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ABSTRACT: Kinetics of the polyurethane formation between glycidyl azide polymer
(GAP) and a polyisocyanate, Desmodur N-100, were studied in the bulk state by using
quantitative FTIR spectroscopy. The reaction was followed by monitoring the change in
intensity of the absorption band at 2270 cm21 for NCO stretching in the IR spectrum,
and was shown to obey second-order kinetics up to 50% conversion. The activation
parameters were obtained from the evaluation of kinetic data at different temperatures
in the range of 50–80°C. The enthalpy and entropy of activation were found to be DH‡

5 44.1 6 0.5 kJ z mol21 and DS‡ 5 2196 6 2 J z mol21l z K21, respectively. Dibutyltin
dilaurate (DBTDL) was used as the curing catalyst. The kinetic study of the polyure-
thane formation between GAP and Desmodur N-100 showed that the reaction is
enormously speeded up in the presence of the catalyst, and the reaction obeys second-
order kinetics, provided that the catalyst concentration is kept constant. An investiga-
tion on the rate of the catalysed reaction depending on the catalyst concentration
provided the order of the reaction, with respect to the DBTDL catalyst concentration,
and the rate constant for the catalytic pathway of the reaction. The rate constant for the
catalytic pathway was established to be 4.37 at 60°C, while the uncatalyzed reaction
has a rate constant of 3.88 3 1026 L z mol21 z s21 at the same temperature. A rate
enhancement factor of 23 was achieved by using 50 ppm catalyst. © 2001 John Wiley &
Sons, Inc. J Appl Polym Sci 81: 918–923, 2001
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INTRODUCTION

Glycidyl azide polymers (GAP) are promising can-
didates for energetic binder in future composite
solid propellants having minimum-smoke, re-
duced pollution, and low sensitivity.1 In the de-
velopment of energetic binders for solid propel-
lant, GAP has to be transformed into long-chain

polyurethane by using a proper curing agent.2

The choice of appropriate curing agent is of prime
importance to meet the minimum strain, stress,
and hardness levels of mechanical properties,
which crucially affect the performance of the pro-
pellant.3 The preliminary results of the continu-
ing effort on curing of GAP show that the tradi-
tional curing agents, polyisocyanates, can also be
used in the polyurethane formation with GAP;
however, the use of an effective catalyst is re-
quired to speed up the reaction to a reasonable
rate level.4 Although there have been numerous
studies on curing and thermal characterization of
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GAP,5 the kinetics of its polyurethane reaction
has not been studied yet. The rate and extent of
the polyurethane formation affect the rheological
and mechanical properties of the propellant.6

Therefore, knowledge on the kinetics of polyure-
thane formation is essential for the design and
preparation of propellants possessing mechani-
cal, dynamical, and ballistic properties suitable
for specific purposes. However, there have been
only a few studies concerning the kinetics of this
kind of polyurethane formation between hydroxyl-
terminated polymeric chain and diisocyanate, in
general, and those mostly performed in solu-
tions.7 The solution reaction is known to be
largely affected by the nature of the solvent.8

Therefore, the solution data would be pertinent to
the processes in the bulk if only the solvent used
could create a medium similar to the bulk. The
lack of kinetic data in bulk can be attributed to
the difficulty in following the polyurethane forma-
tion, which starts in a viscous liquid state and
ends up with a rubbery material. Recently, we
have shown that quantitative FTIR spectroscopy
can easily be used in studying the kinetics of
polyurethane formation not only in solution but
also in solid state.9 Here we report the results of
a kinetic study of the polyurethane formation be-
tween GAP-diol and a triisocyanate, Desmodur
N-100, by using the same method in bulk. Fur-
thermore, dibutyltin dilaurate (DBTDL) was used
to speed up the polyurethane formation and the
effect of the catalyst concentration on the reaction
kinetics could be readily studied by means of
quantitative FTIR spectroscopy.

EXPERIMENTAL

Materials

The following materials were used as purchased:
Glycidyl azide polymer (GAP-diol, L-996, 3M,
USA; Density: 1.3 g/mL, Hydroxyl Value: 0.83
mEq/g, Molecular Weight—MWw: 2900 g/mol,
Viscosity at 25°C: 5000 cps), biuret triisocyanate
(Desmodur N-100, Functionality—5.208 mil-
liequivalent per gram, Bayer, Leverkusen, Ger-
many), dibutyltin dilaurate (DBTDL, Bayer, Le-
verkusen, Germany), and potassium bromide
(Merck, Darmstadt, Germany).

