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Abstract 3-Deoxy-D-erythro-hexos-2-ulose bis (thio-
semicarbazone) (I) readily obtained from p-glucose reacts
with copper acetate hydrate to give the corresponding
chelate (IT). The complex (II) was acetylated to give the
corresponding tri-O-acetyl derivative (III). The (I), (ID),
and (III) were used as optically active curing agents for
diglycidyl ether of bisphenol A (DGEBA)-based epoxy
resin, and the cure reaction was studied by the non-iso-
thermal DSC method. The maximum exothermic temper-
ature (7,) of curing of DGEBA-(III) system shifted about
313 K toward lower temperature in comparison with the 7T},
of DGEBA/(II) system. The average E, values obtained by
using Kissinger—Akahira—Sunose (KAS), Flynn—Wall-
Ozawa (FWO), and isoconversional methods for non-iso-
thermal curing of DGEBA-(I), DGEBA-(II), and DGEBA-
(IIT) systems are 95.8, 135.5, and 85.8 kJ molfl, respec-
tively. The higher reactivity of (III) toward epoxide groups
can be due to better solubility of the (III) in DGEBA as a
result of acetylation of hydroxyl groups.
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Introduction

In recent years, optically active polymers have attracted
much attention due to their unique function such as
molecular recognition, catalytic activity in asymmetric
transformation, and optical resolution for racemates as well
[1-4]. One of the most practical and widely accepted
applications of chiral polymers is the use as chiral sta-
tionary phase (CSP) for HPLC for the separation of race-
mic compounds [5]. Epoxy resins are one of the most
important products used widely in the polymer industries,
and curing of the most commonly used epoxy resin,
DGEBA, with variety of curing agents was extensively
reported in the literatures [6-9]. Extensive work has been
carried out into the use of metals and their salts in the
formulation of epoxy resin systems, and this has included
the use of organo-transition metal complexes as catalysts
for epoxy resins when co-cured with amines [10-14].
There have been reports that application of complex of
metal with different curing agents improved physical
properties such as adhesion, bending strength, viscosity,
water absorption, and thermal stability of the cured epoxy
resin [15-21].

The objective of this study was to cure DGEBA with
new optically active curing agents. From our previous
studies [10], we expected that application of metal com-
plex of the curing agents must have a significant effect
on the mechanism of cure reaction. Different non-iso-
thermal kinetic methods such as KAS, FWO, and iso-
conversional were applied to DSC data to test their
applicability in the new epoxy-hardener systems. To
improve the solubility of the optically active com-
plex curing agent, the effect of structural change (acet-
ylation) in the curing agent on the cure reaction was also
studied.
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Experimental
Materials

D-Glucose, p-toluidine, and thiosemicarbazide were pur-
chased from Fluka and used without purification. Acetic
anhydride and copper acetate monohydrate were also
obtained from Fluka. The epoxy compound used in this study
was a diglycidyl ether of bisphenol A (DGEBA)-based
epoxy resin, Epidian5, provided by the Iran Petrochemical
Co: Epoxide equivalent 196-208, clear liquid, viscosity (at
298 K) 25,000 Mpas. The curing agents were synthesized
according to the procedure given in the literature.

Apparatuses

A Mettler Toledo differential scanning calorimeter
(DSC822°), a Bruker vector 22 FT-IR spectrometer, and
an elemental analyzer of Thermofinnigan Flash EA 1112
were used.

Synthesis of curing agents

Scheme 1 displays the structure of the curing agents used
in this study. The curing agent 3-deoxy-D-erythro-hexos-2-
ulose bis(thiosemicarbazone) (I) [22] was prepared by the
reaction of monosaccharide p-glucose (0.011 mol) with
p-toluidine (0.011 mol) in a slightly acid (1.2 mL of glacial
acetic acid) hydroalcoholic solution (3:1) at 373 K for
30 min. After addition of thiosemicarbazide (0.022 mol,
2:1 mol ratio) to the mixture, the reaction was maintained
at 373 K for 5 h and then refrigerated at 273 K overnight,
affording a pale-brown precipitate. Twice recrystallization
from a mixture of 2:1 water—ethanol led to pale-yellow
needles with melting point of 502 K and yield of 40%.
FT-IR (KBr, cm™'): v 3386, 3265, and 3170 (NH,, OH);
1608 (C=N); 837 (C=S). '"H NMR [DMSO-ds, d ppm]: 6 10.7
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Scheme 1 Chemical structures of the curing agents
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(s, IH,NH), 11.7 (s, 1H,NH), 7.78-8.33 (4H, 2NH,), 7.65 (s,
1H, H — 1), 4.67-5.43 (s, 3H, 30H), 2.8 (d, 2H, H — 3).
Elemental analysis calculated for (I) (CgH;¢NgO3S,): C,
31.16%; H, 5.19%; N, 27.27%; S, 20.77%. Found: C,
31.30%; H, 5.12%; N, 27.10%; S, 20.74%.

