Unliitiirk SS, Gudimciioglu N. JOTCSA. 2024; 11(3): 1211-1224.

00006,

Journal of The Turkish Chemical Socien
CHemISTRY
Curing Kinetic Analysis and Isothermal Prediction of DBTL Catalyzed
Polyurethane Reaction by Differential Scanning Calorimetry

RESEARCH ARTICLE

TURKISH
CHEMICAL SOCIETY

Secrion: A

Secil Sevim Unliitiirk* and Necati Giidiimciioglu

Kansai Altan Paint Industry and Trade Inc.

Abstract: Kinetic analysis is generally carried out to clarify the reaction mechanism with kinetic parameters
and to predict the kinetic properties of materials under different reaction parameters. The kinetics of the
polyurethane polymerization reaction between acrylic polyol and isocyanate was investigated by Differential
Scanning Calorimetry (DSC) in terms of catalyst amounts and sampling times. Single and multiple heating
analyses were used to obtain DSC curves for each sample. The simple kinetic model and Multilinear Regression
Fit (MRF) were used to calculate the kinetic parameters and simulate the isotherm prediction curves. The
kinetic calculations showed that the glass transition temperatures (up to 44 °C) and activation energy (Ea)
values increased with the degree of conversion for all cases. The reduction in the rate constant for partially
cured samples was greater than the initial sampling time of the same sample. This observation indicates that
the diffusion controlled reaction dominates and Ea increases due to the highly cross-linked and dense medium
in partially cured samples. Isothermal prediction curves provide an understanding of different curing
conditions at different reaction temperatures and times. Prediction curves show slower conversion even for
final samples, confirming that final samples may remain uncured. Applying the results of this study, especially
for real-world applications, where fully cured samples are required, additional annealing procedures can be
easily established.
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1. INTRODUCTION reaction. It is valuable to evaluate the reaction

parameters like reaction temperature, time, etc., and

Polyurethanes are widely used polymeric materials in
foams, coatings, adhesives, insulators, etc. They are
very popular especially in automobile coatings due to
their advantages in terms of weathering, appearance,
chemical and mechanical resistance, etc.(1) All these
advantages are provided by controlling the reaction
kinetics of the polymeric matrix. In other words,
understanding the rate of the chemical reaction is
critical in terms of deciding the desired outcomes of
the chemical reaction.

Kinetic analysis is very popular in terms of both
understanding the reaction mechanism by describing
the kinetic process and the kinetic prediction of the
reaction in different reaction parameters. Generally,
the kinetic process can be defined with the kinetic
triplet which are the activation energy (Ea), the pre-
exponential factor (A), and the reaction model (f(a)).
The activation energy is the energy barrier for the

accordingly the desired product yield. While the pre-
exponential factor can be described as the vibrational
frequency of the activated complex, the reaction
model is directly relevant to the reaction mechanism
(2). The reaction model can be autocatalyzing or nth
order depending on the reaction mechanism. An
autocatalytic process due to the formation of
hydroxyl groups in an epoxy system was studied by
Yi et al. to understand the solvent effect of the
system(3). On the other hand nth order curing
reaction model is accepted as the simplest way to
describe the curing kinetic reactions of thermosetting
plastics(4) like polyurethanes.

Several techniques can be used to evaluate the
reaction kinetics. Viscosity measurements were
preferred to estimate the reaction kinetics by Manu
et al. but they work only below the gel point of the
materials(5) which limits to study of other materials.
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Techniques like gel permeation chromatography
(GPC) and nuclear magnetic resonance (NMR)
spectroscopy are also tools to study the reaction
kinetics. However, the insolubility of materials in
organic solvents restricts the usage of these
techniques(6). Epoxy amine reactants can be
considered as an example of this case that the
recently cured products are insoluble in the organic
solvent that is used in these methods. Additionally,
these kinds of techniques require critical expertise it
is difficult to analyze the spectra. The presence of
numerous methyl and methylene groups makes the
NMR spectrum very complex. Similarly, GPC, may not
be very realistic or indicative due to the highly
branched polymer structure(7). Apart from these
thermal analysis like thermal gravimetric analysis
(TGA) or differential thermal analysis (DTA) and
mostly differential scanning calorimetry (DSC), can
be used for the determination of the curing reactions.
(8,9)

