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SYNOPSIS

The kinetic parameters for the polymerization reactions of two polyurethane systems were
determined by using an improved method of differential scanning calorymetry (DSC). The
calculated activation energy, reaction order, and Arrhenius prefactor show good correlation
with the experimental results. The method used here shows several improvements as respects
to other DSC methods: the three kinetic parameters can be calculated directly; it is more
accurate than other DSC methods; and it requires only one heating rate, during the calo-
rimetric experiments, to determine the activation energy.

INTRODUCTION

In recent years differential scanning calorimetry
(DSC) has been widely used to study the kinetics
of chemical reactions, particularly during polymér-
ization processes.!® Several DSC methods—iso-
thermal, semiadiabatic, and adiabatic—have been
developed to calculate the activation energy, the re-
action order, and the rate constant of polymeriza-
tion. In most of them it is necessary to assume cer-
tain values of one of the parameters in order to cal-
culate the others.® In other methods only one
parameter can be calculated.?**

Fundamentally, the method used by Hager et al.?
gives the three kinetic parameters directly. However,
it is necessary to assume different reaction order
values until the correct one is found. The method
used by Barton? directly gives the activation energy,
making it unnecessary to know the reaction order;
apparently this is a good method, but it will be seen
that it is not accurate, at least in the present case.

The objective of this work is the application of
an improved method of DSC, recently reported,® to
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determine the kinetic parameters, including the ac-
tivation energy, during the polimerization reaction
of a glycol and a diisiocyanate, by using the equal-
ization process of the conversion rate for the Ar-
rhenius model. Within this method it is not neces-
sary to assume one of the parameters in order to
calculate the others. To determine the activation
energy, while using this method, it is necessary to
calculate first the reaction order, which is done as
shown below. Eventually, the Arrhenius prefactor
can also be determined.

THEORY

The method of Hager et al.! works only with one
heating rate (during the DSC measurements) by di-
rectly using the following form of the Arrhenius
equation:
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In
where « is the conversion, « is the conversion rate
(da/dt), t is the time, R is the universal constant
of gases, T is the temperature, E is the activation
energy, K, is the Arrhenius prefactor, and n is the
reaction order. Equation (1) corresponds to a
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straight line where the slope is ~E /R, and K, is the
Y intercept.

Barton? used the Arrhenius model by experi-
menting with two heating rates, T, = (dT,/dt), and
T, = (dT,/dt), giving a set of two equations similar
to Eq. (1):
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by taking both equations and equalizing the con-
versions; in other words, a; = a,, s0

lnﬁ=—£(i—i) (4)

In this way the activation energy can be evaluated,
although neither the reaction order nor the Arrhen-
ius prefactor can be determined.

In the method used here,® Egs. (2) and (3) are
combined after equalizing the conversion rates; «a;
and a5, so
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It will be shown that Eq. (5) can be used for one or
two heating rates.

Out of Eq. (5) it is possible to determine the ac-
tivation energy, E, if the reaction order, n, is pre-
viously known.

In order to calculate the reaction order, Egs. (2)
and (3) are now combined after equalizing the tem-
peratures, T; and T, resulting in the following
expression of a straight line:
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where the slope is the reaction order n. The value
obtained for n is substituted in Eq. (5) to determine
the activation energy.

EXPERIMENTAL

Materials

For the studied reactions the following substances
were used: 97% purity 2,6-tolylene diisocyanate (2,6-
TDI); a mixture of 80% 2,4-tolylen diisocyanate

with 20% 2,6-TDI (refered to as 2,4-TDI); and 1,4-
butandiol, all supplied from Aldrich Chemical Co.,
99% purity 2-hydroxyethytl ether (DEG) supplied
by Merck; and two glycols, 496 and 497, supplied by
Polioles S.A.