The copper (II) complex of (I) was prepared [22] by
dissolving Cu (II) acetate and compound (I) in a 1:1 M ratio
in hot methanol. The mixture was stirred for 3 h, left to
cool, and then filtered and washed several times with eth-
anol. The brown color solid product was dried in a vacuum
oven at 323 K which yielded 80% with melting point of
481 K. FT-IR (KBr, cm™'): v 3339, 3163 (NH,, OH); 1587
(C=N); 701 (C=S). Elemental analysis calculated for (II)
(CgH4NgO3S,Cu): C, 25.98%; H, 3.79%; N, 22.73%; S,
17.32%; Cu, 16.19%. Found: C, 26/12%; H, 3/85%; N, 22/
58%; S, 17.45%; Cu, 16.32%.

The complex (II) was acetylated under standard condi-
tion [23] to give the corresponding tri-O-acetyl derivative
(IID) that the thiosemicarbazone moiety remained intact and
the hydroxyl groups protected. The compound (III) was
obtained in 68% yield with melting point of 463—465 K.
FT-IR (KBr, cm™"): v 3339, 3303, 3180 (NH,); 1736
(C=0), 1575 (C=N); 715 (C=S). Elemental analysis calcu-
lated for (III) (C4H,0N¢OgS,Cu): C, 33.90%; H, 4.04%; N,
16.95%; S, 12.92%; Cu, 12.82%. Found: C, 33.72%; H,
4.09%; N, 16.85%; S, 12.86%; Cu, 12.76%.

Sample preparation

The curing agents were well dried in a vacuum oven and
were completely powdered to obtain fine particles. The
epoxy resin was thoroughly mixed with the curing agents
and, to facilitate the mixing, a small amount of acetone was
added to the mixing composition. The stoichiometric
amounts of the curing agents were calculated through the
number of active amino hydrogen, and the values for (I),
(II), and (IIT) were 25, 45, and 65 phr, respectively.

DSC measurement

The thermal curing data were obtained by using a Mettler
Toledo instrument (DSC 822°), which was heated from
room temperature to 623 K at different heating rates (5,
10, 15, and 20 K minfl) under nitrogen atmosphere.
The instrument was first calibrated with pure indium for
thermal response with the heat of fusion and the tem-
perature with the melting point. A small quantity (5 mg)
of well-mixed and uniform viscous liquid was sealed in a
DSC aluminum sample pan covered with an aluminum lid
and closed tightly under pressure. An identical empty pan
was taken as reference.
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Results and discussion
Synthesis and characterization of the curing agents

