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KINETIC STUDY OF POLYURETHANES FORMATION BY USING
DIFFERENTIAL SCANNING CALORIMETRY

W. Sultan' and J.-P. Busnel*"

'Department of Chemistry and Chemical Technology, CST, Al-Quds University, PO Box 20002 , Jerusalem
2P01yméres, Collod’des, Interfaces, UMR CNRS, Faculté des Sciences, Université du Maine, 72085 Le Mans Cedex 9, France

Kinetics of polyurethane formation between several polyols and isocyanates with dibutyltin dilaurate (DBTDL) as the curing cata-
lyst, were studied in the bulk state by differential scanning calorimetry (DSC) using an improved method of interpretation. The mo-
lar enthalpy of urethane formation from secondary hydroxyl groups and aliphatic isocyanates is 7243 kJ mol ' and for aromatic
isocyanates it is 552 kJ mol . In the case of a single second order reaction for aliphatic isocyanates reaction, activation energy is
7045 kJ mol™ with oxypropylated polyols and 5043 kJ mol™ with Castor oil. For aromatic isocyanates and oxypropylated polyols

the activation energy is higher around 77 kJ mol ™.

In the case of two parallel reactions (situation for IPDI and TDI 2—4) best fits are observed considering two different activa-

tion energies.

Keywords: dibutyltin dilaurate, DSC, isocyanate, kinetics, polyol, polyurethane

Introduction

The study of polyurethane (PU) is of continuing inter-
est because of its various applications in the forms of
foams, elastomers, adhesives and coating [1, 2]. The
simplest PU is formulated from hydroxyl prepolymers
of various functionality and well defined diiso-
cyanate. That can give either linear, branched or
gelled systems.

But the isocyanate can also react with other reac-
tive hydrogen groups especially water, so the final
properties of the polymer will vary according to the
reaction route taken.

The rate and the extent of polyurethane forma-
tion thoroughly affect the rheological and mechanical
properties of the polymer formed [3, 4]. Therefore,
knowledge of the kinetics of polyurethane allows
proper planning and controlling of the polymerization
process as well as the prediction of polyurethane
structure [5]. The kinetics data must be known in or-
der to prepare PU polymers with the most convenient
properties and with potential to produce final product
with the most attractive physical properties.

The simplest way to obtain kinetic data is iso-
thermal experiments in solution and direct titration of
the remaining active NCO groups [4-6].

Quantitative IR gives also interesting results espe-
cially with the improvement of FTIR [7, 8]. The inten-
sity of NCO stretching band at 4.38 um is convenient
for quantitative measurement of NCO concentration af-
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ter proper calibration. But that method is only efficient
for isothermal and slow reaction conditions.

Thermoanalytical techniques, especially DSC have
been extensively employed to study the cure reaction of
polymers [9, 10]. Assuming some approximations, the
use of a constant heating rate allows extracting a com-
plete set of kinetic and thermodynamic information in a
reduced time. Direct integration of the exotherm of any
sample of known initial composition allows to deter-
mine the molar enthalpy for kinetic parameters, various
methods have been developed. The first method in-
volves analysis of the exotherm at one heating rate. It is
particularly successful for first order reactions. More re-
fined methods compare the results at different heating
rates and use integrated expressions of the kinetic
scheme to extract the parameters: order of reaction, re-
action rate and activation energy. They always suppose
that the system is at a stoichiometric ratio. In some cases
the key experimental parameter is the peak exotherm
temperature but the more complete studies use the fact
that surface of exotherm at a given time, gives the reac-
tion extent. By this way various kinetic schemes have
been tested including two simultaneous reactions and
autocatalysed reactions with moderate success [11-14].

Modern computers allow handling easily large
tables of thousands of lines, for that reason we con-
sider that it is better to directly use differential expres-
sions defining the kinetic scheme than to interpret the
integrated expressions. That allows very direct com-
parison between experimental and theoretical data
even for non stoichiometric systems.
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So, in this work, we have studied kinetics of the
bulk reaction between several polyols and various
isocyanates in the presence of homogeneous catalyst.