Two reactions systems were studied: (A) 2,4-TDI
with the following mixture; glycol 496, 1,4-butano-
diol and glycol 497, in a proportion of 80, 15, and
5%, respectively, and (B) 2,6-TDI with DEG. The
amounts of reactants injected in both systems to
keep an stoichometric relation 1 : 1 were carefuly
measured. Both systems were treated under two
heating rates: 5 and 10 K/min.

Measurements

The reactants for each DSC experiment were placed
into aluminum liquid-sampie pans (Perkin-Elmer,
Co.) inside of a glove box purged with dry nitrogen,
under a procedure described below to ensure hom-
ogeniety of the mixture.® After pouring 3.0 uL of
diisocyanate into an aluminum liquid-sample pan
already placed in the oven cell of the DSC, it was
cooled down to 263 K. The diol was then added to
the frozen diisocyanate. After equilibration at 263
K three DSC consecutive runs were performed on
each specimen by triplicate at different heating rates.
After each one ended the system was cooled down
to 263 K before the next run was performed.

Homogeneity tests on each reactive mixture
(systems A and B) were made by measuring the
refractive index as a function of time.? These tests
were made in the same type of aluminum liquid-
sample pans used for the DSC experiments in order
to reproduce similar mixing conditions. Mixing of
reactants were also monitored by optical microscopy
in a reflexion microscope (Photomakroskop WILD
M400).
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Figure 1 Thermogram of the system A chemical reac-
tion. Baseline is the thermogram of the obtained poly-
urethane.
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Figure 2 Plots of conversion rates (bell-shaped lines) and conversions, for system A
reaction at two heating rates; 5 and 10 K/ min.

A Perkin-Elmer 2C differential scanning calo- RESULTS AND DISCUSSION
rimeter was used, connected to a Perkin-Elmer 3600
data station. The DSC was periodically calibrated Results
with two model samples: indium and tin. The ex-

periments were carried out in a dry nitrogen at- The refractive index of each reactive mixture (sys-
mosphere, with a 20 mL /min flux. tems A and B) were similar to the values expected
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Figure3 Plotofln(a;/as) vs.In{(1—a;)/(1 — ay)], for system A, obtained by equalizing
T, with T,, at two heating rates; 5 and 10 K/min.
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TableI Kinetic Parameters of Systems A and B, as Determined from Ref. 3

ay = a
(E/(nR) T, =T, E K,
System K n cal/g mol 1/min
A: 2,4-TDI with mixture of glycols 2,222.2 1.63 7,197.3 3,875
B: 2,6-TDI, with DEG (1:1) 6,470 2.5 32,141 1.8 X 10*

by considering that the refractive indexes of the
components follow the rule of additivity in their
mixtures. These results may be on account of the
ratio of the high initial interfacial area between
reactants and the small volume (10 uL) of the re-
active mixture in the conditions used. Observations
in the optical microscope showed that just after
placing the glycol over the frozen diisocyanate the
interface between the reactants is clearly distin-
guished. However, as the diisocyanate melts the lig-
uids get mixed, and after 5 min no signals of phase
segregation were observed. These tests suggest that
each reactive mixture used in the DSC experiments
was homogeneous as well.

System A

The thermogram of this system is shown in Figure
1. The baseline was obtained by making a run of the

polyurethane got out of the reaction (dotted line in
Fig. 1). The conversions, a, are obtained as described
elsewhere.® The height measured from the baseline
to the corresponding reaction signal is proportional
to the conversion rate, «. By following this procedure
«; and *; were obtained as a function of temperature.
The plots of « and o versus temperature are
shown in Figure 2 for the two heating rates. Because
the a plots in Figure 2 resemble a bell-shaped
Gaussian function, for almost each conversion rate
value (except at the maximum) two corresponding
temperatures and conversions can be obtained.
The obtained data can now be used to calculate
the reaction order by applying Eq. (6). The results
of system A are shown in Figure 3, the slope is the
reaction order, n, and its value is shown in Table I.
Now the activation energy can be determined out
of Eq. (5). Because of the bell-shaped Gaussian form
of the & plots, this equation can be used indepen-
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Figure4 PlotsofIn[(1~ a;)/(1 —az)]vs.[(1/T3)—(1/T,)], for system A, obtained

by equalizing the heating rates.



dently for each heating rate. For system A it results
in the straight lines shown in Figure 4, one for each
heating rate. The slope, —E/(nR), is shown in Ta-
ble 1.

