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ABSTRACT: The curing of an isocyanate (NCO)-ended
quasi-prepolymer by reaction with water in stoichiometric
ratio was monitored by using differential scanning calo-
rimetry both under isothermal and non-isothermal condi-
tions. A quasi-prepolymer containing 16 wt % free NCO
prepared by reacting trifunctional polypropylene glycol
(PPG) with polymeric MDI was used in this study. The
variation of the effective activation energy with the extent
of the curing reaction was calculated by means of model-
free differential and integral isoconversional methods. Both

isoconversional methods provided similar results show-
ing that the activation energy depends on the extent of
the reaction of the quasi-prepolymer with water. The de-
pendence of the effective activation energy proved to be
different under isothermal and non-isothermal curing con-
ditions. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104:
1049-1057, 2007

Key words: activation energy; differential scanning calo-
rimetry (DSC); kinetics (polym); curing of polymers

INTRODUCTION

Urethane prepolymers are isocyanate-ended macro-
molecular chains containing urethane groups in their
backbone, and are usually obtained by reaction of a
polyol with a molar excess of di- or polyisocyanate and
typically contain free isocyanate (NCO) groups. Ure-
thane prepolymers containing free NCO content of 15—
30 wt % are called quasi-prepolymers because only
part of the polyisocyanate monomer contributes to the
formation of the backbone polymer." Quasi-prepoly-
mers are extensively used in the production of one-
component polyurethane foams? in the building indus-
try and in do-it-yourself adhesives.” When exposed to
air moisture, the quasi-prepolymers cure as the reac-
tion between the free isocyanate groups and the mois-
ture from air and in the substrate occurs by formation
of urea groups (Scheme 1). The release of carbon diox-
ide and its entrapment in the viscous quasi-prepoly-
mer may lead to the formation of a cellular structure.
The curing process involves the transformation of
a relatively low-molecular-weight liquid into a high-
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molecular-weight poly(urethaneurea) solid that ex-
hibit typical properties of thermosets.

Despite the industrial relevance of isocyanate-
ended quasi-prepolymers, to our knowledge only a
few studies have been devoted to the kinetics of the
curing reaction of low free NCO content-ended pre-
polymers with water.**

Differential scanning calorimetry (DSC) has been
widely used for monitoring the curing process of ther-
mosets. Several changes in the physical properties
occur during the curing of a thermoset and they may
affect the mechanism of the reaction. Usually, the reac-
tion is kinetically controlled for lower conversion and
becomes diffusion controlled at higher conversion.
Because of the complexity of the curing process, an
approach based on the fit of kinetic data to an assumed
reaction model normally fails.

An alternative approach is the application of the
model-free isoconversional methods. These methods
allow for the evaluation of the activation energy as a
function of the extent of the reaction, without assum-
ing any kinetic model. Isoconversional methods
reveal the variations in the reaction mechanism that
are accompanied by changes in activation energy.
These methods have been mostly used to analyze
the curing of epoxy resin formulations but more
recently their application to polyurethane systems
have also been reported.®”

In this study, the curing of a quasi-prepolymer with
relatively high free NCO content by reaction with
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Scheme 1 Formation of urea from the reaction between
isocyanate groups and water molecules.

water was performed using isothermal and non-
isothermal DSC experiments. Besides the traditional
curve fitting approach, isoconversional methods were
used to understand the complex curing process of ure-
thane quasi-prepolymers.

Mathematical aspects of isoconversional methods

The rate of a reaction (da/dt) in condensed state is
usually described as a result of two functions inde-
pendent of each other: the k(T) function, which
depends solely on the temperature T and follows the
Arrhenius law, and the f(o) function which depends
on the conversion degree and is related to the mech-
anism of the reaction:

da —E,
i Aexp ( RT )f(oc) (1)

The main implication of eq. (1) is that the reaction rate
at a constant conversion degree is only a function of
the temperature, and this is the basic assumption of
the so-called isoconversional methods. This assump-
tion holds only for a single step reaction. For a multi-
step kinetics the dependence of the activation energy
(E,) with conversion (o) reflects the variation in rela-
tive contribution of single steps to the overall reaction
rate.

The isoconversional methods are considered model-
free because they provide the variation of the effective
activation energy with the reaction progress, without
assuming any kinetic model. Several isoconversional
methods have been proposed in the literature. Starink®
recently reviewed the accuracy of the different isocon-
versional methods, and differential and integral iso-
conversional methods may be defined.