In this study, the reaction between an isocyanate and
acrylic polyol curing reaction was investigated by the
non-isothermal method of DSC. The isothermal
method was not preferred because there is an
inconsistency caused by the fact that a significant
part of the cure reaction occurs before the set
isothermal temperature is reached. The non-
isothermal method includes single and multiple
heating rate procedures. In this study, mainly a
single heating rate was used because of its
advantage of being fast and valuable in comparative
studies such as evaluating the relative efficiencies of
various catalysts. (7) Dibutyltin dilaurate catalyst
which is one of the popular organo-tin catalysts in the
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production of polyurethanes because of its strong
catalytic activity towards diisocyanates and
polyols(10) was used. Different amounts of DBTL
were added to understand its effect on the kinetic
reaction of PUR. Since it is known that PUR reactions
have second-order reaction kinetic(11), nth-order
reaction kinetics were applied for the samples with 0,
0.01, 0.1, and 0.5 phr (per hundred resin) catalyst
amounts in different curing periods. Results were
investigated by the calculations according to the
simple kinetic model and Multilinear Regression fit
(MRF). The isoconventional predictions were
evaluated in terms of % conversion concerning
reaction time and temperature for different
isothermal temperatures and reaction times,
respectively. The curing results were also proved by
Dynamic Mechanical Analysis, DMA too.

2. EXPERIMENTAL SECTION

2.1. Materials and Preparation

The polyurethane polymer matrix in which
commercially available acrylic polyol and modified
isocyanate were reacted was used in this study. Butyl
acetate was chosen as the solvent. Dibutyltin
dilaurate (DBTL) which is a highly reactive solvent-
free tin catalyst was added in different amounts to
study the effect of catalyst amount on the curing
kinetics of the PUR system. Four different samples,
C1l, C2, C3, and C4 were studied as the catalyst
amounts were 0, 0.01, 0.1, and 0.5 phr, respectively.
The NCO:OH molar ratio was arranged as 1:1 for all
samples. The representative structure of the PUR
reaction between polyol and isocyanate is given in
Figure 1.
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Figure 1. The representative structure of PUR reaction between polyol and isocyanate

Reactants were mixed with Cowles type mixer for 15
minutes at 350 rpm to have a homogenous mixture.
The samples were applied to tinplate by 50 pm
applicators to have uniform films. Different periods
were selected for DSC analysis. For each sample, to
(after flash-off time at room temperature - 15
minutes after application), tsomin-soc (30 minutes at
80°C annealing after 15 minutes flash-off time), and
tinal (1 week after 30 minutes at 80°C annealing
process and 15 minutes flash-off time) sampling
periods were chosen and analyzed in DSC separately.
Flash-off time is the necessary waiting time to
coat/recoat on a freshly coated surface. DMA analysis
for each sample was also applied for Day 1 and Day
7 to understand and compare the effect of catalyst
amount on the curing mechanism. Since free films
are required for DMA analysis, the same samples
were applied to Polypropylene (PP) substrates. Free
films of the samples cannot be obtained before Day
1 because of not curing sufficiently.

2.2. Differential Scanning Calorimetry (DSC)
Kinetic Measurements

The glass transition temperatures (Tg) and curing
kinetics of PUR systems with and without dibutyltin
dilaurate catalyst were investigated by DSC 8000,
Perkin Elmer. Non-isothermal, also called as
isoconventional method was used under different
heating rates between -20°C and 200°C temperature
ranges. The non-isothermal method was preferred
instead of the isothermal method because of obtained
relatively more reliable information according to the
Kinetics Committee of the International
Confederation for Thermal Analysis
and Calorimetry (ICTAC) recommendations (12). As
mentioned before, inconsistent results may be
obtained since a significant part of the material cured
during the heat rise to the set isothermal
temperature

For the multiple heating methods, the heating rates
of 2.5, 5, 10, 20, and 50 K/min were considered. A
nitrogen atmosphere was arranged as a constant flow
of 50 mL/min. The thermal data obtained from heat
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flow as a function of temperature was used to
determine both Tg and curing enthalpy of the system.
The calibration of DSC was checked by melting
temperature and the melting enthalpy of the Indium
standard. The curing curves were subtracted from
the background curves which were obtained by the
same procedure, the same pan (Image S1) but
without the sample in it. Isothermal predictive curves
are also obtained in terms of % conversion variation
concerning time and reaction temperature at
different isothermal temperatures and reaction
times, respectively.

