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ABSTRACT: This work focuses on examining the curing process of neat oligo(ethylene-2-mercaptosuccinate) using differential scanning
calorimetry (DSC), rheology, and Fourier transform infrared (FTIR) spectroscopy. The thiol-containing resin offers much promise as
a bioabsorbable polymer in medical field and as a reusable thermoset in sustainable applications. Although curing between thiol
groups has been investigated in solutions, studies of neat materials without solvent are rare. Here, the evolution of glass transition
temperature (Tg), complex shear modulus (G¥), gelation, and chemical structure are monitored as a function of isothermal cur-
ing time and temperature. Both T, and G* increase with curing, indicating the formation of polymer networks. The conversion
of the cure is determined from the DiBenedetto equation and is found to follow a second-order plus second-order autocatalytic
reaction model. Importantly, the intensity of the S-H bond absorption decreases with the extent of curing, which confirms the
curing mechanism, i.e., disulfide formation between the thiol groups. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133,

43205.
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INTRODUCTION

Thiol-containing polymers have received much attention in
recent years due to their promising medical applications and
use in sustainable technologies. Good examples are stimulus-
responsive hydrogels,'™ hosts for ions,’ polymer encapsula-
tion,”® self-healing materials,”'® intra-ocular lenses,'' and
molecularly imprinted dendrimers.'” In an effort to further
understand and design such polymers, a “green” thermosetting
resin, oligo(ethylene-2-mercaptosuccinate), has been prepared
under solventless, zinc chloride catalyzed esterification condi-
tions.">'* This oligomer contains thiol pendant groups which
offer the possibility of reversible crosslinking in addition to
ready degradation of the polymer main chain.'™** The mono-
mers used in the synthesis can be obtained from non-petroleum
renewable resources. For instance, one of the monomers, ethyl-
ene glycol, can be sourced from cellulosic biomass in a one-pot
conversion.'” Due to the non-nucleophilicity of the pendant thi-
ols, it is expected that, upon curing, chemical linkages form
between pendant thiol groups on the oligomers, and the cross-
linking can be reversed by using appropriate reducing reagents,
such as dithiothreitol. The ready hydrolysis of aliphatic ester
linkages coupled with the reversible crosslinking offers poten-
tials for applications in biomedical and others fields where recy-
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clable and reusable “green” materials are desired. Particularly,
the resin could compete with the leading biodegradable poly-
mer, polylactic acid, which takes 40% of the current biodegrad-
able plastics market.

To advance our knowledge of the resin and to provide guidance
for processing, additional elucidation of the curing process is
needed. As mentioned above, the majority of thiol crosslinking
studies,'™"* have focused on the synthesis and properties of fully
cured samples particularly regarding mechanical, optical, and
swelling responses. In several cases, the kinetics of curing has
been examined but is primarily on solution kinetics in the pres-
ence of solvent. Jayaraman and coworkers'? have studied the
crosslinking of thiols and the disassembly of resultant disulfide
crosslinks in poly(alkyl aryl ether) dendrimers by monitoring
the sample’s optical properties in solutions as a function of
time. The authors find that the dendrimer cures faster at higher
dendrimer concentrations and reversing the crosslinking is
quicker with more concentrated dithiothreitol, a reagent known
to cleave disulfide linkages. Lewis and coworkers' have deter-
mined the kinetics of de-crosslinking of disulfide-based triblock
copolymers by examining the viscosity of the aqueous copoly-
mer solution with the reducing agent of glutathione. Consis-
tently, higher de-crosslinking rate is observed at higher
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glutathione/disulfide molar ratios. In addition to the concentra-
tion dependence, de-crosslinking has also been found to
strongly depend on the pH of the solution''*'” and the force
applied to the sulfide bond'®. Ravi and coworkers'' have com-
pared the oxidation of aqueous solutions of thiol-containing
copolyacrylamides in air under neutral conditions and with 3,3-
dithiodipropionic acid. The exchange reaction under the acidic
conditions yields a much faster curing rate. Although the curing
between free thiol groups and its de-crosslinking event have
been investigated in solutions, to the best of our knowledge,
studies under thermal conditions only are rare. However, such
studies are highly desirable for understanding the curing mecha-
nism and for the target applications in the absence of solvent,
i.e. the use of oligo(ethylene-2-mercaptosuccinate) as a sustain-
able thermoset. The lack of these studies further motivates the
current work.