Kinetic Measurements

The polymerization reaction between GAP-diol
and Desmodur N-100 was followed by monitoring

the changes in the IR absorption band for the
NCO stretching vibration. Although the three iso-
cyanate groups in Desmodur N-100 are not ex-
actly equivalent in reactivity, our assay deter-
mines only the total amount of unreacted isocya-
nate, as three isocyanate groups in Desmodur
N-100 give only one IR absorption band for the
NCO stretching vibration and the peak position
remains practically unaltered throughout the re-
action. The infrared spectra of the bulk samples
were recorded on a Nicolet 20SXB FTIR spectro-
photometer using the OMNIC program. Samples
studied contain equimolar amounts of hydroxyl
and isocyanate groups from the glycidyl azide
polymer (GAP-diol) and Desmodur N-100, respec-
tively. Thus, the NCO/OH ratio of 1 remains con-
stant through the reaction. About 50 mg of anhy-
drous crystalline potassium bromide was pressed
into a self-supporting wafer with a diameter of 13
mm by applying a pressure of 10 tons/cm2 for 60 s.
GAP-diol and Desmodur N-100 were mixed at
room temperature and a small amount of this
mixture (1.6 6 0.1 mg) was placed between two
KBr pellets that were held together without ap-
plying any external force. For the catalytic reac-
tions, GAP-diol containing DBTDL in a certain
amount was mixed with Desmodur N-100 at room
temperature, and samples were prepared in the
same way. The sample assembly was heated in a
vacuum oven to a preset temperature in the range
of 50–80°C for the curing reaction between GAP-
diol and Desmodur N-100. The reaction was fol-
lowed by monitoring the changes in the intensity
of the absorption band for NCO stretching at 2270
cm21 for Desmodur N-100 in the IR spectra of the
sample wafer taken at a proper time interval
depending on the curing temperature. The inten-
sity of the absorption band for NCO stretching
was calculated by taking the integral of the band
between 2365 and 2233 cm21 and subtracting the
integral value under the baseline in the same
region by using Omnic E.S.P. Software (Nicolet).
These resultant intensity values were divided by
the intensity of the absorption band at 2930 cm21

for the CH stretching, which remains practically
unaffected throughout the curing reaction, to en-
sure that the quantitative results are indepen-
dent of the thickness of the sample film between
two wafers. All the absorption values were then
converted to the concentrations of NCO by using a
calibration curve prepared from the standard
samples, which contain known amount of Desmo-
dur N-100 in GAP. The standard samples for cal-
ibration were prepared by mixing a known
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amount of Desmodur N-100 in GAP at room tem-
perature and the IR spectra were also taken at
room temperature to assure that no reaction oc-
curred between GAP and Desmodur N-100.

RESULTS AND DISCUSSION

At the final stage of composite propellant prepa-
ration, a curing agent, usually a polyisocyanate,
is added to the heterogeneous mixture containing
the prepolymer, fuel, oxidizer, and other ingredi-
ents. The prepolymer and polyisocyanate react
with each other to form a polyurethane network
that holds the fuel and oxidizer particulates in a
composite matrix having mechanical and ballistic
properties suitable for rocket applications. The
polyurethane formation can be depicted in a sim-
ple manner.

The cure reaction between the prepolymer,
GAP-diol (1), and the triisocyanate, Desmodur
N-100 (2), can be followed by means of quantita-
tive FTIR spectroscopy in bulk.

Figure 1 shows the IR spectra taken in the
course of the polyurethane formation between
GAP-diol and Desmodur N-100 at 60°C. A closer
look at the spectra in the spectral region of 2400–
1600 cm21 reveals that the absorption band for
NCO stretching at 2270 cm21 gradually decreases
as the reaction proceeds and ultimately disap-
pears upon completion of the reaction. A new
absorption feature grows in at 1726 cm21 upon
polyurethane formation. The new band is readily
assigned to the CO stretching of the polyurethane
carbonyl group. The azide stretching band at
around 2100 cm21 remains practically unaltered
throughout the reaction. The diminution of the
NCO stretching band at 2270 cm21 and the
growth of the CAO stretching band at 1726 cm21

indicate the conversion of isocyanate to the poly-
urethane. The polyurethane formation between
GAP-diol and Desmodur N-100 is followed by

monitoring the changes in the intensity of the
NCO stretching band at 2270 cm21 relative to
that of the COH stretching band at 2930 cm21,
which also remains unaltered throughout the re-
action. The graph of concentration vs. time exhib-
its an exponential decay for the starting sub-
stances GAP-diol and Desmodur N-100 at all tem-
peratures. However, the reciprocal concentration
vs. time plot shows a straight line for the polyure-
thane formation between GAP-diol and Desmo-
dur N-100 with equal initial concentrations up to
about 50% conversion. This indicates that the
polyurethane formation between GAP-diol and
Desmodur N-100 obeys second-order kinetics. At
higher conversion, one observes a deviation from
linearity, which might be due to the prominent
diffusion control after gelation. In many bulk po-
lymerization systems the overall reaction rate is
determined by both the reaction kinetics and the
diffusion rates of monomers, and this competative
control is very dependent on the viscosity of the
reaction media. In this work, both reactants are
relatively viscous at room temperature. However,
because the reactions are carried out at high tem-
peratures, it can be assumed that the diffusion
control is negligible until the starting of gelation,
where the diffusion control would become promi-
nent, which caused a deviation from second-order
kinetics. Furthermore, the presence of the third
NCO group in Desmodur N-100 molecule may
have an effect of accelerating the crosslinking in
the curing system. From the functionality, the gel
point of GAP-diol is predicted to be at about 60%
conversion. Therefore, the polyurethane forma-
tion between GAP-diol and Desmodur N-100 was
followed up to about 50% conversion.