Results and discussion
Calibration

Temperature calibration was established from the on-
set of melting peak of water (0°C) and indium
(156.6°C) used as standards with the same heating
rate and cell geometry than for kinetic studies. The
melting peak of pure indium is well suited to define
the time constant of the cell. Analysis of the shape of
the baseline return measured after the end of melting
endotherm gives a time constant of 6 s. That implies
broad exotherms like those studied in kinetic are not
sensitive to such a small delay.

The cell constant which allows to calibrate heat
flow values and to correct any technical drift is classi-
cally defined from the area of melting peak of indium.
For the running conditions we use it as 1.07. To check
the stability of that constant during temperature changes
we have tested the shift between an empty cell and same
cell loaded with a sapphire disk. We obtain the same
value and a remarkable stability is observed with less
than 1.5% change between 30 and 170°C (Fig. 1). A
third run using same cell loaded with a known amount
of polyol allows calculating the specific heats for that
compounds. For the three oxypropylated polyols be-
tween ambient and 160°C, we obtain
C;=2.25+0.03 J g' °C"', for the refined Castor oil
C,;=2.05+0.03 J g ' °C"". An exothermic decomposition
is observed for the three oxypropylated polyols at tem-
perature higher than 170°C.

1.4
= 1.2
X
% - —
= 1.0
ks
[}
T 0.8

0.6 T T T

0 50 100 150 200
Temperature/°C

Fig. 1 DSC cell constant from sapphire calibration

Preliminary assumptions

In all systems, the main component is the polyol
(more than 90% per mass). For that reason we con-
sider that heat capacity and heat conductivity are con-
stant during the reaction. In such conditions heat flow
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is correctly measured by the DSC apparatus and cor-
responds to the heat involved by the reaction rate:

40 _dn
dt d[ mol

where n the number of moles of urethane and AH,,,
the molar enthalpy of the reaction.

As the study concerns a temperature range of
less than 100 K, we consider AH,,, as constant.

Interpretation of single reaction systems

In that case, we consider situations where there is only
one category of hydroxyl groups, one category of
isocyanate groups, a stoichiometric ratio (NCO/OH)
lower than one and a homogeneous catalysis.

For such systems it is well established that the
reaction is second order, with no side reactions, and
the reaction rate is proportional to the catalyst con-
centration [1, 6, 7, 12]. The use of low stoichiometric
ratio prevents to reach high viscosity which can slow
up the reaction.

To extract reaction rates and activation energy
from experimental exotherms we have used a spread-
sheet build with one line per second.

In one column, we copy the experimental data
dQ/dt after baseline correction.

Let us call S; the heat evolved from 0 to time ¢, and
Siot the total heat evolved at the end of the reaction.

That allows to calculate the urethane concentra-
tion at time ¢ x=[NCO]y S¢/Sior.

Similarly the hydroxyl concentration is
b=[OH]Jp—x and the isocyanate concentration is
a=[NCO]y—x (all concentrations are expressed in
mol L™, reaction rates in mol L™ s7).

The kinetic scheme is OH+NCO—U

. dx
and the reaction rate v=d—=k'ab.
t

Let us note Vol the total volume of the sample,
dc_1dn_ 1 dO
dt Voldt VolAH_, dT

mol

That allows to extract values of k'for any time
and so for any temperature 7'

k="
ab
Then Ink" and 1/T are calculated to give access to
the Arrhenius plot Ink'=f{(1/T) with slope of — E,/R, E,
being the activation energy of the reaction. The £’
value is a second order rate coefficient including the
efficiency of the catalyst. To check for the role of cat-
alyst we have also calculated a third order rate coeffi-
cient value k=k'/[Cat].
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Table 1 Single reaction results