This work focuses on examining the curing process of neat oli-
go(ethylene-2-mercaptosuccinate). Due to the known slow reac-
tion rate between free thiols,'”” the curing is conducted at
elevated temperatures ranging from 170 to 220°C. The evolution
of glass transition temperature (T,) is followed using differential
scanning calorimetry (DSC). The T, data generated is used to
determine the conversion of thiol groups and the curing
kinetics. Based on this, we adopt a second-order and second-
order autocatalytic reaction model to describe the curing. Addi-
tionally, in order to evaluate the mechanical integrity of the
cured network, complex shear modulus and gelation are moni-
tored during isothermal curing using rheological measurements.
Structural changes in the material are recorded by Fourier trans-
form infrared spectroscopy (FTIR) to establish the curing mech-
anism. The results obtained are discussed and compared with
those found for thiol-containing systems in solutions and for
polylactic acids.

EXPERIMENTAL

Materials

The resin used in this study is oligo(ethylene-2-mercaptosucci-
nate). The synthesis of the material has been reported previ-
ously" and is briefly summarized here (see Figure 1(a)). To a
round bottom flask equipped with a condenser and with mag-
netic stirring, was added 7.54 g (0.0502 mol) of mercaptosuc-
cinic acid, 15.7 mL (0.150 mol) of ethylene glycol, and 0.1742 g
(0.00128 mol) of zinc chloride. The flask was flushed with
nitrogen and then maintained under a static nitrogen atmos-
phere. The reaction mixture was heated at 150°C/h to 155°C
and then maintained at 155°C for 4 h. After cooling to room
temperature, 100 mL of methylene chloride was added to dis-
solve the product. The solution was washed twice with 100 mL
of distilled water and twice with 100 mL of 50% saturated
NaCl. The organic layer was dried over sodium sulfate, and the
solvent was removed via rotary evaporation. Residual solvent
was removed under reduced pressure (less than 1 mm Hg) at
slightly above ambient temperature, and the structure was con-
firmed by FTIR, proton nuclear magnetic resonance ('HNMR),
and carbon-13 nuclear magnetic resonance ("> CNMR) spectros-
copy. The number average molecular weight of the resin deter-
mined from gel permeation chromatography is ~2500 g/mol,
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Figure 1. (a) Synthesis of oligo(ethylene-2-mercaptosuccinate) and (b)
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with a polydispersity index around 1.7. The resin can be cured
to highly transparent films and the proposed curing reaction is
shown in Figure 1(b). The material was stored in a laboratory
freezer maintained at —20°C before use.

DSC Measurements

A differential scanning calorimeter from TA Instruments (TA
Q20) was used for the calorimetric measurements. All the DSC
runs were made under a nitrogen atmosphere. T, aluminum
pans and hermetic lids were used. Sample sizes ranged from 10
to 22 mg. Isothermal curing was conducted at temperatures of
180, 200, and 220°C with curing times ranging from 0 to 5100
min. (Note that the curing temperatures chosen are much lower
than the onset degradation temperature of the resin obtained
from thermogravimetric measurements, 307°C, and therefore,
significant thermal degradation is not expected during the cur-
ing process.) After curing for specific time, the samples were
cooled at 20 K/min to —30°C and then reheated at 20 K/min to
the desired curing temperature. The cycle was repeated until the
curing was completed at this temperature. In order to examine
whether the heating/cooling scans have effects on the curing
results, results from short curing intervals, such as 10 min, are
compared with those obtained with interval of 30 min or lon-
ger. The heating scans were used to monitor the evolution of
the glass transition, as described below.