Isoconversional differential methods

Differential methods are frequently called Friedman
methods due to the researcher who first derived this
method.” The method derives from taking the loga-
rithm of eq. (1):
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In (d°t‘> - In[A,f(2)] ~ g7 2)

The activation energy (E,) is determined from the slope
of the plot of In(da/dt) versus 1/T, at a constant o
value. Subscript i is the ordinal number of an experi-
ment performed under constant temperature (for iso-
thermal conditions) or of an experiment performed at a
given heating rate (for non-isothermal conditions).
This method is rather accurate because it does not
include any mathematical approximations. However,
it is highly sensitive to the accurate determination of
the baseline and calibration of the thermal analysis
equipment and tends to be numerically unstable, espe-
cially when the rate is estimated by numerical differen-
tiation of the experimental data.

Isoconversional integral methods

Integral methods are used with the purpose of sup-
pressing the high sensibility of the differential meth-
ods. They are called integral methods because they
are based on the integral form g(o):

r do 7 E,
g(a) = J @ = Ao/exp (— RT(t)) dt = AJ[Ea, T(ty)]
®)

For isothermal conditions, the integration of eq. (3)
leads to eq. (4):

Int,; = In [g[(:‘)} n fg (4)

and E, can be determined from the slope of the plot of
In(t) versus 1/T, at constant o value. For non-isother-
mal conditions, the integral of eq. (3) can be replaced
by various useful approximations that may lead to
simple linear equations for estimating the activation
energy.® However, these assumptions introduce some
systematic error in estimating E, if it is a function of the
extent of the reaction.

Vyazovkin'"! recently proposed an advanced inte-
gral method that allows for the calculation of the de-
pendence of E, with the extent of the reaction under
non-isothermal conditions. According to this method,
E, is calculated as the minimum of the function
D[Ea(2)]:

where subscripts i and j represent the ordinal
number of two experiments performed under dif-
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ferent heating rates. The integral | is calculated
using eq. (6):

ty

[ vl o

t:x_A:x

][EavTi<t1)] =

To avoid that each value of E, becomes averaged over
the entire conversion region (i.e., 0 to a), the integration
is performed in a small segment [to-Aa,ta]. In eq. (6), o
varies from 2Ao to 1-Aa with a step Ao = (m + 1)1,
where m is the number of the equidistant values of o
chosen for the analysis.

EXPERIMENTAL
Materials

The raw materials used to prepare the quasi-prepoly-
mer were polymeric diphenylmethane diisocyanate
(pMDI) and glycerine-propoxylated polyether triol
(Voranol CP 1055). Both materials were supplied by
Dow Chemical Company (Barcelona, Spain). The
polymeric MDI used in this work has a free isocya-
nate content of 31.3 wt % and an average functional-
ity of 2.7 and was used as-received. The polyol con-
tains secondary hydroxyl terminal groups and has an
average molecular weight of 1000 g/mol and an OH
value of 156 mg KOH/g. The polyol was dried under
reduced pressure (107! torr) at 60°C, for at least 3 h
before use.

Synthesis of the quasi-prepolymer

A quasi-prepolymer containing 16 wt % NCO was
prepared by reacting 120 g dried polyol with 217 g
pMDI in a three-necked 1000-mL glass flask, under
dry nitrogen atmosphere. Inert atmosphere was used
to avoid the reaction of isocyanate groups with mois-
ture and the consequent formation of urea linkages.
The system was kept at 70°C and mechanically stirred
with a glass stirrer at 80 rpm for 3 h. The isocyanate
content of the quasi-prepolymer was determined by
titration of excess N,N’-dibutylamine with standard
HCL'? After preparation, the quasi-prepolymer were
stored under dry nitrogen in a glass container for fur-
ther testing and characterization.

Kinetic measurements

All calorimetric data reported in this work were
obtained with a Q-100 differential scanning calorimeter
(TA Instruments, New Castle, DE), calibrated with in-
dium, using a continuous nitrogen flow of 50 mL /min.
The quasi-prepolymer was mixed with distilled
water in a stoichiometric proportion and the mixture
(~ 50 mg) was sealed in steel high volume DSC pan
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with a capacity of 100 pL. During the curing reaction,
the samples expand due to the formation of carbon
dioxide, and this was the reason to avoid the use of the
standard aluminum hermetic pans because they were
unable to retain the sample during the experiment, due
to its expansion.