KINETIC STUDY OF POLYURETHANES FORMATION

Polyo ooyt T OO M mel Lmes! Ces' kel
PPG 1000 HMDI 1.86 0.45 1.12E-04 72 7.7E-06 6.9E-02 70
PPG 2000 HMDI 0.95 0.37 2.97E-04 70 2.9E-05 9.8E-02 65
Arcoll 1070 HMDI 3.95 0.45 2.99E-04 69 2.4E-05 8.1E-02 68
Arcoll 1070 HMDI 3.95 0.45 1.02E-04 71 9.0E-06 8.9E-02 67
Desmophen 1150 HMDI 3.35 0.37 1.00E-04 73 1.4E-05 1.4E-01 50
Desmophen 1150 HMDI 3.39 0.24 1.05E-04 75 1.3E-05 1.2E-01 50
PPG 1000 nOI 1.87 0.21 1.17E-04 74 6.4E-06 5.4E-02 75
PPG 1000 pTI 1.88 0.21 3.21E-05 55 9.3E-06 2.9E-01 79
PPG 1000 MDI 1.89 0.19 4.05E-05 56 1.4E-05 3.6E-01 75
PPG 1000 TDI 24 1.89 0.31 9.77E-05 58

PPG 2000 IPDI 0.94 0.34 1.07E-04 74

Results are summarized in Table 1 and an example of
Arrhenius plot is given in Fig. 2. We observe an ex-
cellent fit for the main part of the exotherm corre-
sponding to more than 70% of the surface. It remains
small discrepancies due to imperfect baseline defini-
tion. Table 1 indicates that the molar enthalpy of
urethane formation from secondary hydroxyl groups
and aliphatic isocyanates is 7243 kJ mol ' and for aro-
matic isocyanates it is 55+2 kJ mol ", From those re-
sults, we can consider that, for TDI and IPDI, the two
different isocyanate groups have equal molar
enthalpy of reaction.

For aliphatic isocyanates reactions, activation
energy is 70+5 kJ mol™' with oxypropylated polyols
and 50+3 kJ mol' with Castor oil. For aromatic
isocyanates and oxypropylated polyols the activation
energy is 77+5 kJ mol .

At temperature lower than 298 K, reaction rates
are sufficiently slow to allow efficient mixing during
a few minutes without significant extent of reaction.
To check precisely that point, let us note Ax the ure-
thane concentration after a time of mixing At.

Ax
————=k'[OH], At
[NCO],
Ink=£/(1/T)
2.4E-03 2.6E-03 2.8E-03 3.0E-03
4 1 1 1 1 1 1 1
y=-7651.6x+22.16
31 R2=0.9987
2
1 -
0 -
-1 1
5 From 50 to 130°C

Fig. 2 Arrhenius plot for system PPG2000/HMDI »=0.39
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In the worse situation, for a mixing time of four

remains lower than 2.5%.
0

minutes

These results confirm the higher absolute reac-
tivity of aromatic isocyanates compared to aliphatic
ones and it appears that hydroxyl groups from Castor
oil are more reactive at ambient temperature than
those of oxypropylated polyols. But that difference
vanishes at higher temperature as the activation en-
ergy is lower for Castor oil.

Third order rate coefficient at 298 K and activation
energy values allow easy calculation of the reaction rate
at any temperature and catalyst concentration and so al-
low easy prediction of the reaction extent at any time for
a realistic system on isothermal conditions.

Interpretation of two parallel reactions

Isothermal kinetic studies allow extracting results for
such systems only in the case of important difference
of reactivity [8]. Some results have also been obtained
by determination of the composition of reaction mix-
tures between a diisocyanate and a simple diol [15] or
monoalcohol [16]. In such cases stoichiometric ratio
lower than one are used (typically » =0.5) and, at the
end of reaction, the distribution of non reacted
hydroxyl, monourethane and diurethane is sensitive
to the ratio of reactivity of the two for different
isocyanate groups. But that method does not give ab-
solute values of reactivities.

Theoretically the problem of reaction of a
diisocyanate with non equivalent groups is a complex
one. Difference of reactivities can be intrinsic or by
substitution or both.

In the first case we observe simply two parallel
reactions:

Al+OH—-Ul
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A2+OH—-U2

Each diisocyanate bears one group Al and one
group A2.

We can assume that each reaction has its own re-
action rate, activation energy and molar enthalpy.

Such a situation corresponds to IPDI and
TDI 2—4 if we neglect the substitution effects.

For substitution effect we observe two consecu-
tive reactions: the scheme is:

A-—--A+OH—-U---A
U-—-A+OH—U2

That can be observed for symmetrical molecules
like 2—6 TDI.