Glass transition temperature, T, is theoretically defined as the
temperature on cooling where the heat capacity change of the
system is half of the total change in the transition. In this work,
the limited fictive temperature (Tf/) was calculated from DSC
heating scans. Since the T/ measured on heating is found to be
a good estimate of T, at the same cooling rate (within 1 K),*
T{ is reported as the T, throughout the text. We find T/ by
integrating the heat flow curve and then extrapolating the liquid
line to the glassy line, a procedure consistent with the method
proposed by Moynihan et al.*'

T T,
J , (Cpl—Cpg)dTZJ
T

T>T,

ror (Co—Cp)dT (1)
where C,; and C,, are the constant pressure heat capacities for
the liquid and the glass, respectively, and C, is the apparent
heat capacity measured by DSC.

Temperature and heat flow calibrations of the DSC were per-
formed on heating at 20 K/min with tin, indium, and gallium.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43205


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
Tl oV
: o
3.210% | ]
=) I ]
© [ ]
~ 6
= 2410° ]
= I ]
E L p
8 o[ ]
$1610°L ]
g I ]
N] F
D L
8107 [ ]
- 3h
; 20 h
0

S S ST T S T S [N S S NS S S N1 |
0 200 400 600 800 1000 1200
Osc. Torque (micro N x m)
Figure 2. The displacement measured as a function of the torque for an
8 mm diameter platen. The results are obtained after the cure of an epoxy

glue for 3 and 20 h at room temperature, respectively. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

The three materials showed clear melting temperatures at 231.9,
156.6, and 29.8°C, respectively. Differences between the known
values and those obtained were used to calibrate temperature
readings on the TAQ20. The heat of fusion of indium,
AH=28.45 ]J/g, was used to calibrate the heat flow. The tem-
perature and heat flow were calibrated within+0.20 K
and = 0.2 J/g, respectively. The calibrations were checked at reg-
ular intervals by performing check runs using the three calibra-
tion standards.

Rheology

Frequency sweep measurements were performed to study the
viscoelastic behavior using a rheometer from TA Instruments
(TA AR2000ex). Disk-shaped samples of 8 mm diameter and
0.9 — 1.3 mm thickness were used for parallel plate rheometry.
The sample was made directly inside the rheometer by loading
the sample at 60°C, then gradually moving the upper plate up
and down to form the disk-like sample. Nitrogen gas was used
during the tests to minimize sample degradation. Measurements
were conducted at 200°C with testing frequencies ranging from
0.3 to 30 rad/s. The strain amplitude used was less than 1%,
within the linear viscoelastic region. In addition to the fre-
quency sweep tests, time sweep measurements were conducted
at different temperatures (170, 185, 200, and 210°C) to deter-
mine the gel point, i.e., the time to gelation.

One important issue in the experimental rheology field is the
instrument compliance problem. As demonstrated by McKenna
and coworkers,”>* without properly correcting the instrument
compliance, errors would occur not only in the absolute values
but also in the shape of the relaxation curve. In this work, the
instrument compliance was first measured following the
reported methodology.””> As shown in Figure 2, where the
deflection angle is plotted as a function of the applied torque,
the instrument compliance determined from the slope was
found to be 3.48 X 10~ Nm/m. The value was input to the TA
software, and the instrument compliance was corrected for all
of the data shown. Additionally, the instrument inertia, geome-
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try inertia, bearing friction, and thermal coefficient were cali-
brated for the rheometer. The quality of the calibrations was
checked by running steady state viscosity measurements on a
Cannon certified viscosity standard. For all runs, the average
viscosities were within 2% of the values provided by the manu-
facturer, affirming that the rheometer calibrations were reliable
and reproducible.