The calorimetric data of the quasi-prepolymer
samples were measured using the following three
different methods

1. Postcuring dynamic DSC method: The uncured
samples were kept at 25°C for different curing
times up to 7.5 h. The DSC experiment was then
carried out by heating from —80 to 200°C at the
heating rate of 5°C/min to determine the resid-
ual enthalpy (AH,). Because the reaction starts
immediately after place in contact the water with
the quasi-prepolymer and the DSC equipment
needs some time to stabilize, the total heat of the
reaction (AHqota1) was calculated by extrapolation
of the residual heat to t = 0. The molar conver-
sion was calculated assuming that the heat
involved during the curing reaction is propor-
tional to the extent of the reaction. Additionally,
the evolution of the glass transition temperature
(Tg) with the extent of the reaction was deter-
mined. The T, of the fully cured system was ob-
tained by temperature-modulated DSC (TMDSC).
A stoichiometric mixture of quasi-prepolymer
and water was kept at 25°C for 7 days, followed
by heating at 80°C for 12 h. The foamed cured
sample was compacted by pressing in a Muver
hydraulic press (2 bar) for 2 h at ambient tem-
perature, placed in a hermetic aluminum pan
and then TMDSC experiments were carried out
under nitrogen atmosphere. The amplitude and
the period of the oscillation during TMDSC
experiments were 1.2°C and 70 s, respectively.
The dynamic scan was performed at 5°C/min
and the T, was determined from the reversible
heat flow curve.

2. Isothermal DSC method: The extent of the reaction
of the quasi-prepolymer with water at constant
temperature was measured by DSC as a function
of time. The measurements were performed for
6 h at 25°, 35°, and 50°C, followed by a dynamic
DSC scan at 5°C/min to determine the residual
enthalpy.

3. Dynamic DSC method: The uncured samples were
heated from —80 to 250°C at different heating
rates (5, 8, 10 and 20°C/min).

The experimental results obtained by using the
isothermal and the dynamic DSC methods were ana-
lyzed using two model-free isoconversional methods
to obtain the dependence of the activation energy
with the degree of conversion.

Journal of Applied Polymer Science DOI 10.1002/app
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RESULTS AND DISCUSSION
Postcuring dynamic DSC method

Dynamic DSC heat flow curves obtained at 25°C at dif-
ferent curing times are given in Figure 1. As the reac-
tion proceeds, the T, increases and the residual en-
thalpy becomes lower. Furthermore, the endothermic
peak centered at 0°C resultant from the water fusion
decreases as a consequence on the reaction with the
quasi-prepolymer. In some DSC curves, an endother-
mic peak at about —58°C can be identified, likely due
to carbon dioxide formation during the curing reaction
(depending on the pressure, carbon dioxide sublimates
below —56.6°C"3).
The extent of the reaction was obtained from eq. (7):

AH,

— 7
AHtotal ( )

O{tzl

where AH, is the residual enthalpy measured at a
given curing time, and AHoy, is the total enthalpy.

Several studies on the correlation of the T, data as
a function of the conversion have been reported,
although most of the data are for epoxy systems.'*'
Numerous equations have been proposed to describe
the T, versus conversion data.'® In some of these mod-
els, a statistical description of network buildup has to
be available to calculate the concentration of junction
points of different functionalities as a function of con-
version. A different approach, based on the thermody-
namic relationships has been proposed by Pascault
and Williams:"”

Tg —Tg, Aot

Tg. —Tg, [1—(1- )] ®)

where T, o and T, ., are the initial and at complete
conversion T, respectively, and A=Acp../Acp, where
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Figure 1 DSC curves obtained at 25°C for the reaction of
quasi-prepolymer and water. Postcured dynamic DSC method.
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Acp., and Acpy are the difference in the heat capacity
before and after T, for fully cured and uncured sam-
ple, respectively. Ty o and Acpy were determined by
extrapolation of the Ty and Acp values at o = 0. Tg,
and Acp., were determined by TMDSC, as described
above.