Figure 1 FTIR spectra taken during the course of the
polyurethane formation between GAP-diol and Desmo-
dur N-100 at 60°C from the film squeezed between two
KBr pellets. The absorption band for NCO stretching at
2270 cm21 gradually disappears while a new feature
concomitantly grows in at 1726 cm21, which is readily
assigned to the CAO stretching of urethane.
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The rate law for the second order reaction is
given in eq. (2).

rate 5 k@OH#@NCO# (2)

where [OH] and [NCO] stand for the concentra-
tions of the hydroxyl groups in GAP-diol and iso-
cyanate groups in Desmodur N-100, respectively,
and k is the rate constant. Because the initial
concentrations of hydroxyl and isocyanate groups
are taken to be equal in this study ([OH]o
5 [NCO]o 5 Co), the rate equation can be inte-
grated to retrieve the concentration–time rela-
tionship.

1
C 5 kt 1

1
Co

(3)

The slope of the straight line obtained by plot-
ting the reciprocal concentration vs. time gives
the rate constant for the second-order reaction.
The polyurethane formation between GAP-diol
and Desmodur N-100 was conducted at seven dif-
ferent temperatures in the range of 50–80°C to
determine the activation parameters of the reac-
tion. The rate constants for the second-order re-
action could be obtained from the graphs of recip-
rocal concentration vs. time at all temperatures.
The activation enthalpy and entropy for the ther-
mal curing reaction between GAP-diol and Des-
modur N-100 can be obtained from the evaluation
of the Eyring plot illustrated in Figure 2. The
activation enthalpy is found to be DH‡ 5 44.1
6 0.5 kJ z mol21. This is comparable to the values
given in the literature for polyurethane formation
between alcohols and isocyanates.10 However, it
is slightly greater than that for the polyurethane
formation of hydroxyl-terminated polybutadiene

(HTPB) with diisocyanates (DH‡ 5 41.1 6 0.5
kJ/mol).9 This small difference in activation en-
thalpy values for two type of polyurethane forma-
tion implies that the curing reaction between
GAP-diol and Desmodur N-100 is slower than
that between HTPB and diisocyanate.

From the evaluation of the kinetic data in the
Eyring plot (Fig. 2), the activation entropy can
also be found to be DS‡ 5 2196 6 2 J/K z mol.
The values of activation enthalpy and entropy can
be used to understand the mechanism.11 The
large negative value obtained for the activation
entropy is indicative of an associative mechanism
in the transition states.12 This is in agreement
with the second-order rate law obtained for the
polyurethane formation between GAP-diol and
Desmodur N-100. Support for this assignment of
an associated mechanism in the transition states
for the polyurethane formation between GAP-diol
and Desmodur N-100 comes from comparison of
the activation enthalpies with the bond energies
of the OOH and CAN bonds, which are broken in
the reaction. The activation enthalpy is much
smaller than the bond energy.13

This kinetic study shows that the polyurethane
formation between GAP-diol and Desmodur
N-100 is very slow compared to that of the system
consisting of HTPB and diisocyanate. Therefore,
the curing of GAP-diol needs to be speeded up for
use as binder in energetic rocket propellants.
Many organometallic compounds have been
tested as a catalyst for the isocyanate-hydroxyl
reaction.14 Among them, the organotin com-
pounds are known to be the most suitable catalyst
for the urethane formation between alcohols and
isocyanates.15 Dibutyltin dilaurate (DBTDL) has
been shown to be the most effective catalyst for
many polyurethane formation reactions of the
long-chain diols including glycidyl azide poly-
mers.16 Dibutyltin dilaurate was selected to be
used as a catalyst for the polyurethane formation
between GAP-diol and Desmodur N-100.

