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ABSTRACT: Rheo-kinetic studies on bulk polymerization reaction between hydroxyl-
terminated polybutadiene (HTPB) and di-isocyanates such as toluene-di-isocyanate
(TDI), hexamethylene-di-isocyanate (HMDI), and isophorone-di-isocyanate (IPDI) were
undertaken by following the buildup of viscosity of the reaction mixture during the cure
reaction. Rheo-kinetic plots were obtained by plotting ln (viscosity) vs. time. The cure
reaction was found to proceed in two stages with TDI and IPDI, and in a single stage
with HMDI. The rate constants for the two stages k1 and k2 were determined from the
rheo-kinetic plots. The rate constants in both the stages were found to increase with
catalyst concentration and decrease with NCO/OH equivalent ratio (r-value). The ratio
between the rate constants, k1/k2 also increased with catalyst concentration and
r-value. The extent of cure reaction at the point of stage separation ( xi) increased with
catalyst concentration and r-value. Increase in temperature caused merger of stages.
Arrhenus parameters for the uncatalyzed HTPB-isocyanate reactions were evaluated.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 79: 1869–1876, 2001
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INTRODUCTION

Hydroxyl-terminated polybutadiene (HTPB) is
extensively used as a binder for composite solid
propellants in advanced launch vehicles and rock-
ets.1 The urethane network formed through the
crosslinking reaction of HTPB with isocyanate
curatives provides the continuous polymeric ma-
trix, which accommodates the inorganic oxidizer
and metallic fuel, while providing the required
structural integrity. Uniform distribution of the
solid particles in the propellant grain ensures
reproducible mechanical and ballistic properties.
Sufficiently long pot life for the propellant paste is
a favorable condition to enhance the ease of pro-

cessability, and thereby to manufacture defect-
free propellant grains. Processability characteris-
tics of solid propellant mixing are greatly depen-
dent on the kinetics of binder network formation.
Functionality distribution of the prepolymer and
the reactivity of the functional groups play a very
crucial role in the network formation kinetics.
Thus, understanding the kinetics of the urethane
network formation can help to arrive at optimum
conditions with regard to acceptable pot lives for
propellant slurries.

The kinetics of urethane formation has been
extensively studied in the solvent media.2–6 How-
ever, the studies on the kinetics in the bulk poly-
merization mode will be of more relevance to the
propellant processing, and hence, more desired. It
may further be noted that the kinetics in the bulk
will be quite different from that in solution.7,8

However, extremely high viscosity of the curing
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polymer in the bulk could be an impediment to
satisfactory estimation of functional groups,9,10

and in such instances spectroscopic methods, are
best suited.4,9 Because the conventional chemical
and spectroscopic analytical methods can only re-
veal the extent of functional group consumption
during the cure reaction, they have limited appli-
cability in estimating the branching status of the
crosslinking system, which essentially deter-
mines the pot life. Viscosity of the curing polymer,
on the other hand, can be a very convenient, and
the most pertinent parameter for following the
network formation in the pregel stage, as it is a
direct effect of both chain extension and chain
branching.11 Thus, an understanding of the role
of various factors that influence the viscosity
buildup kinetics, is not only crucial in controlling
the pot life but also offers a method to conve-
niently predict its magnitude.11

The aim of the present work is to evaluate the
kinetic parameters associated with the urethane
network formation based on HTPB and various
diisocyanate compounds with reference to viscos-
ity buildup during the cure reaction.

EXPERIMENTAL

Materials

Hydroxyl-terminated polybutadiene (HTPB) pre-
polymer, was prepared in the Vikram Sarabhai
Space Centre (VSSC) by H2O2-initiated free rad-
ical polymerization of butadiene in a 2-propanol–
water mixed-solvent system.12 The di-isocyanates
used were a 80 : 20 mixture of 2,4 and 2,6 isomers
of toluene diisocyanate, TDI (A. G. Bayer, Germa-
ny), hexamethylene diisocyanate, HMDI, and iso-
phorone diisocyanate, IPDI (Fluka Co., Switzer-
land). The isocyanate compounds were used as
such without further purification after assessing
the isocyanate content. Dibutyl-tin-dilaurate
(DBTDL) procured from Fluka was used as the
cure catalyst.