3-Deoxy-D-erythro-hexos-2-ulose bis(thiosemicarbazone)
(I) was synthesized by the reaction of D-glucose with
p-toluidine in a slightly acid solution using a procedure
given in the literature [22], a rearrangement of Amadori
takes place with the loss of a molecule of water. The
reaction mixture was maintained at 373 K for 5 h after
addition of thiosemicarbazide, during which condensation
of thiosemicarbazide with carbon 1 and 2 as well as
reduction of carbon 3 to a CH, group takes place and
compound (I), shown in Scheme 1, is formed. In this
reaction, p-toluidine may be viewed as a catalyst promot-
ing the rearrangement and elimination reactions, and the
thiosemicarbazide as the trapping agent. The (I) can act as
a tetradentate ligand in the formation of Cu(Il) coordina-
tion complex. The complex (II) was prepared according to
the procedure given in the literature [22]. In order to
investigate the effect of solubility of the curing agent on
the curing activity of the complex, the complex (II) was
acetylated under standard condition [23] to give the cor-
responding tri-O-acetyl derivative (III) that the thiosemi-
carbazone moiety remained intact and the hydroxyl groups
were protected. FT-IR spectra of the curing agents are
illustrated in Fig. 1. The FT-IR and elemental analysis data
for the curing agents are in good agreement with results
reported in the literatures [22, 23]. The absence of any bands
in the 2,600-2,800 cm ™' region suggests the absence of any
thiol tautomer in solid state. The IR spectrum of the ligand (I)
shows a band at 837 cm_l, assignable to the thioamide band,
which is the only band involving v(C=S) that is easily
assignable in this spectrum. In the IR spectra of the metal
complexes of (II) and (III), the thioamide vibration shifts to
lower frequencies indicating loss of double bond character
and coordination via the thiolato sulfurs. The v(C=N)
vibration region is complicated by the appearance of a sec-
ond band due to v{ N=C(S) }. Compared to v(C=N) in the free
ligand, the v{N=C(S)} band is usually found at slightly
higher energies in the complexes. Thus, we assign v(C=N) in
the 1,560-1,590 cm™" in the spectra of the complexes,
consistent with previous studies [22]. The metal ligand bands
v(Cu-S) and v(Cu—N), are found in the 450 and 430 cm ™!
region, respectively, consistent with the results of other
bisthiosemicarbazone complexes [24, 25]. The IR spectra of
both complexes show the band assigned to azomethine
nitrogen shifted to lower wave number. Coordination of
these nitrogen is confirmed with the presence of new bands
assigned to v(M-N=C) in the spectra of complexes. In the IR
spectra of complexes, the band assigned to v(NH,) remains in
the same position as in the free ligand, so the primary amines
are not bonded to the copper ion. In addition, coordination
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Fig. 1 FT-IR spectra of the curing agents: (a) (I), (b) (II), and
(c) (IID)

via sulfur atoms is indicated by a decrease in the frequency of
the thioamide band. The presence of a new band assignable
to v(Cu-S) confirms that the sulfur atoms are involved in the
coordination. Finally, in the case of complex (III) there is a
new peak at 1,736 cm ™" and also the number of peaks in the
region of 3,000-3,400 cm ™" related to the hydroxyl groups
decreased that confirm the formation of ester linkage.

Curing behavior

The curing behavior of DGEBA-(I), DGEBA-(II), and
DGEBA-(III) systems were studied by using DSC at dif-
ferent heating rates (5, 10, 15, and 20 K minfl). DSC
thermograms of curing DGEBA with these curing agents
are shown in Figs. 2, 3, and 4. From DSC thermograms, it
can be clearly observed that the initial curing temperature
(T;) and the maximum peak temperature (7,) increased
with increasing heating rate. The exothermic peak is due to
polymerization and etherification reactions of the epoxide
groups with the amine and hydroxyl groups. DSC ther-
mograms of curing DGEBA-(I) system, in Fig. 2, show a
shoulder peak when the heating rate increases. The two
steps curing of DGEBA-(I) system can be attributed to the
possible tautomerization in the curing agent, which may
occur at the higher temperatures, and formation of thiol
groups which can compete with the primary amine groups
in reaction with the epoxide groups:
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The appearance of shoulder peak indicates that there are
two competing reactions between functional groups in the
curing agent with the epoxide groups. However, formation
of complex between ligand (I) and Cu(Il) and acetylation
of the complex (III), shown in Scheme 1, had a significant
effect on the mechanism of cure reaction with DGEBA.
DSC thermograms of DGEBA-(II) and DGEBA-(III)
systems in Figs. 3 and 4 show one sharp exothermic peak
in all the heating rates. These results confirm the absence of
tautomerization in the complexes of (II) and (IIT) and they
have only one type of functional group, -NH,, which reacts
with the epoxide group and generate one single exothermic
peak in DSC test. The data obtained from DSC thermo-
grams of the curing systems are listed in Table 1. The T}, of
curing of DGEBA-(IIT) system shifted toward lower tem-
perature in comparison with 7, of DGEBA-(I) system
which can be due to lower melting temperature and better
solubility of the (IIT) in DGEBA because of the acetylation
of the hydroxyl groups.