FTIR Measurements

Infrared spectroscopy experiments were performed using a
Nicolet IS5 spectrometer, equipped with a single bounce attenu-
ated total reflection (ATR) accessory. Samples cured in the DSC
at 200°C for various times (0, 1, 3, 5, 8, 12, and 30 h) were
used. All data were collected in the ATR mode at room temper-
ature, with 8 c¢cm !
interferometric scans. Peak areas were calculated using the
OMNIC software installed on the Nicolet IS5 instrument.

spectral resolution and averaging of 64

RESULTS AND DISCUSSION

The DSC heating scans are plotted in Figure 3 for the oligo(ethy-
lene-2-mercaptosuccinate) after cured at 200°C for various times.
The uncured sample shows a glass transition temperature (T,) of
approximately 2°C. As expected, with curing, T, shifts to higher
temperatures, and the breadth of the transition becomes broader
particularly at intermediate curing times, such as 300 min. The
broadening in the T, might arise from a broader molecular weight
distribution due to the presence of both long-chain polymer net-
works and short-chain oligomers.***> From the heat flow curves,
the T, and the heat capacity change at T, (dC,) are determined
and shown in Figure 4 as the open symbols. For comparison, the
data obtained at the same temperature but with constant 10 min
curing interval are also plotted with solid symbols. The two sets
of data seem to fall upon each other, indicating that the effects of
the cooling and heating scans involved in the DSC measurements
can be neglected on the extent of curing, consistent with the work
of Simon and coworkers.”® The T, increases as the oligomers react
with each other, and reaches 81.9 = 0.7°C after being fully cured.
The associated dC, (shown in the inset of Figure 4) decreases
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Figure 3. The representative DSC heat flow obtained on heating at 20 K/min
after cooling at 20 K/min for oligo(ethylene)-2-mercaptosuccinate cured at
200°C for various times (0, 30, 300, 900, and 5100 min). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. The glass transition temperature, T, plotted as a function of
curing time at 200°C. The heat capacity change at T, dC,, is plotted as
the inset. Data obtained with short (10 min) and long (30 to 1500 min)
curing interval are shown as solid and open symbols, respectively. Lines
are given as visual guides. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

from 0.569 = 0.03 to 0.331 £0.03 J/g/K as the extent of curing
increases. The reduced dC, agrees with theoretical’”** and experi-
mental® results that polymerization suppresses the rotational and
translational contributions to the heat capacity, particularly to the
liquid C,.

In order to examine the effects of temperature on the curing
process, the evolution of T, and dC, at other curing tempera-
tures of 180 and 220°C are monitored and illustrated in Figures
5 and 6, along with those obtained at 200°C. Apparently, the
resin cures faster at higher curing temperatures. The time
required to complete the curing decreases from 42 h at 180°C
to 25 h at 200°C and 17 h at 220°C. T, of the fully cured mate-
rials is relatively the same, with an average of 82.0 = 0.7°C
(Note T, of uncured sample is 2.0 = 0.7°C). The associated dC,

(Figure 6) drops linearly with T, from 0.547=0.02 to
80 -
60 :
) 3
= ]
== 40 3
™T180°C
—— 2 0 E
20 00°C :
=220 ]

T I NI ST I B
0 0 1000 2000 3000 4000 5000 6000
Time (Min)
Figure 5. The glass transition temperature, T,, plotted as a function of
time during isothermal curing at 180, 200, and 220°C. Lines are given as
guides to the eye. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 6. The associated heat capacity change at
tion of T, during isothermal curing at 180, 200, and 220°C. [Color figure can

T, dCy, is plotted as a func-

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

0.272+0.04 J/g/K for the uncured and fully cured samples,
respectively. Such a linear relation is consistent with results on
diepoxy-tetrafunctional diamine at different conversions.® The
similar final T, and relation with dC, imply the possibility of
using various curing routes to achieve desired material proper-
ties. As a potential resin to partially replace the leading biode-
gradable polymer on the market, polylactic acid, T, of the fully
cured oligo(ethylene-2-mercaptosuccinate) is 23 K higher than
that found for polylactic acid.’® The higher T, of the cured
resin would impart a wider use temperature window to the
resin than has been observed with polylactic acids.