Determination of Equivalent Weight of HTPB

Equivalent weight of HTPB (EHTPB) is calculated
from hydroxyl value of HTPB using the expres-
sion,

EHTPB 5 56100 4 hydroxyl value of HTPB

where, hydroxyl value is expressed in terms of
milligrams of KOH per gram of HTPB. The hy-

droxyl value of HTPB was determined by the
acetylation method employing an acetic anhy-
dride–pyridine mixture (1 : 8 by volume) as the
acetylating agent as per the procedure elaborated
elsewhere.13

Isocyanate Content in the Diisocyanate Compound

The isocyanate content in the disoscyanate com-
pounds was estimated by reacting the isocyanate
compound with a known excess of n-butyl amine.
The excess amine was back titrated with stan-
dard HCl solution. The isocyante content was cal-
culated from the amount of n-butyl amine con-
sumed. The procedure is detailed elsewhere.14

Viscosity Measurement

An RVDV II1 model Brookfield viscometer was
used to measure the viscosity during the cure
reaction. The prepolymer and the di-isocyanates
were mixed at various NCO/OH equivalent ratios
(r-value) with varying amounts of DBTDL. The
mixture was degassed under vacuum before
charging into the sample cell. The sample cell
used was a small sample adapter of 2-mL capacity
(Model CP-14). Measurements were made under
isothermal conditions at temperatures varying
from 25 to 70°C.

FTIR Studies

The advancement of urethane formation was fol-
lowed by monitoring the absorbance by the NCO
group using a NICOLETE-510-P model FTIR
spectroscope. A drop of the curing polymer was
smeared between two polypropylene sheets and
the % absorption by the residual NCO at 2250
cm21 was measured at different time intervals.

RESULTS AND DISCUSSION

Determination of the Rate Constants for Viscosity
Buildup

The viscosity of the curing mixture increases with
time as the urethane formation advances. The
viscosity buildup during the cure process can be
attributed chiefly to two factors: (1) an increase in
molecular weight as a result of polymer chain
growth; (2) chain branching due to the presence of
tri- or higher functional moieties present in the
prepolymer or in the additives. In our previous
publication,11 it was shown that the viscosity (ht)
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of the curing system at any given time t, could be
related to time in the form of an exponential func-
tion as given below:

ht 5 h0ekt (1)

where, h0 is the viscosity at t 5 0, and k is the
rate constant for viscosity buildups. Taking loga-
rithm

ln ht 5 ln h0 1 kt (2)

Thus, plotting ln ht against t should yield a
straight line, the slope of which is the rate con-
stant for the viscosity buildup. The viscosity
buildup is thus a first-order process with respect
to the viscosity of the curing mixture.

The plots of ln ht vs. t for HTPB–IPDI and
HTPB–TDI systems at r 5 1 and at 25°C with
varying catalyst contents are shown in Figures 1
and 2. The straight-line plots in both cases exhibit
a distinct break in continuity. The second-order
chemical kinetic plots for the reaction between
HTPB and IPDI at 25°C and r 5 1 and at a
catalyst (DBTDL) concentration of 0.0215 g of
DBTDL/100 g HTPB, based on residual NCO con-
tent estimation using the FTIR technique also
showed a well-pronounced break in continuity
(Fig. 3). A similar kind of discontinuity in the
conventional second-order kinetic plots was re-
ported earlier as well3,6,15–17 for the HTPB–TDI/
IPDI systems. Such a discontinuity can arise be-
cause of two considerations: (1) the difference in
the reactivity of the functional groups (kinetic