Cure kinetics

DSC method assumes that for a cure process the measured
heat flow (dH/dt) is proportional to the conversion rate, do/
dr. Non-isothermal DSC methods can be used as single-
heating rate and multi-heating rate methods. Two multiple-
heating rate methods that have been shown to be effective
are KAS [26, 27] and FWO given by Flynn and Wall [28]
and Ozawa [29]. According to the KAS method based on
Coats—Redfern approximation [30], E, is obtained from the

N w
L "

Heat flow/w g-1, Exo up—

423 473 523 573
Temperature/K

Fig. 2 DSC thermograms of cure reaction of DGEBA/(I) system at:
(@) 5, (b) 10, (¢) 15, and (d) 20 K min~"
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Fig. 3 DSC thermograms of cure reaction of DGEBA/(II) system at:
(@) 5, (b) 10, (¢) 15, and (d) 20 K min~"
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Fig. 4 DSC thermograms of cure reaction of DGEBA/(III) system
at: (a) 5, (b) 10, (¢) 15, and (d) 20 K min~"

maximum reaction rate where d(de/dr)/dr is zero under a
constant heating rate condition. The basic equation of the
method in the integral form is:

Ln (ﬁi/TIii) = LH(AR/Ea) - Ea/RTp,i (1)

where f; is the heating rate and Ty, ; is the peak temperature
at different heating rates. The activation energy E, and the
pre-exponential factor A can be calculated from the slope
and y intersect of the linear plot of —Ln ( B/ Téi) against (1/
T,,), respectively.

The FWO method based on Doyle’s approximation [31]
is an alternative method for the calculation of E, and is
expressed in the integral form as follows:

Ln(f;) = Const. — 1.052E, /RT, (2)
A plot of Lnf versus 1/T,, should give a straight line

with a slope of 1.052E,/R. The obtained values of E, by
KAS and FWO methods are listed in Table 2.
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Table 1 Curing data from DSC thermograms
Heating rate/°C min~" DGEBA/(I) DGEBA/(II) DGEBA/(III)
T/K AHJY ¢! T/K AHJY ¢! T,/K AHJY ¢!

5 477.15 347.7 472.15 389.7 439.15 373.0
10 491.15 380.1 481.15 386.6 450.15 361.1
15 496.15 3525 486.15 356.6 458.15 380.0
20 505.15 3439 491.15 351.2 465.15 387.1
Table 2 E, values obtained by using DSC data and different kinetic 1
equations
Curing E,, KAS E,, FWO E,, isoconversional 08
system method/ method/ method/kJ mol ™ 3

kJ mol ™ kJ mol ™" §06

(2]
DGEBA/(I) 94.2 97.4 95.8 g 04 A B/ C/ D
DGEBA/(IT) 1355 136.4 134.6 87
DGEBA/(III) 84.3 87.2 85.9 0.2
0
453 463 473 483 493 503
The above methods have a limitation because they Temperature/K

produce a single value of E, for the whole process which is
a sign of a single-step process. A more complete deter-
mination of E, at any selected conversion can be calculated
by the most popular isoconversional Eq. 3 [32-35] of FWO
that is similar to Eq. 2 except in T,; that is the temperature
at different conversions at different heating rates:

Ln(p;) = Const. — 1.052E,/RT,; (3)

The isoconversional method allows complex processes
to be detected by a variation of E, with a.. The basic idea of
this type of analysis is that the reaction rate at a constant
conversion depends only on the temperature. To perform
isoconversional analysis, the original DSC data in Figs. 2,
3, and 4 were transformed into the form o; versus 7; for each
ith heating rate. Conversions were determined as fractional
areas of a DSC peak. The isoconversional temperatures
were obtained from the conversion curves at any selected
conversion. The resulting dependence of «; versus T; for
each heating rate is shown in Fig. 5 for the representative
DGEBA-(II) system. Figure 6 shows a typical Arrhenius
plots of Ln(f3;) versus 1/T;, using Eq. 3, for the DGEBA-(I)
system in a range of 0.2 < oo < 0.8. The E, value for each
conversion was obtained from the slope of the straight line
and the resulting dependence of E, on conversion (o;) is
presented in Fig. 7. The E, values remain constant up to
o = 0.6 and then started to decrease slightly for DGEBA-
(I) and DGEBA-(II) systems with increasing «. This rule
was accordance with the hypothesized mechanism of an
amino epoxy. The decrease in activation energy can be due
to the autocatalytic role of hydroxyl groups in the curing
reaction. The average values of E, obtained from

Fig. 5 Plots of o; versus 7; for curing of DGEBA/(II) system at:
(@) 5, (b) 10, (¢) 15, and (d) 20 K min~"

1.4
1.2 -
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u
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_ 0.6 1 * -
< 0.4
£
0.2 4
0 41 o-
-0.2 4
0.4 -
-0.6 v T T T
0.0019 0.00195 0.002 0.00205 0.0021 0.00215