2.2.1 Theoretical Approach

Theoretically, the reaction rate “n”, depends on two
variables; temperature “T”, and the conversion
degree “a”. If the reactants and/or products are in
the gas form, pressure is also needed as a required
term(12). However, there is no reactant or product
in gas form in the PUR reaction mechanism. Also,
there is an external gas flow in thermal analysis as
50 mL/K. Consequently, the pressure is forced to be
constant and neglected in the rate equation that is
considered.

v= 2= k(Mf(a) (1)

In the equation above, k(T) is the specific rate
constant at temperature T and f(a) is the reaction
model. The equation is used to describe the rate of a
single-step process. If the process is accompanied by
the releasing/absorption of heat as measured in DSC,
the conversion degree “a” is evaluated by a ratio of
curing enthalpy at time t (AH:) to the total curing
enthalpy (AHr). Total curing enthalpy can be found
experimentally by calculating the area under the
curing peak of the uncured sample. Representative
image was shown in Figure S1.

_ AH
@= o (2)

In this case, the conversion degree changes between
0 and 1 as the progress of the process. It can also be
named as % Conversion with a variation between 0
and 100. The important point that should be in mind
is that the physical properties measured by thermal
analysis like DSC can not be related to a specific
reaction. As mentioned before, it only gives
information about the overall transformation of the
reaction. (12)

In the PUR case, the reaction obeys the second-order
reaction kinetics. (11, 13, 14) That is the reason nth
order reaction model was accepted. The kinetic
calculations were done by the scanning kinetics
model which assumes the simple kinetic model and
uses Multilinear Regression fit (MRF) to curve fit.
Whenever a peak is detected on a DSC curve when
the sample is subjected to a controlled temperature
ramp, it can be assumed that there has been a
transformation. This can be represented as the
following chemical reaction;

A% Byan (3)
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Where, A and B are the materials before and after the
conversion, respectively. k is the reaction rate as
mentioned before and AH is the enthalpy (heat) of
the chemical reactions or the physical transition. For
the kinetic calculations, the rate of the reaction, the
change of reactants to products, and related
time/temperature were the concerned terms. The
combination of the Eq.1 and 2 give the following
which shows the nth-order reaction kinetic with
respect to time.

Z =k -a) (4)
Combining the Arrhenius equation (Eq.5) which is
used to define rate constant and Eq.4, the final
equation is obtained as Eq.6.

k(T) = Aexp(—i—;) (5)

= Aexp(-1H) (1 - )" (6)

dt =

where A and E, are the pre-exponential factor and
the activation energy, respectively. R is the universal
gas constant (15). The activation energy, pre-
exponential factor, and the reaction model, which are
named as kinetic triplet, should be described to
understand the overall kinetic process of the reaction
mechanism. While the activation energy can be
defined as the barrier to the reaction starts, the pre-
exponential factor is the vibrational frequency of the
activated complex. The reaction model is directly
linked to the reaction mechanism(2). In this
equation, there is one independent variable t, two
dependent variables a« and T, three unknown
constants A, Ea, and n, and the universal gas
constant, R.

In DSC, temperature varies with time linearly as
shown below;

T—-T(0) = B.t (7)
d

B=1 (8)

Where t is the time, g is the scanning rate, and T and
T(0) are the current and initial temperatures,
respectively. s time, and B is the scanning rate. All
the calculations in this study were done by the
following equation which represents the theoretical
shape of the DSC curve and obtained by the
combination of the eq.8 and 6.

gle

Ea
@ =Aen(- (1 -ar (9)
The obtained DSC curves were fitted by the equation
9 or 6 in which the only difference is the unit as dt or
dT. A, Ea and n values can be calculated by single
DSC curve by having AH, as mentioned in Eq.2. Since
there are three unknown parameters, multilinear
regression is used by reducing the linear form of
equation above (Eq.9). A multilinear regression is
performed to solve these three unknown variables by

using (Inﬂi—‘:), —% , and In(1-a) as variables

evaluated from DSC data.
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On the other hand, the model-free approach was also
discussed. Different approximations exist to solve the
temperature integral, but Ozawa and Kissinger's
equations are very popular in terms of the
relationship between activation energy and heating
rate, temperature as given below.