control process), (2) the increased viscosity of the
medium causing retardation in the reaction rates
due to reduced freedom in chain mobility (diffu-
sion controlled process). Coutinho15 ruled out dif-
fusion control possibility based on the fact that
the kinetic plots involving diisocyanates of simi-
lar reactivity did not exhibit discontinuity. For
example, dodecyldiisocyanate (DDI), in which the
two isocyanates have similar reactivity, did not
show any break in the kinetic plots on its bulk-
polymerization reaction with HTPB.15 In the
present work also, ln h 2 t plots for the HTPB–
HMDI system did not show any break (Fig. 6). It
is to be noted that in HMDI, the two isocyanates
are similar in reactivity.

One of the two NCO groups of IPDI is primary,
and the other is secondary in nature. Primary
NCO is more reactive than the secondary one,
owing to steric considerations. Further, IPDI mol-

Figure 1 Plots of ln viscosity vs. time for HTPB–
IPDI–DBTDL systems; r 5 1; 25°C.

Figure 2 Plots of ln viscosity vs. time for HTPB–
TDI–DBTDL sytems at r 5 1 and 25°C.

Figure 3 Second-order kinetic plot for the HTPB–
IPDI system at r 5 1 and 25°C based on FTIR data;
DBTDL content—0.0215 phr.
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ecule can exist in two configurations, viz: cis and
trans.17,18 The cis and trans forms in the commer-
cial IPDI are estimated to be in the ratio of 72 :
28.17,18 The isocyanate groups in the cis and trans
forms differ in their reactivity.17,18 It is well
known that the isocyanate groups in the ortho
position of TDI molecule are less reactive than the
one in the para position due to steric hindrance at
the ortho position caused by the 1-methyl group.19

Both o- and p-NCO groups are activated by each
other through mesomeric electron withdrawing
effect. So the depletion of p-NCO groups in the
initial phase of the cure reaction may further
cause deactivation of the o-NCO groups in addi-
tion to the steric hindrance. In HTPB, all the OH
groups are allylic in nature,9 and are similar in
reactivity and are not likely to cause the break in
the rheo-kinetic plots.

Hence, it is quite obvious that the break in the
kinetic plots is mainly due to the differential re-
activity of the the isocyanate groups of IPDI and
TDI and not due to the operation of diffusion
control mechanism. It can further be held that the
more reactive isocyanate dominates stage I and
the less reactive one stage II. The rate constants
for the two stages k1 (stage I) and k2 (stage II)
were evaluated from the slopes of the plots for the
HTPB–IPDI and HTPB–TDI systems at r 5 1
and 25°C with varying DBTDL content, and are
listed in Table I. A very significant aspect associ-
ated with the rate constants obtained through the
rheo-kinetic method is that the values of the rate
constants depend not only on the relative reactiv-
ity of the functional groups but also on the chain-
branching probability. It is to be noted that the

branching probability relies essentially on the
functionality spectrum of the prepolymer system.

Effect of Catalyst Concentration on the Viscosity
Buildup

Greater insight of viscosity build up during the
cure reaction can be obtained by analyzing the
trend in the parameters associated with the point
of digression in the ln h 2 t plots such as: viscos-
ity (hi), time (ti), the extent of reaction ( xi). hi
and tI were evaluated from the least-square fit on
ln h 2 t data. The values of xi were deduced from
FTIR data. The results are given in Table I.