1/TOL,i

Fig. 6 Plots of Lnf; versus 1/T; for curing DGEBA/(I) system at
different conversions of: o = 0.2 (filled diamond), o = 0.4 (filled
triangle), o = 0.6 (times), o = 0.8 (filled square)

isoconversional studies for DGEBA-(I), DGEBA-(II), and
DGEBA-(III) systems are 95.8, 134.6, and 85.9 kJ molfl,
respectively, which are close with those obtained by KAS
and FWO methods. The higher reactivity of complex (III)
can be due to lower melting point and also better solubility
in DGEBA which can be related to the acetylation of the
hydroxyl groups.
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Fig. 7 Plots of E, versus o; for curing of DGEBA with different
curing agents of: filled triangle (II1), filled diamond (1), filled square
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Conclusions

Optical active curing agents (I), (II), and (III) based on p-
glucose were prepared, and their characteristic properties
were measured and checked with those reported in the
literature. The exothermic peak of curing of DGEBA with
(I), dI), (IIT) appeared in the ranges 473-423, 463-503,
and 423-483 K, respectively. DSC thermograms of curing
DGEBA-(I) system showed a shoulder peak due to reaction
of epoxide group with the thiol group which is formed as a
result of tautomerization. The E, values of curing by using
KAS, FWO, and isoconversional methods were found to be
in the ranges 94.2-97.4, 135.5-136.4, and 84.3-
87.2 kJ mol~" for DGEBA-(I), DGEBA-(II), and GEBA-
(IIT) systems, respectively. The order of reactivity of the
curing agents toward epoxide group is: (III) > (I) > (ID).
The higher reactivity of complex (III) can be attributed to
the structural change in the curing agent as a result of
acetylation of hydroxyl groups which reduced the melting
temperature and also improved its solubility in DGEBA.

References

1. Rowan AE, Notle RIM. Helical molecular programming. Angew
Chem Int Ed Engl. 1998;37:63-8.

2. Okamoto Y, Nakano T. Asymmetric polymerization. Chem Rev.
1994;94:349-72.

3. Notle RIM. Helical poly(isocyanides). Chem Soc Rev. 1994;23:
11-9.

4. Saito R, Ishizu K. Flower type microgels: 1. Synthesis of the
microgels. Polymer. 1997;38:225-9.

5. Nakano T. Optically active synthetic polymers as chiral station-
ary phases in HPLC. J Chromatogr A. 2001;906:205-25.

6. Zvetkov VL. Comparative DSC kinetics of the reaction of
DGEBA with aromatic diamines. I. Non-isothermal kinetic study
of the reaction of DGEBA with m-phenylene diamine. Polymer.
2001;42:6687-97.

7. Deng Y, Martin GC. Diffusion and diffusion-controlled kinetics
during epoxy—amine cure. Macromolecules. 1994;27:5147-53.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Girard RE, Riccardi CC, Sauterea H, Passault JP. Epoxy-aromatic

diamine kinetics. Part 1. Modeling and influence of the diamine
structure. Macromolecules. 1995;28:7599-607.

. Ghaemy M, Amini Nasab SM, Barghamadi M. Nonisothermal

cure kinetics of diglycidylether of bisphenol-A/amine system
reinforced with nanosilica particles. J Appl Polym Sci. 2007;104:
3855-63.

Ghaemy M, Behmadi H. Structure and metal type effects on cure
kinetics of DGEBA with benzil bisthiosemicarbazone complexes.
J Appl Polym Sci. 2008;107:4021-8.

Ghaemy M, Behmadi H, Barghamadi M. Study of cure kinetics of
diglycidyl ether of bisphenol A with Ni(II) and Cu(II) complexes of
benzil bisthiosemicarbazone. J Appl Polym Sci. 2007;106:4060—6.
Kurnoskin AV. Structure of the epoxy-chelate metal-containing
matrices: theoretical aspects. ] Appl Polym Sci. 1992;48:639-56.
Hamerton I, Howlin JB, Hay NIJ, Jepson P. The development of
controllable complex curing agents for epoxy resins. 1. Prepara-
tion, characterization, and storage behavior of transition metal—
diamine complexes. J Appl Polym Sci. 2001;80:1489-503.
Omrani A, Ghaemy M, Rostami A. Curing behavior of epoxy
resin using controllable curing agents based on nickel complexes.
Macromol Mater Eng. 2006;291:181-93.

Lin KF, Shu WY, Wey TL. Organotransition metal complexes as
additives for epoxy resins: 2. Interaction with epoxy resins.
Polymer. 1993;34:2162-8.