To further understand the curing process, the conversion of the

curing is determined from the T, and dC, data using the DiBe-

nedetto equation,” given by the following:
Tg— TgO _ x

To-Ty  1-(1-A)x @

where T represents the T of the uncured oligomer, T.° is the
maximum T, obtained experimentally for the “fully cured” mate-
rial, and A is a structure-dependent material parameter.”® The value
of / has been related to the step changes in the heat capacity for

G respectively”>%:

uncured and fully cured resins, AC,; and A
AC;Q

ACy

A= (3)
(Note that, generally, conversion can also be determined from
the heat of curing;®> however, in this work, the heat dissipated
from the curing is too subtle to be captured.) Based on the dC,
data shown in Figure 6, a 4 of 0.497 = 0.07 was calculated from
eq. (3). With the 4, Ty T, and T;C, the conversion of the cur-
ing is determined and plotted in Figure 7. To study the kinetics
of curing, the conversion is fitted using a second-order plus
second-order autocatalytic (third-order overall) equation™
dx

E—k(l x)*(x+b) (4)

where x is conversion, t is cure time, k is the reaction rate con-
stant, and b the ratio of the rate constants for the second-order
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Figure 7. The conversion plotted a function of time for the isothermal curing
conducted at 180, 200, and 220°C. Dashed line represents the best fit from
the kinetic eq. (4). Standard deviations of the fit are 0.06, 0.09, and 0.04 for
the data obtained at 180, 200, and 220°C, respectively. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

and the second-order autocatalytic reactions. We would like to
point out that although thiol-disulfide interchange reaction is
proposed to be overall second order,” in this study, a second-
order model tends to underpredict the T, of fully cured samples
and is not able to fit the entire range of the data. Instead, the
third-order autocatalytic model describes the data well, shown
as the dashed lines in Figure 7. The k obtained from the best
fits of the model is plotted in Figure 8 as a function of curing
temperature. The activation energy determined is 81.5 % 2.5 kJ/
mol, which is higher than thiol-disulfide exchange reaction
observed in solutions, 9.4 — 66.2 kJ/mol.**~*?

In addition to the evolution of T, the progression of mechani-
cal properties during curing is also monitored. As shown in Fig-
ure 9, the complex shear modulus, G¥, obtained from curing at
200°C is plotted as a function of curing time. Uncured sample

80

3 E=81.5+ 2.5 kJ/mol ]

—~ -85F 3
o E 5
2 3 :
< -90F ;
95F

-10. PR A BT IR il Bk A
8.00 205 210 215 220 225
1000/T (1/K)

Figure 8. The curing rate constant k plotted a function of temperature, T.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]
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Figure 9. The complex shear modulus, G¥, is plotted as a function of curing
time for oligo(ethylene)-2-mercaptosuccinate cured at 200°C. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

shows a low modulus of 300 Pa (G§). With curing, the modu-
lus increases and gradually reaches 3.0 X 10° Pa (G**),
much higher than that of polylactic dCid ~1.1 X 10° Pa,
measured at the same temperature.*’ The increase in the
complex shear modulus indicates the formation of polymer
network with curing. The modulus seems to level off after
curing for 400 min, slightly earlier than observed for T, in
the calorimetric measurements. This is not surprising since
rheology and DSC might weight chain relaxation time differ-
ently.?>** If we adopt a similar model as eq. (2) but with G
and G*™ as Ty and Tg°°, and assume the same structure
parameter 4, it is found that the conversion determined from
G* is compatible with that from the calorimetric T, at con-
version lower than 50% but is higher when the conversion
rises above 50%. The results might indicate that, compared
to the G*, the calorimetric T, is more sensitive to the
unreacted pendant thiol groups. Although the reason behind
this is unclear, the results are similar to what we found for
polymer/oligomer blends** where obvious concentration
effects are observed in the broadening of the calorimetric T,
but the rheological segmental region remains unchanged
with blending.