The polyurethane formation between GAP-diol
and Desmodur N-100 was carried out in the pres-
ence of a catalyst in different concentrations at
60°C. The reaction was found to be still of second-
order when the catalyst concentration was kept
constant. Thus, the reciprocal concentration ver-
sus time plots gave straight lines for all the
blends of GAP-diol and Desmodur N-100 contain-
ing DBTDL as a catalyst in various concentra-
tions (Fig. 3). At first glance, one observes an
increase in the rate of the polyurethane formation
with the increasing concentration of the catalyst,

Figure 2 Eyring plot for the polyurethane formation
between GAP-diol and Desmodur N-100 with an
NCO/OH ratio of 1.
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as expected. The reaction in the presence of the
catalyst can proceed either through a catalytic
pathway or via the uncatalyzed way as in the
absence of the catalyst. The rate equation can be
rearranged by taking the sum of two contribu-
tions:

Rate 5 ku@NCO#@OH# 1 kc@NCO#@OH#@Cat#a (4)

Here, ku is the rate constant for the uncatal-
ysed reaction, kc is the rate constant of the reac-
tion through the catalytic pathway. Equation (4)
can be rearranged:

Rate 5 ~ku 1 kc@Cat#a!@NCO#@OH# (5)

Equation (5) shows that the reaction will still
be of second-order provided that the catalyst con-
centration is constant. The overall rate constant
for the catalyzed system has two contributions:

k 5 ku 1 kc@Cat#a (6)

On taking the natural logarithm of both sides,
eq. (6) gets a useful form:

ln~k 2 ku! 5 ln kc 1 a ln@Cat# (7)

The values of the overall rate constant, k, were
obtained from the slope of the lines given in Fig-
ure 3 for all the blends of GAP-diol and Desmodur
N-100 containing DBTDL as a catalyst in various
concentrations at 60°C. Because the rate constant
for the uncatalyzed reaction at this temperature
is known (ku 5 3.88 z 1026 L z mol21 s21 at 60°C),

the ln(k 2 ku) values can be plotted against the
catalyst concentration according to eq. (7). As
shown in Figure 4, this gives a straight line and
enables one to determine the rate constant for the
catalytic pathway (kc 5 4.38) and the order of the
reaction with respect to the catalyst concentra-
tion (a 5 1.17). The rate constant for the catalytic
pathway is found to be extremely large compared
to the rate constant for the uncatalysed reaction
(kc 5 4.38 and ku 5 3.88 z 1026 L z mol21 s21).
This comparison might be misleading, because
the contribution of the catalytic pathway to the
overall rate constant is proportional to kc[Cat]a.
Nevertheless, a rate enhancement factor of 23 is
achieved by using 50 ppm catalyst, which corre-
sponds to the 0.04% of the weight of the polymeric
mixture with an NCO/OH ratio of 1. This is a
significant rate enhancement, and seems to be
high enough to carry out the curing of GAP-diol
within a reasonable time at the usual working
temperature.

CONCLUSION

The kinetic study on the polyurethane formation
reaction between glycidyl azide polymer (GAP)
and a polyisocyanate, Desmodur N-100, in bulk
by means of quantitative FTIR spectroscopy re-
veals the following concluding points:

1. The polyurethane formation can be fol-
lowed by monitoring the change in inten-
sity of the NCO stretching band at 2270

Figure 4 Plot of natural logarithm of k 2 ku vs.
natural logarithm of DBTDL concentration for the cat-
alyzed polyurethane formation between GAP-diol and
Desmodur N-100 with NCO/OH ratio of 1 but different
catalyst concentrations at 60°C.

Figure 3 Reciprocal concentration vs. time plot for
the catalyzed polyurethane formation between GAP-
diol and Desmodur N-100 with an NCO/OH ratio of 1
but different catalyst concentrations at 60°C.
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cm21 in the IR spectrum. Thus, quantita-
tive FTIR spectroscopy provides good
means to study the polyurethane formation
in the bulk state.

2. The polyurethane formation between GAP-
diol and Desmodur N-100 obeys a second-
order rate law up to 50% conversion, be-
yond which some deviations are observed.
This might be attributed to the gel forma-
tion.

3. The enthalpy and entropy of activation for
the polyurethane formation between GAP-
diol and Desmodur N-100 could be ob-
tained from the evaluation of kinetic data
at different temperatures in the range of
50–80°C: DH‡ 5 44.1 6 0.5 kJ/mol, and
DS‡ 5 2196 6 2 J/mol z K. The large
negative value of the activation entropy
implies an associative pathway, which is
consistent with second-order kinetics. The
small value of the activation enthalpy,
compared to the dissociation energies of
the breaking bonds, also supports the as-
sociative mechanism.

4. The polyurethane formation between GAP-
diol and Desmodur N-100 is rather slow at
an acceptable curing temperature and,
therefore, needs to be speeded up by using
a catalyst. Remarkable rate enhancement
can be achieved by adding dibutyltin dilau-
rate as a catalyst into the mixture up to 50
ppm. Thus, curing of GAP becomes feasible
at a usual working temperature of 60°C.
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