It can be seen from Table I that the rate con-
stants k1 and k2 for both the HTPB–IPDI and
HTPB–TDI systems increase with the catalyst
concentration. The ratio between the two rate
constants k1/k2 shows an increasing trend with
the catalyst concentration for the HTPB–IPDI
system, while it remains nearly the same for the
TDI-cured system. In the case of conventional
second-order kinetic analysis, the ratio of the rate
constant for the first stage to that for the second
stage showed the opposite trend. The said ratio
decreased with catalyst content,3 indicating that
the less reactive NCO is more preferentially acti-
vated by the catalyst to the more reactive NCO
group. Rise in the reaction temperature has a
similar effect on the ratio2–7,15–17 in the conven-
tional kinetic analysis. This discrepancy between
the conventional and the rheo-kinetic modes
seems to suggest that branching plays a pivotal
role in the kinetics of viscosity buildup, while it
has no relevance in the conventional kinetic anal-

Table I Rheo-kinetic Parameters for the System HTPB-IPDI, r 5 1, 25°C

System

DBTDL
Content
g of Cat

per 100 g
HTPB

k1 3 102

min21
k2 3 102

min21 k1/k2

hI

(poise)
tI

(min) xI

HTPB–IPDI

0.0215 0.84 0.48 1.74 194.4 121.1 0.243
0.0322 1.06 0.61 1.73 234.9 112.8 0.304
0.043 1.45 0.74 1.94 287.1 96.9 0.348
0.0538 1.71 0.86 2.01 342.7 92.2 0.404
0.0645 2.07 1.08 1.92 403.4 84.5 0.415

HTPB–TDI
0.0108 1.28 0.72 1.78 277.3 111.5 0.340
0.0215 1.74 1.01 1.72 287.1 81.0 0.348
0.0322 2.14 1.28 1.67 299.6 68.0 0.358
0.0645 4.33 2.54 1.70 — — —
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ysis. The conventional chemical kinetics is based
on estimation of functional groups by the methods
that are totally independent of the branching sta-
tus of the curing polymer. The viscosity buildup
data (Table I) further indicate that while ti varies
from 121.1 min to 84.5 min, the hi changes from
194.4 to 403.4 poises. The varied values of hi
suggest that the point of deviation in ln h–time
plots occurs at different stages of conversion. In
fact, the extent of reaction at the break point ( xi),
calculated from FTIR data, also increases from a
value of 0.24 to 0.42, as the catalyst content is
increased from 0.0215 to 0.0645 phr. This indi-
cates that the discontinuity in the kinetic plots is
not due to diffusion control mechanism but is
essentially based on kinetic considerations. Had
the diffusion control mechanism been the reason
for the discontinuity, the break should occur at
nearly the same xi values.

A common strategy adopted when differential
reactivity is encountered is to consider the entire
reaction as a set of two consecutive reactions.3,5,6

It is thus assumed that while the conversion with
more reactive groups advances, virtually no reac-
tion involving the less reactive group occurs. But
a more appropriate and acceptable approach
could be considering a set of simultaneous and
competitive reactions; one faster and the other
slower.8,9 The use of catalyst and rise in reaction
temperature would, however, narrow down the
difference in the rate constants of the two reac-
tions. The effect of the slower reaction on the
overall rate may depend on the numerical differ-
ence between the rate constants of the two sets of
reaction and its relative population. The smaller
the difference in the reaction rates, the more the
effect will be felt in the latter part of the conver-
sion. An increase in the catalyst concentration
narrows down the difference in the reactivity be-
tween the two isocyanate groups and eventually
pushes the point of deviation to a higher xi. A
very large difference in the numerical values
would, however, render the set of two reactions
consecutive.

Further, as DBTDL content increases, the
range of reaction covered in stage II decreases,
because the break in the reaction is shifted to a
higher extent of the reaction. This means that the
number of branching events in stage II decreases
with the catalyst concentration. Hence, the con-
tribution of chain branching to the viscosity
buildup in stage II is expected to decrease with
catalyst concentration. It is to be noted that
chain-branching component to viscosity buildup

is more significant, compared to the contribution
to the same by chain extension. Thus, the reduc-
tion in the number of branching events in stage II
at high DBTDL contents might have engineered a
small reduction in the magnitude of k2. Thus, it
can be visualized that the increment in the cata-
lyst content, while enhancing the rates both in
stages I and II and preferentially activating the
less reactive NCO group, it, nevertheless, causes
a decrease in the contribution of chain branching
to the viscosity buildup in stage II. This could be
a probable reason for the increasing trend in
k1/k2 with catalyst concentration.