Another important parameter regarding the curing process is
the gelation point, which indicates the incipient formation of an
infinite polymer network.** The commonly used criteria to
determine the gel time include the time at which the loss tan-
gent tand becomes independent of frequency,” the storage and
loss moduli (G and G”) cross each other,">" and the viscosity
of the resin approaches infinity."® Winter and Chambon®® points
out that the G—G" crossover only applies to a group of poly-
mers in which the shear modulus G follows a power law relaxa-
tion with time ¢ and with an exponent of 1/2, i.e, G ~ /%
Examples of such polymers include stoichiometrically balanced
systems and those with excess cross-linkers. For the general case,
including imbalanced systems, the author recommends using the
point at which the tand becomes frequency independent.
Although the curing system of this work is expected to be
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Figure 10. Storage, loss shear moduli (G' and G”), and the loss tangent,
tand are plotted as a function of curing time for oligo(ethylene)-2-mer-
captosuccinate cured at 210°C. Note that the data are scattered slightly
due to the low modulus at the beginning of curing and the instrument
resolution. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

stoichiometrically balanced, the gelation time is determined
using both criteria. As shown in Figure 10 for the isothermal
curing at 210°C, the tand becomes frequency independent at 20
min, comparable to the time observed from the G—G’ crossover,
17.9 min (see inset). Similar results are obtained for curing con-
ducted at other temperatures, and the data are plotted in Figure
11. The gelation times measured with both criteria are consistent
with each other, increasing from 18.9 + 1.5 min at 210°C to
126.1 £ 4.6 min at 170°C. The temperature dependence of the
gelation is further discussed next.

Assuming an Arrhenius temperature dependence of the reaction
rate, the kinetics of curing can be expressed in the following
form:

dx ,L]
3 ~he Fg(x) (5)

where x is the conversion, t is the curing time, k, is the pre-
exponential frequency factor for the overall reaction, E is the
apparent activation energy for the overall reaction, and g(x) can
be (1-x)*(x+b) as shown in eq. (4) or any unknown function
of x and is assumed to be temperature independent. By inte-
grating eq. (5) from zero to the gel time, t,, the relation
between t,; and reaction rate can be written as:

1 ngcl 1 J (6)
toel = —F —dax.
ke o g(x)
Taking the natural logarithm on both sides yields:

f } E )

1
In ty=In|— ——dx|+—.
« [ko .[o g(x) RT

According to Flory," the degree of cure at the gel point, xg
only depends on the functionality of the resin and is independ-
ent of the curing temperature. Therefore, the first term on the
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right side of eq. (7) can be assumed to be constant, ¢, and the
equation reduces to

E
Intg=c+—. 8
ngeZCRT (8)

By plotting In (tg;) vs. 1/T (Figure 11), the activation energy of
gelation is determined to be 80.1 6.3 kJ/mol. The value
obtained is slightly higher than those reported for other thiol
curing systems, 27.6 to 58.5 kj/mol.'®!7*?

Finally, in order to examine the curing mechanism, FTIR spec-
troscopy data are collected for the oligomer and the resin cured
at 200°C for times up to 30 h. The representative absorption
curves are shown in Figure 12. The peak at 2950 cm™ ' repre-
sents the C—H stretching absorption; the peak at 2510 cm ™' is
for the S—H thiol bond, and the peak at 1720 cm ™' is associated
with the C=0 in the carboxyl group.”® During the cure, the
intensity of the S—H peak decreases with the time of curing
whereas the intensity of the C-H and C=0O remains relatively
constant. Note that, although the height of the C=0 absorption
peak decreases upon curing, the area under the peak is only
about 3% lower. In this work, we use the intensity of C-H
absorption peak as an internal standard considering its relatively
similar intensity as the S—-H peak of interest. The conversion of
curing is determined based on the area change of the S-H
absorbance peak, and the results are plotted in Figure 13, along
with those calculated earlier from the DSC measurements. The
two groups of data agree well, and the best fit of eq. (4) to the
FTIR data yields similar curing rate constant as expected
(0.000148 and 0.000156 1/s for FTIR and DSC, respectively).
The results indicate that the curing likely proceeds through
reaction between the thiol groups forming disulfide bonds. Due
to its low polarity, the disulfide bond absorption is reported to
be weak in the FTIR absorbance spectra, ~450 to 550 cm™'.”!
The intensity of the disulfide absorption seems to increase with
curing, but this cannot be confirmed with FTIR alone.