T, was calculated as the temperature of the inflec-
tion point located at the T region in the DSC curves.
For higher extent of cure, determination of the T,
was more difficult. At T, values closer to the curing
temperature, the system vitrifies and the reaction
rate slows down, as the reaction becomes diffusion
controlled. Owing to vitrification, a relaxation peak
just near Ty inflexion was observed, which makes
difficult the accurate determination of T,. In these
cases, to minimize the influence of the relaxation
peak, T, value was calculated as the fictive tempera-
ture of the transition by using the Universal DSC
Analysis 2000 program from TA Instruments."”” The
fictive temperature (Ty) is the temperature at which
the structure is at equilibrium. At temperatures suffi-
ciently far from the T, the system will remain in
equilibrium at all curing times and T; will be identi-
cal to the temperature of the system. However, dur-
ing the Ty the system will not respond structurally
to the changing temperature and T will differ from
the temperature of the system.'®

Equation (8) was derived on the basis of Couch-
man’s analysis'® for the compositional variation of
the Tg of a solution, and assuming that a thermoset-
ting polymer can be treated as a random mixture of
a completely crosslinked network with the initial
unreacted monomers. This equation has been
applied with success to correlate experimental values
of T, versus conversion for many thermosetting
polymers, using X as an adjustable parameter.**>*

According to several investigators,'>'®** eq. (8) is
mathematically equivalent to or based on DiBenedet-
to’s equation.” DiBenedetto®* has pointed out that
the applicability of the principle he used to derive
his equation is open to serious questions when
applied to highly crosslinked systems, because of the
great change in configurational entropy introduced
by crosslinking. Consequently, the different forms of
the DiBenedetto equation should only be appropriate
to fit the T, and conversion data of polymeric sys-
tems with relatively uncomplicated curing reactions.
A report on the curing reaction of a modified bisma-
leimide resin system® has shown that eq. (8) is an
inadequate model for high curing temperatures,
when the crosslinking reactions responsible for
three-dimensional network structures became domi-
nant. Similar reports of Ty and conversion for poly-
urethane systems® are scarce and no analogous
work was found for poly(urethaneurea) systems.

Figure 2 shows the dependence of the Ty as a
function of the extent of the curing reaction of the
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Figure 2 Evolution of the glass transition temperature for
the reaction of quasi-prepolymer and water as a function
of the extent of reaction (25°C). Postcured dynamic DSC
method.

quasi-prepolymer and water. For lower conversion
values this dependence is well described by eq. (8).
Because the reaction was performed under isother-
mal conditions at relatively low temperature (25°C),
we should expect that curing path consists on the
chain extension as the result of urea linkage forma-
tion between prepolymer units, without relevant
crosslinking reaction. With the progress of the chem-
ical reaction, the difference between the transient T,
value and the cure temperature decrease. Molecular
motion is significantly decreased together with the
rate of reaction, vitrification occurs and consequently
slows down the increase of the T,;. A previous study
on isothermal cure of trifunctional polyurethane net-
works® attributes the decrease in the rate of the Ty
increase in the later stage of the reaction to the for-
mation of loops containing dangling ends during
intramolecular reactions. This consumes free volume
and does not restrict the movement of the chain as a
crosslink would and therefore leads to a decrease in
the rate of the T, increase.

Isothermal DSC method

DSC curves of the curing reaction of the quasi-prepoly-
mer with water at different temperature are given in
Figure 3. The area under the isothermal DSC curve at a
given time t provides the heat of reaction, AH;. The
extent of curing reaction oysp at time t and temperature
T was calculated from eq. (9):

©)

where AH,, is the sum of the isothermal heat flow
and the residual heat flow determined from the
second DSC scan. The values of the ultimate extent
of curing (ar.js0) were 0.84, 0.91, and 0.97 for 25°,
35°, and 50°C, respectively. As expected, the results
obtained at 25°C are in agreement with those found
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Figure 3 DSC curves for the reaction of quasi-prepolymer
and water, at 25°, 35°, and 50°C. Isothermal method.

by using the postcured dynamic DSC method
(Fig. 4).

The curing process of thermosetting materials may
be modeled using two types of kinetic models, the nth-
order and the autocatalyzed models.”® The reaction of
the isocyanate groups with nucleophilic reactants can
be catalyzed by both Lewis acids and bases.”” Conse-
quently, even in a catalyst-free system, the formation
of urea groups during the curing process may be cata-
lyzed by the existent urethane groups and the resulting
urea. Without the knowledge of the exact mechanism
of the cure reaction, both models can be summarized
into one equation, i.e., eq. (10):

i ko™ (1 — o))" (10)

where do/dt is the reaction rate, k is the rate constant
and m+n is the global order of the reaction. Parameter
m accounts for the autocatalytic effect during the reac-
tion.