In the case of TDI, the values of hi, xi, and
k1/k2 do not vary significantly with catalyst con-
tent, while ti varies substantially. One could be
tempted to arrive at the conclusion that diffusion
control mechanism operates when TDI is used as
the curative; however, it is unlikely for the rea-
sons sited earlier. Higher reactivity of the aro-
matic NCO groups may be a probable reason for
the above-stated behavior. The xi values at vari-
ous catalyst concentrations range from 0.34 to
0.36. Incidentally, the ratio of the p-NCO and
o-NCO groups in TDI (80 : 20 mixture of 2,4 and
2,6 isomers) is 1 : 2. Thus, the fraction of p-NCO
groups (0.33) matches well with the extent of
reaction at the break point. This seems to suggest
that the o-NCO groups start to take part in the
reaction more probably after near complete con-
sumption of the p-NCO groups. This could be due
to a larger numerical difference in the reactivities
between the o- and p-NCO groups under the
present reaction conditions.

Figure 4 Plots of ln viscosity vs. time for the HTPB–
TDI system at different r-values; T 5 25°C; no cata-
lyst.
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Effect of r-Value on the Viscosity Buildup

Viscosity build up was studied for uncatalyzed
bulk polymerization reaction between HTPB and
TDI at 25°C and at four different r-values, viz:
0.7, 0.8, 0.9, and 1.0. Stage separation was evi-
dent at all r-values (Fig. 4), and the rate con-
stants for both the stages (k1 and k2), k1/k2, hi,
ti, xi are listed in Table II. It can be seen from the
table that both k1 and k2 increase with the r-
value, which is obviously in accordance with the
law of mass action and also due to a reduction in
the branching activity at low r-values. Also, it can
be noted the effect of r-value on k1 is more pro-
nounced than on k2. Stage II is marked by de-
pleted quantity of NCO groups and mostly involve
in the less reactive o-NCO groups. Hence, the
branching probability in stage II is expected to be
less at lower r-values. In view of these reasons,
the ratio k1/k2 is expected to increase with the
r-value that is actually observed. The values of hi
and xi also increase significantly with the r-value.
The lower value of xi at the small r-values is due
to the depletion of more reactive p-NCO at earlier
stages of reaction. The value of k1/k2 at r 5 1 is
significantly higher than the corresponding value

obtained with DBTDL, indicating preferential ac-
tivation of o-NCO over p-NCO by the catalyst.

Effect of Temperature on Viscosity Buildup

Viscosity buildup was studied for uncatalyzed re-
actions between HTPB and the diisoscyanate
compounds (TDI, HMDI, IPDI) at various temper-
atures. The rheo-kinetic plots are shown in Fig-
ures 5–7, and the corresponding rate constants
are listed in Table III. Two-stage viscosity
buildup was observed for the HTPB–TDI system
at 30°C, but at 50 and 70°C the stage separation
was not evident. At higher temperatures, reactiv-
ity of both the isocyantaes would be enhanced.
However, the activation received by the less reac-
tive isocyanate will be greater compared to the
more reactive one.2–7,15–17 This would probably
reduce the reactivity difference at higher temper-
atures and eventually make the stages to coa-
lesce. Further, as expected, the rate constants for
uncatalyzed reactions are smaller than those ob-
tained when the catalyst was employed. As men-
tioned earlier, HTPB–HMDI curing reaction
yielded only single-stage ln h 2 t plots as a result

Figure 5 Plots of ln viscosity vs. time at different
temperatures for the HTPB–TDI system; r 5 1; no
catalyst.