The complete scheme corresponds to four reac-
tions: There are two different isocyanate groups and,
once a first group has reacted, the reactivity of second
group is changed

Al—A2+OH—»U1—A2
A1—A2+OH—>A1—U2
Ul—A2+OH—-»U1—U2
Al1—U2 +OH—-»U1—U2

In the present work we have used the differential
approach which was still proposed and there is no diffi-
culty to treat any situation. But handling a large number
of adjustable parameters doesn’t allow obtaining safe
conclusions. Pure substitution effect is rarely observed
for usual diisocyanates, for that reason we have limited
our study to the first case: two parallel reactions.

The basic idea is to build the shape of a theoreti-
cal exotherm corresponding to a complete set of pa-
rameters and to compare that exotherm to the experi-
mental one. Interactive adjustments of the parameters
allow finding the convenient set corresponding to the
real system.

These parameters are molar enthalpies, reaction
rates at a given temperature and activation energies
for both reactions.

We build a new spreadsheet with one line per
second and as many columns as necessary to define
the situation of the system and the differential
changes of it during one second (or any other time in-
crement).

Table 2 Two parallel reactions results

At time zero we know concentrations of each
reactive group, [A1], [A2], [OH], the temperature and
the heating rate.

For each line that allows to calculate the two sec-
ond order rate coefficient k| and k,, the two reaction
extents and the quantities dA1=k| [Al] [OH], dA2=
k5 [A2] [OH], dOH=dA1+dA2 and the quantity
Y=0/Vol=AH1-dA1+AH2-dA2, which is proportional
to the heat flow.

Those values of Y are then normalized to allow
easier comparison with the experimental results.

From one line to the other, all the active
parameters are refreshed.

The exported experimental data are handled to
run the baseline correction and then to normalize it.

Finally an interactive graph is observed which
allows us to adjust parameters until superposition of

mexperimental

mtheoretical

294 314 334 354 374 394 414 434
Temperature/K

Fig. 3 Exotherms for system PPG2000/HMDI » = 0.39

O experimental
® calculated

273 293 313 333 353 373 393 413
Temperature/K

Fig. 4 Exotherms for system Arcol1070/IPDI »=0.12

Polyol Isocyanate  [NCO1/[OH]y n[qiiatﬂ/*‘ L]iirlfflwé*‘ kJiTcil’l L];z;gfipé* kJiichr‘
PPG 1000 IPDI 0.22 3.4E-04 4.0E-05 85 2.0E-05 60
Acrol 1070 TPDI 0.12 5.1E-04 3.0E-05 87 2.7E-05 60
Acrol 1070 TDI 2-4 0.10 0.8E-05 1.5E-05 85 1.1E-05 61
Acrol 1070 TDI2-4 0.10 0.5E-05 3.2E-05 75 7.0E-06 48
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O experimental
m calculated

273 293 313 333 353 373 393 413
Temperature/K

Fig. 5 Exotherms for system Arcol1070/TDI 24 r=0.10

both exotherms. In the situation of only one reaction,
the best fit is obtained for the same values of reaction
rate and activation energy than using the previous
method (Fig. 3). For experiments using IPDI or
TDI 2-4 the curves have bimodal shapes, clearly
indicating a difference of reactivity between the two
isocyanate groups. (Table 2, Figs 4, 5).

The best fit is obtained when giving a higher
activation energy to the more reactive isocyanate
group so the difference of reactivity is enhanced for
higher temperatures.

Conclusions

DSC monitoring of the polyurethane formation from
mixtures of polyols and diisocyanates allows to extract
efficiently a complete set of kinetic parameters in a short
time by using a spreadsheet which takes into account the
differential changes of the system along time.

The main difficulty is to have sufficiently slow
reaction at the temperature of preliminary mixing of
the ingredients. Proper adjustment of catalyst concen-
tration allows to fulfill that condition.

The higher reactivity of aromatic isocyanates
compared with aliphatic ones clearly appears.

In the case of IPDI and TDI 24, best fits are
obtained for two different activation energies. That
implies that in both cases, the difference of reactivity
between the two isocyanate groups increases on
increasing temperature.

That method can be used efficiently to check any
particular system in order to predict best temperature

J. Therm. Anal. Cal., 83, 2006

and time of reaction. That is also interesting when
testing a new catalyst.
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