10 s En E o] %5 40

Tt fuin)

Figure 4 Extent of the reaction of quasi-prepolymer and
water as function of the curing time for different curing
temperatures. Comparison with the kinetic model fit of

eq. (10).
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Considering that the reaction could be of first or
second order, the kinetic parameters were calculated
by fitting the experimental data to the logarithmic
form of eq. (10), i.e., eq. (11):

1n(d°‘/dt> _ lnk—l—nln(l - “) (11)

The best correlation was obtained for the second-
order reaction modeling. Figure 4 shows the fitted
data and Table I includes the values of k, m, and n
as well as the activation energy. E, was calculated
assuming that the kinetic constant k follows the
Arrhenius law, from the slope of the straight line of
In(k) versus —1/T plot. According to Figure 4, only
the initial part of the curing reaction follows the ki-
netic model described by eq. (10). For higher conver-
sion values, this model fails.

The dependence of E, on the extent of cure was
calculated by using isoconversional methods. The
application of the isoconversional methods for incom-
plete cures (argso < 1) may introduce a systematic
error in the determination of E,, that can be elimi-
nated by replacing the absolute extents of cure by the
relative values ofso, i.e., eq. (12), which varies between
0and 1.%

o
Ay = —2 (12)
AT-1S0

The dependence of E, on ajso should then be reas-
signed to the absolute extents of cure (as0), by multi-
plying ojso by o1_is0 that is an averaged or.so value
for the series of isothermal experiments used to calcu-
late E,.

Figure 5 shows the determination of E, for isother-
mal DSC cure by applying the Friedman and integral
methods, corresponding to eqs. (2) and (4), respec-
tively. The dependence of E, with the extent of cure is
shown in Figure 6. Both the Friedman and integral
methods provide similar trends. The initial activation
energy is ~ 30 kJ/mol and decreases as the reaction
progress. The activation energy calculated by apply-
ing the Arrhenius law is 24.7 k] /mol (Table I). Because
this value is calculated by assuming that E, is constant
during the curing process, a simple comparison with
the results obtained with the isoconversional methods

TABLE I
Kinetic Parameters of the Reaction of Quasi—Prepolymer
with Water Determined from DSC
Isothermal Experiments

T (°C) k(s m n Ea (kJ/mol)
25 2.1 x 107* 0.17 1.83
35 2.7 x 107* 0.16 1.84 24.7
50 45 x 107* 0.07 1.93

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Determination of E, for isothermal DSC cure of
quasi-prepolymer and water, by applying the method of
Friedman (a) and the integral method (b).

cannot be made. However, it seems that this value
represents the average value of E, in the range of con-
version until 60° that is the range of conversion that
supported the kinetic model.

The decrease of the activation energy can be
ascribed to the increase in viscosity of the product as
the degree of conversion increases. Similar behaviour
was observed for isothermal curing of epoxy-amine®

Ea ikJmoll

reresion, o

Figure 6 Dependence of E, with the extent of isothermal
DSC cure of quasi-prepolymer and water, obtained by the
differential and the integral isoconversional methods.



KINETICS OF ISOCYANATE-ENDED QUASI-PREPOLYMERS

and polyurethane systems.” As the reaction pro-
gresses, the molecular motion is restricted, the
kinetics become diffusion controlled and the activa-
tion energy gradually decreases. The rate of conver-
sion of the reactants into products becomes depend-
ent on the chemical reaction rate as well as on the
transport rate of the reactants and products in the
reaction medium. The decrease in the effective acti-
vation energy (E.f) can be understood in terms of a
kinetic model of a process encompassing both chem-
ical and diffusion kinetics,* as expressed by eq. (13),

1

1 1 n

kef kr
where ko, k., and kg are the effective, reaction, and
diffusion rate constants respectively. If we accept the
Arrhenius form for the temperature dependence of
k4, the effective activation energy will be a function
of the activation energies of both chemical reaction
(E;) and diffusion of reactants in the medium (Eg):

Ey = —R<d In kef) _ Eqk: + E kq

14
dr! ke + kg (14

as described by Vyazovkin.>® When one of the steps
is much faster than another, the overall rate will be
determined by the slowest step, and the experimen-
tal value of E, will become the activation energy of
this step. As the reaction progress, kg begins to
decrease, as a consequence of the restriction of the
molecular motion, and the value of the effective acti-
vation energy decreases from E, to Eg4.

