parisons of the experimental master plots with the theoretical ones
showed that the kinetic processes of the thermal decomposition
of PMIPTEG accorded with the D1 master curve very well. Thus a
diffusion type kinetic model for the thermal decomposition stage
of PMIPTEG is suggested by master plot curves. In the literature,
the D1 model is also known as a one-dimensional mechanism. This
kinetic model is quite rare in polymer degradation studies and it
has been reported in the literature that the thermal degradation of
polyethylene and some polyphenol derivates only follows a diffu-
sion kinetic model (Sanchez-Jimenez, Perez-Maqueda, Perejon, &
Criado, 2009; Sanchez-Jimenez, Perez-Maqueda, Perejon, & Criado,
2010).

By assuming the D1 law for the thermal decomposition stage
of PMIPTEG, the mathematical expression of the D1 master-
model curve, experimental data and the predetermined average
reaction energy were subtracted in Eq. (9). Consequently, the
following equation for the thermal decomposition stage was
obtained:

ln

[
ˇR

E

]
− ln[P(u)] = ln A − ln[˛2] (10)

The pre-exponential factor related to the thermal decom-
position stage was  calculated from the intercepts of a group
of straight lines obtained by plotting ln[ˇR/E] − ln[P(u)] versus

−ln[˛2] under heating rates and found to be 12.18 s−1. The
activation energies and correlation coefficients obtained from
the plot of ln[ˇR/E] − ln[P(u)] against −ln[˛2] is shown in
Table 2.
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. Conclusion

A new carbohydrate-based polymer, PMIPTEG was  synthesized
y a conventional free radical polymerization reaction using AIBN
s an initiator in 1,4-dioxane. The resulting polymer was relatively
oluble in organic solvents. PMIPTEG was characterized using var-
ous spectral and thermal techniques. Mn, Mw and PDI values of
MIPTEG were determined to be 9300 g/mol, 13,400 g/mol and
.44, respectively. SEM photographs showed that PMIPTEG was
omposed of the linear polymer chains with thin channels. The
verage values of activation energy of the thermal decomposition of
MIPTEG were also investigated by thermogravimetric technique
t the heating rates of 5, 10, 15 and 20 ◦C/min in an N2 atmosphere.
he activation energies related to the thermal decomposition of
MIPTEG according to the Kissinger, Kim–Park, Tang, KAS, FWO
nd Friedman methods were determined to be 100.1, 104.4, 102.0,
02.2, 103.2 and 99.6 kJ/mol, respectively, in the conversion range
tudied. The results obtained with the master plot curves indicated
hat the decomposition mechanism of PMIPTEG in N2 went to the
n mechanism (deceleration type). This is the first such report for

 carbohydrate-based polymer. The logarithmic value of the pre-
xponential factor related to the decomposition mechanism of the
esulting polymer was found to be 12.18 s−1.
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