It is proposed that curing occurs by thermal reaction of the
thiol groups to form disulfide linkages. The thiol groups clearly
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Figure 11. Gel time, f,; as a function of the isothermal curing tempera-
ture, T. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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are involved in the curing reaction as evidenced by the decrease
in the intensity of the thiol absorption during curing as shown
by FTIR. In addition, consistent conversions were noted
between the calorimetric and FTIR data. Furthermore, the
observed conversion at gel point, X, agrees with the theoreti-
cally predicted value based on the proposed thiol group reac-
tion. The measured gelation time at 200°C is 36 min, which
corresponds to a conversion of 0.22 (Figure 7). From the statis-
tical approaches developed by Flory*>** or Macosko and
coworkers,’ Xgel can be calculated from,

1
05
[r(f=1)]
where r is the stoichiometric ratio of reactional groups and f

represents the functionality of the oligomer. In this study, » =1
and f=24, the number of repeating unit of the oligomer. The

Xgel =

Tr 1T g
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Figure 13. Conversions determined from FTIR and DSC measurements
for oligo(ethylene)-2-mercaptosuccinate samples cured at 200°C for vari-

ous times ranging from 0 to 5100 min. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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conversion at gelation is determined to be 0.21, in excellent
agreement with experimentally obtained value. The calorimetric
and rheological measurements were performed under a nitrogen
atmosphere, which should exclude possible reactions with oxy-
gen. Importantly, the thiol groups are non-nucleophilic under
the synthesis and curing conditions and no thioester formation
has been observed by FTIR. This material clearly shows poten-
tial as a sustainable thermoset that exhibits the desirable fea-
tures of crosslinked materials coupled with the hydrolytic
properties of aliphatic polyesters.

CONCLUSIONS

The curing process of a “green” thiol-containing resin, oligo(e-
thyylene-2-mercaptosuccinate), has been investigated using differ-
ential scanning calorimetry, rheology, and Fourier transform
infrared spectroscopy. The evolution of T, and dC, are monitored
during isothermal curing at 180, 200, and 220°C, respectively. As
expected, the resin cures faster at higher curing temperatures. The
time required to complete the curing decreases from 42 h at
180°C to 25 h at 200°C and 17 h at 220°C. On average, T,
increases from 1.97 = 0.7 to 82.0 = 0.7°C, along with dC, decreas-
ing from 0.547 = 0.02 to 0.272 = 0.04 J/g/K. A linear relation is
found between the dC, and T, consistent with literature findings
on other curing systems. The conversion is determined based on
the DiBenedetto equation and is well fitted with a second-order
and second-order autocatalytic reaction model. An activation
energy of 81.5* 2.5 kJ/mol, which is higher that of curing
occurred in solutions. Concurrent with the rise in Ty, the complex
shear modulus increases to 6.5 X 10° Pa after being fully cured at
200°C. The gelation time is measured from the frequency inde-
pendence of the loss tangent and from the crossover of G’ and G”.
Both yield similar results for the stoichiometrically balanced sys-
tems. In addition, it is found that the intensity of S-H bond
absorption decreases with increasing curing time. The conversion
determined from FTIR agrees with that from the calorimetric
measurements, supporting a curing mechanism involving disul-
fide bond formation between thiol groups.
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