Based on eq. (14) and on the influence of the
chemical reaction on the change in diffusivity,
Vyazovkin®® was able to describe the dependence of

113 6°C (Q0°C/min)

=
i

(10°Cimin)  936%C
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Figure 7 DSC curves for the reaction of quasi-prepolymer
and water at different heating rate (5°, 8°, 10°, and 20°C/
min). Dynamic DSC method.
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Temperatare 1)

Figure 8 Extent of the reaction of quasi-prepolymer and
water as a function of the temperature at different heating
rates. Dynamic DSC method.

the activation energy upon conversion during the
curing of an epoxy-amine system.

Dynamic DSC method

The DSC curves for dynamic cure of quasi-prepoly-
mer and water at different heating rates are shown
in Figure 7, while Figure 8 gives the evolution of the
extent of the reaction, calculated by using eq. (9), as
a function of the temperature. Figure 9 shows the
plots resultant of the application of the Friedman
method to calculate E, for a non-isothermal cure,
ie., eq. (2). For a heating rate of 20°C/min and high
extent of cure, i.e. higher temperature, the system
does not follow the linear relationship defined by eq.
(2). This could be due to the thermal inertia of the
high volume pans used in the DSC experiments.
Then to obtain the variation of E, as a function of «
the values obtained by using a heating rate of 20°C/
min were not considered.

Figure 10 shows the variation of E, with the extent
of the reaction obtaining by applying the methods of
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Figure 9 Determination of E, of the reaction of quasi-

prepolymer and water, by using the isoconversional
method of Friedman. Dynamic DSC method.
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Figure 10 Dependence of E, on the extent of the reaction
of quasi-prepolymer and water, by using different isocon-
versional methods. Dynamic DSC method.

Friedman and Vyazovkin. Both methods provide
similar results. Activation energy varies between 40
and 90 kJ/mol and tends to increase with the extent
of the reaction, showing that the curing is a complex
process. The obtained results can be correlated with
the earlier report by Cui et al,* who have studied
the kinetics of the reaction of reactive urethane pre-
polymers with steam. The overall activation energy
for the dynamic cure of ether urethane prepolymers
was 85 kJ/mol and the shape of the DSC trace
revealed the complexity of the curing reaction.

The dependence of E, on the degree of conversion
under non-isothermal conditions suggests that paral-
lel reactions take place simultaneously. In fact, it has
been established® that isocyanate groups can partici-
pate in different secondary reactions, in such a way
that urethane and urea groups can further react with
isocyanate to form allophanate and biuret linkages.
In addition, carbodiimides can be produced by heat-
ing isocyanate at elevated temperature. The observed
trend was probably the result of the reaction of ure-
thane and urea to form allophanate and biuret, and
the decomposition of allophanate and biuret to ure-
thane and urea at higher temperatures. Dissociation
of allophanate and biuret into their precursors gener-
ally takes place at > 110°C.>* A similar trend was
observed in the non-isothermal curing process of
polymeric MDI with wood.*

CONCLUSIONS

Isothermal and non-isothermal DSC experiments
were used to study the cure kinetics of an isocya-
nate-ended quasi-prepolymer with water in stoichio-
metric proportions. It was found that the equation
proposed by Pascault and Williams'” might be used
to correlate the T, of the partially cured system with
the extent of cure when the reaction is performed
under isothermal conditions at 25°C.
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A second-order kinetic model containing an autoca-
talytic contribution was successfully used to evaluate
the cure process performed under isothermal condi-
tions, at lower conversion values. For a higher degree
of conversion the model fails probably because the
reaction becomes diffusion controlled.

Differential and integral isoconversional methods
provided similar results. However, the dependence of
the effective activation energy with the extent of cure
was different under isothermal and non-isothermal
curing conditions. The increase in E, as the reaction
proceeds under non-isothermal conditions might be a
consequence of the contribution of secondary reac-
tions that may occur at higher temperatures, while the
decrease in E, with conversion when the reaction is
performed under isothermal conditions suggests that
after a certain conversion value the reaction becomes
diffusion controlled.