Table II Effect of r-Value on Rheo-kinetic Parameters for the System HTPB-TDI at 25°C

r-Value
k1 3 102

min21
k2 3 102

min21 k1/k2

hI

(poise)
tI

(min) xi

0.7 0.41 0.27 1.52 138.4 166.1 0.176
0.8 0.56 0.32 1.75 160.8 149.5 0.207
0.9 0.79 0.34 2.32 202.4 133.9 0.256
1.0 0.94 0.40 2.35 261.1 139.3 0.324

Figure 6 Plots of time vs. ln viscosity at different
temperatures for the HTPB–HMDI system; r 5 1.0; no
catalyst.
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of similarity in the reactivity of the two NCO
groups. HTPB–IPDI reaction in the absence of a
catalyst was extremely sluggish even at elevated
temperatures. Even after 7 h, the extent of reac-
tion was very low (within the domains of stage I)
and the rate constants obtained under such con-
ditions could be attributed only to the stage I of
the reaction.

From the magnitude of the rate constants for
viscosity buildup, the reactivity of the diisocya-
nates, when not catalyzed, can be arranged in the
following order: TDI . HMDI . IPDI, which is in
the expected lines.7,11

Evaluation of Arrheneus Parameters

Arrheneus plots were obtained by plotting ln k vs.
1/T (Fig. 8), with T expressed on the Kelvin scale

and the activation energies were calculated from
the slopes of the straight lines thus obtained. In
evaluating the Arrheneus parameters for TDI,
because there was no stage separation at 50 and
70°C, the values obtained at these temperatures
were taken as the overall value for both the
stages. The activation energies calculated are
listed in Table III. It is to be noted that the acti-
vation energy calculated for IPDI is for stage I
only. The activation energies obtained from rheo-
kinetic analysis are found to be in the same range
as reported elsewhere.8,19 The calculated activa-
tion energy for stages I and II of the HTPB–TDI
cure reaction are 22.1 kJ mol21 and 38.7 kJ
mol21, indicating that the p-NCO is more reactive
than o-NCO, and that the increase in tempera-
ture tends to narrow down the difference in the
reactivity of the two isocyanate groups, suggest-
ing that the hindrance effect of the 1-methyl

Figure 7 Plots of ln viscosity vs. time for the HTPB–
IPDI system at different tempertures; r 5 1.0; no
catalyst.

Table III Effect of Temperature on the Rheo-kinetic Parameters for HTPB–Diisocyanate Systems at
r 5 1; No Catalyst

Isocyanate
Type

Temperature
°C

k1 3 102

(min21)
k2 3 102

(min21)

Activation
Energy (kJ/

mol)

TDI
30 2.41 1.13 22.1 (I stage)
50 3.03 — 38.7 (IIstage)
70 6.78 —

HMDI
30 0.56 —
50 1.50 — 37.1
70 3.77 —

IPDI
25 0.0823 —
40 0.191 — 45.2
60 0.472 —

Figure 8 Arrheneus plots for the HTPB–TDI, HMDI,
IPDI systems; no catalyst.
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group on the o-NCO site becomes less significant
at elevated temperatures.3

CONCLUSIONS

The important conclusions that can be drawn
from the present study are:

1. The cure reaction between HTPB and di-
isocyanate compounds takes place in two
stages with TDI and IPDI and in the single
stage with HMDI; the first stage is faster
than the second stage.

2. The stage separation is essentially caused
by kinetic considerations and not due to
the operation of diffusion control mecha-
nism

3. The factors such as catalyst content and
r-value significantly influence the rate
constants and the ratio between the rate
constants corresponding to the different
stages. The increase in the catalyst con-
tent increases the k1/k2, ratio which is
contrary to the observation made in the
conventional chemical kinetics. Increase
in the temperature causes merger of the
stages.

4. Based on the rate constants for the viscos-
ity buildup during the cure reaction involv-
ing HTPB, the reactivity of the isocyanates
can be arranged in the following order, TDI
. HMDI . IPDI, when catalysts are not
employed.
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