Eventually, the Arrhenius prefactor is calculated
out of Eq. (1) as the slope of the straight line that
is obtained by plotting & /(1 — a)" versus exp(—E/
RT) as shown in Figure 5(a).

The Arrhenius prefactor can also be evaluated if
& is not known.? In this case it is necessary to plot
[ da/(1— a)"versus [ exp(—E/RT) dt as shown
in Figure 5(b).

To corroborate these results, the a’s can be pre-
dicted by introducing the values of K, n, and E into

0.8
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the Arrhenius equation. For system A this results
in the following expression:

da 1
-— = 3875 — (1 — a)'®
dt min ( @)

—7197.3 cal 1
X exp cha, /g mo (7)

In Figure 6 the predicted «’s from Eq. (7) are com-
pared with the experimental data for the two heating
rates of 5 and 10 K/min, respectively. A good cor-
relation can be observed.
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Figure 5 Plots used to calculate the Arrhenius prefactor fqr system A. (a) Plot of a/(1
— &) vs.exp(—E/RT). (b) Plot of [ de/[(1 — «)"] vs. 1/T [ exp(—E/RT) dt.
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Figure 6 Plots of & vs. T, obtained from experimental data and theoretical calculations
for system A at two heating rates; 5 and 10 degrees/min.

System B

The procedure to determine the parameters of this
system is the same as that for the preceding system
A. The plots to get the activation energy, the reaction
order, and the Arrhenius prefactor are shown in
Figures 7, 8, and 9, respectively. The obtained values
are stated in Table I. The Arrhenius equation is

da

1
=18 X 10" — (1 — «)*®
dt min ( @)

—32,141 cal 1
X exp Rc,;,l /g mo (8)

Discussion

It is worth noting that the temperature range used
here to determine the kinetic parameters corre-
sponds to points where the beginning and the end
of the reaction are excluded. Otherwise a relevant
unfitness of points is observed in the plots (1/7T,
—1/T,) versus In(1 — a;)/(1 — ay). The reliable
temperature ranges where the beginning and the end
of the reaction were excluded are: for system A 320-
430 K and for system B 350-400 K. It is observed
that in the pure components reaction (system B)
the temperature range used for the analysis is lower
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Figure7 PlotsofIn[(1 — a;)/(1 —ay)]vs. [(1/T2) — (1/T,)}, for system B, obtained

by equalizing the heating rates.
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Figure8 Plotsofin(oy/d;) vs.In[(1—a;)/(1 — ay)], for system B, obtained by equalizing
T, with T, at two heating rates; 5 and 10 K/min.

than for system A. However, it is large enough to
get reliable results.

Out of the method used by Hager et al.,’ it is
possible to determine the three kinetic parameters
of the reaction by using only one heating rate. Both
the activation energy and the Arrhenius prefactor
are calculated graphically, but the reaction order has
to be supposed until the correct value is found, since,
as Eq. (1) shows, the lineal relation is fulfilled for
only one n value. By using this method, there is a
range of values for the Arrhenius prefactor in which

0.2

it is difficult to appreciate a significant difference in
the linarity of Eq. (1); this results in a noticeable
error in the slope, which may be reflected as an im-
portant error in the calculation of the activation en-
ergy, particularly in polymerization reactions, Table
I1. Besides, since both the Arrhenius prefactor is the
Y intercept and extrapolation occurs at a great dis-
tance, it means that a small variation in the slope
may represent an error up to 70% in the calculation
of the Arrhenius prefactor (Fig. 10).