Kurnoskin AV. Polymers based on epoxy oligomers and hard-
eners. Chelates of metals with aromatic and heterocyclic amines.
Ind Eng Chem Res. 1992;31:524-9.

Matsuda H, Takechi S. Cross-linking of bisepoxide with divalent
metal salts of p-aminobenzoic acid and diamine. J Appl Polym
Sci. 1993;48:1105-14.

Reddy PV, Vanje Gowda NM. Acetylacetonates of nickel(II) and
copper(Il) as accelerators for the epoxy resin system. J Appl
Polym Sci. 1994;53:1307-14.

Brown J, Hamerton I, Howlin BJ. Preparation, characterization,
and thermal properties of controllable metal-imidazole complex
curing agents for epoxy resins. J Appl Polym Sci. 2000;75:201-17.
Achar BN, Fohlen GM, Parker JA. Curing of epoxy resins with
metal(Il) 4,4,4,4-tetraamino phthalocyanines-modification with
elastomers. J Polym Sci A. 1983;23:389-97.

Chantarasiri N, Tuntulani T, Tongraung P, Chanma N. Applica-
tion of hexadentate Schiff base metal complexes as crosslinking
agents for diglycidyl ether of bisphenol A. Eur Polym J. 2000;36:
889-94.

Horton D, Nickol RG, Valera O. Facile synthesis of 3-deoxyaldos-
2-ulose bis(thiosemicarbazones). Carbohydr Res. 1987;168:
295-300.

Horton D, Valera O. Cu, Pt, and Pd complexes of the 3-deoxy-
1,2-bis (thiosemicarbazone) derived from p-glucose. Carbohydr
Res. 2000;328:425-9.

West DX, Ives JS, Bain GA, Liberta AE, Valdez-Martinez
J, Ebert KH, Hernandez-Ortega S. Copper(ll) and nickel(Il)
complexes of 2,3-butanedione bis(N(3)-substituted thiosemicar-
bazones). Polyhedron. 1997;16:1895-905.

Franco E, Lopez-Torres E, Mendiola A, Teresa Sevilla M. Syn-
thesis, spectroscopic and cyclic voltammetry studies of copper(II)
complexes with open chain, cyclic and a new macrocyclic thio-
semicarbazones. Polyhedron. 2000;19:441-51.

Kissinger HE. Reaction kinetics in differential thermal analysis.
Anal Chem. 1957;29:1702-6.

He G, Riedl B, Ait-Kadi A. Model-free kinetics: curing behavior
of phenol formaldehyde resins by differential scanning calorim-
etry. J Appl Polym Sci. 2003;87:433-40.

Flynn JH, Wall LA. A quick, direct method for the determination
of activation energy from thermogravimetric data. J Polym Sci B.
1966;4:323-8.



Study of cure kinetics of DGEBA

1017

29.

30.

31.

32.

33.

Ozawa T. Kinetic analysis of derivative curves in thermal anal-
ysis. J Therm Anal. 1970;2:301-24.

Coats AW, Redfern JP. Parameters from thermogravimetric data.
Nature. 1964;201:68-9.

Doyle CD. Kinetic analysis of thermogravimetric data. J Appl
Polym Sci. 1961;5:285-92.

Vyozovkin S, Sbirrazzuoli N. Mechanism and kinetics of epoxy—
amine cure studied by differential scanning calorimetry. Macro-
molecules. 1996;29:1867-73.

Vyozovkin S, Sbirrazzuoli N. Isoconversional kinetic analysis of
thermally stimulated processes in polymers. Macromol Rapid
Commun. 2006;27:1515-32.

34. Salla JM, Ramis X, Morancho JM, Cadenato A. Isoconversional

35.

kinetic analysis of a carboxyl terminated polyester resin cross-
linked with triglycidyl isocyanurate (TGIC) used in powder
coatings from experimental results obtained by DSC and
TMDSC. Thermochim Acta. 2002;388:355-70.

Zhou TL, Gu MY, Jin YP, Wang JX. Isoconversional method to
explore the cure reaction mechanisms and curing kinetics of
DGEBA/EMI-2,4/nano-SiC system. J Polym Sci A. 2006;44:
371-9.

@ Springer



	Study of cure kinetics of DGEBA with optically active curing agents
	Abstract
	Introduction
	Experimental
	Materials
	Apparatuses
	Synthesis of curing agents
	Sample preparation
	DSC measurement

	Results and discussion
	Synthesis and characterization of the curing agents
	Curing behavior
	Cure kinetics

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