The authors thank the Dow Chemical Company for sup-
plying the raw materials used in this study.

References

1. Szycher, M. Szycher’s Handbook of Polyurethanes; CRC Press:
London, 1999.
2. Harrison, R. P.; Scarpati, M.; Narayan, T.; Zagata, B. J. US.
Pat. 5,284,880 (1994).
3. Woods, G. The ICI Polyurethane Book; Wiley: New York,
1990; p 155.
4. Cui, Y.; Hong, L.; Wang, X.; Tang, X. ] Appl Polym Sci 2003,
89, 2708.
5. Wang, C-L.; Klempner, D.; Frish, K. C. Adv Urethane Sci Tech-
nol 1987, 10, 37.
6. Li, S.; Vuorimaa, E.; Lemmetyinen, H. ] Appl Polym Sci 2001,
81, 1474.
7. Dimier, F.; Sbirrazzuoli, N.; Vergnes, B.; Vicent, M. Polym Eng
Sci 2004, 44, 518.
8. Starink, M. J. Thermochim Acta 2003, 404, 163.
9. Friedman, H. L. ] Polym Sci 1964, C 6, 183.
10. Vyazovkin, S. ] Comput Chem 1997, 18, 393.
11. Vyazovkin, S. ] Comput Chem 2001, 22, 178.
12. David, D. J.; Stanley, H. B. Analytical Chemistry of Poly-
urethanes; Wiley-Interscience: New York, 1969; p 138.
13. Atkins, P.W. Physical Chemistry, 5th ed.; Oxford University
Press: Oxford; p 187, 1995.
14. Yu, W. C,; Sung, C. S. P. Macromolecules 1988, 21, 365.
15. Boey, F. Y. C; Qiang, W. ] Appl Polym Sci 2000, 78, 511.
16. Hale, A.; Macosko, C. W.; Bair, H. E. Macromolecules 1991, 24,
2610.
17. Pascault, ]J. P.; Williams, R. J. J. ] Polym Sci, Part B: Polym
Phys 1990, 28, 85.
18. Flikkema, E.; Alberda van Ekenstein, G.; ten Brink, G. Macro-
molecules 1998, 31, 892.
19. Couchman, P. R. Macromolecules 1987, 20, 1712.
20. Georjon, O.; Galy, J.; Pascault, J. P. . Appl Polym Sci 1993, 49,
1441.
21. Montserrat, S. Polymer 1995, 36, 435.
22. Boey, F. Y. C; Song, X. L.; Rath, S. K; Yue, C. Y. J. Appl
Polym Sci 2002, 85, 227.
23. Nielsen, L. E. J] Macromol Sci Rev Macromol Chem 1969,
C3, 69.



KINETICS OF ISOCYANATE-ENDED QUASI-PREPOLYMERS

24.

25.
26.

27.

28.

DiBenedetto, A. T. ] Polym Sci, Part B: Polym Phys 1987, 25,
1949.

Feger, C.; Macknight, W. J. Macromolecules 1985, 18, 280.
Sbirrazzuoli, N.; Vyazovkin, S. Thermochim Acta 2002, 388,
289.

Becker, R.; Thiele, L. Polymeric Materials Encyclopedia; Sala-
mone, J. C., Ed.; CRC Press: New York, 1996; Vol 9, p 6940.
Vyazovkin, S.; Sbirrazzuoli, N. Macromol Rapid Commun
2000, 21, 85.

29.

30.

31.
32.
33.
34.
35.

1057

Vyazovkin, S.; Mititelu, A.; Sbirrazzuoli, N. Macromol Rapid
Commun 2003, 24, 1060.

Frank-Kamenetskii, D. A. Diffusion and Heat Transfer in
Chemical Kinetics, 2nd ed.; Plenum: New York, 1969.
Vyazovkin, S. ] Therm Anal Calorim 2006, 83, 45.

Vyazovkin, S.; Sbirrazzuoli, N. Macromolecules 1996, 29, 1867.
Silva, A. L.; Bordado, J. C. Catal Rev Sci Eng 2004, 46, 31.
Ravey, M.; Pearce, E. M. ] Appl Polym Sci 1997, 63, 47.

He, G.; Yan, N. Int ] Adhes Adhes 2005, 25, 450.

Journal of Applied Polymer Science DOI 10.1002/app