Barton? directly solves out of Eq. (4) for the ac-
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Figure 9 Plots of a/(1 — a) vs. exp(—E/RT), for system B, used to calculate the

Arrhenius prefactor.
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Table I1 Kinetic Parameters of System A and B, as Determined from Refs. 1 and 2

Hager (Ref. 1) Barton
(Ref. 2)
System E, cal/g mol K, 1/min E, cal/g mol
A: 2,4-TDI with mixture of glycols 6,490 2 %X 108 4,000
B: 2,6-TDI with DEG (1:1) 30,000 5% 10! 18,000

tivation energy by substituting the experimental
values of a; and T obtained from two heating rates.
By doing so, this method assumes that the origin is
an experimental point, but when calculating each
set of values ¢&;, oz and T, T, it is estimating the
slope of the straight line that joins the experimental
point to the origin, thus getting an average for the
FE’s. By using Barton’s method and plotting his data
(from Ref. 2) as well as our data, it can be seen (Fig.
11) that both actually tend to form straight lines
(although in an imperfect manner); but both lines
pass far away from the origin.

Within the method used here (equalization of &’s)
the E/(nR) points are very clearly aligned in a
straight line (Fig. 4) when the data is obtained from
only one heating rate, as outlined in Figure 2. The
same happens when the data obtained from two
heating rates are used, handling the first side of one
of the bell-shaped Gaussian curves of a heating rate
and the second side of the other one, as described
elsewhere.?

However, when the data is obtained from the
same side of the bell-shaped Gaussian curves, as in
Barton’s method, the E/(nR) points cannot be
aligned in a straight line. This is due to the fact that,
in this case, the difference, 1/T7, ~ 1/T,, is very
small. In other words, when the slopes, in Egs. (4)
and (5) (terms containing the E), are calculated
from two points that are very close to each other,
significant errors are introduced in the evaluation
of the activation energy, particularly in polymeriza-
tion reactions, because of the overlapping of several
reaction steps occurring during the process.

In the method described here the reliable tem-
perature range is large enough to avoid the error of
Barton’s method (Fig. 12).

CONCLUDING REMARKS

The kinetic parameters for the polymerization re-
actions of two polyurethane systems were deter-
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Figure 10 Plots of In[a/(1 — a)™] vs. (1/T), for system A, obtained by the Hager et
al. method. The lower right corner of the plots are amplified at the upper right corner.
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Figure 11 Plot of In(ay/a;) vs. [(1/T2) — (1/T,)] for the reaction system [ BAD, 4,4’
— DM], according to Barton’s method. Data were taken from Ref. 2.

mined by using an improved method of DSC. The
results show a reasonable good correlation to the
model used in this case.

The application of the DSC method used here to
determine the kinetic parameters of polymerization
shows several improvements in relation to other
DSC methods, in particular, as respects to those re-
ported by Hager and Barton: It is not necessary to

assume one of the parameters in order to calculate
the others; it is more accurate than the other meth-
ods; and it requires only one heating rate during the
DSC experiments in order to determine the acti-
vation energy.

Applying the Hager' method to our data results
in an important error in the calculation of the ac-
tivation energy. In our opinion this method is not
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Figure 12 Plot of In[(1 — ) /(1 — aw)] vs. (—1/R) [(1/T) — (1/T4)], for the
reaction system [BAD, 4,4" — DM], according to the present method. Data were taken

from Ref. 2.
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reliable when it is applied to polymerization reac-
tions. Besides, within this method the reaction order
must be assumed to determine the activation energy.

The main drawback in the Barton method is that
it calculates the activation energy from the same
side of the & plots; in this way the difference (1/7T,
— 1/T,) in Eq. (4) is very small, resulting in sig-
nificant errors for the evaluation of the activation
energy, particularly in polymerization reactions.
Besides, this method cannot be used to determine
the other kinetic parameters.
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