Ozawa equation (16);

“In(8) = 1.0516 (RET) —4 (10)
P
Kissinger equation (17);
B\ _ (Ea AR
—ln(T—;)—<a)—ln(E—a) (11)

In the equations above, g is the heating rate. From
1

the first equation, Ozawa, a plot of —In(B8) vs. (T—)
P
gives a straight line as a slope that the activation

energy can be calculated. Similarly, from the second

equation, Kissinger, a plot of —ln(%) VS. (i), the
12

Tp
slope can be used to calculate the activation energy.

2.3. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) is a thermal
analysis technique that measures the deformation of
materials under periodic stress. The sinusoidal strain
is measured depending on a variable applied
sinusoidal stress. As a result, a phase difference
occurs between the stress and strain waves that are
used to determine storage modulus, loss modulus,
and tan delta values (18). Storage modulus (E’) is
directly linked to the stiffness of a viscoelastic
material. It is proportional to the stored energy. On
the other hand, loss modulus (E”) represents the
molecular motion of the material as the energy
dissipation. The loss factor, also known as tan delta
(tan &) can be obtained by the ratio of loss and
storage modulus values as shown below. As a result,
it is a dimensionless parameter. It measures the
damping behavior in a viscoelastic system(19).

n

tan§ = —
an 7

Materials do not have a single value as glass
transition temperature is generally defined with a
range of temperatures. The glass transition
temperature (Tg) can be obtained from all these
terms. Tg from the storage modulus is calculated
from the onset of the storage modulus curve which is
the lowest measured Tg. Storage modulus also
generally informs about the mechanical strength of
the material where begins to fail in terms of
temperature. Tg values from loss modulus and tan &
are calculated from the maximum peak points. All
these make DMA probably the most sensitive thermal
technique for Tg determinations(20).

2.4. Fourier Transform Infrared Spectroscopy
(FTIR)

RESEARCH ARTICLE

The Fourier Transform Infra-Red Spectrometry
(FTIR) is considered one of the most valuable
analytical techniques to characterize and evaluate
organic materials. In this study, FTIR spectroscopy
was utilized to monitor the reaction of the
polyurethane (21) and investigate the curing process
as DSC and DMA.

FTIR has advantages over dispersive methods,
including increased signal-to-noise ratio and the
ability to obtain spectra of low energy, such as
absorption bands with weak intensity. ATR was
originally developed and commercialized for
analyzing samples that are difficult to prepare or
insoluble, such as rubbers and cured resins. The
sample is placed in contact with an ATR crystal, one
of the most used accessories for FTIR measurements,
which absorbs near-infrared radiation and has a high
refractive index. While some parts of the radiation
penetrate the sample, and some parts are reflected.
The depth of penetration of the beam depends on
several parameters like the wavelength, angle of
incidence, and refractive index of the crystal. Due to
the requirement for close contact between the
sample surface and the crystal, this method is not
suitable for analyzing heterogeneous surfaces, such
as many coatings. Additionally, weakly transparent
and highly pigmented coatings are difficult to analyze
using this technique. Since these kinds of
disadvantages are not the subjects in our case, FTIR-
ATR measurements for the samples are chosen as an
alternative to being proof of DSC experimental and
simulation results.

3. RESULTS AND DISCUSSION
3.1. DSC Results

Non-isothermal, isoconventional DSC method was
used to investigate the curing process of a
polyurethane system in the absence and the
presence of dibutyltin dilaurate catalyst with different
amounts. The typical DSC thermographs at different
curing periods for different catalyst amounts were
presented in Figure 2 fromatod as 0, 0.01, 0.1, and
0.5 phr (from C1 to C4), respectively. Due to the
exothermic reaction of polyurethane, the curing peak
exists in the exothermic area(22). While the black
line represents the Tp as just after the flash-off time
(15 minutes later from the application), the red line
shows the curing curve of the sample after 30
minutes at 80°C. The significant decrease in the
exothermic curing peak is shown in the blue line that
represents the DSC thermographs of significantly
cured PUR samples. A decrease or total loss of the
exothermic curing peaks means that the curing
process is almost done at tfinal. As shown in Figure 2,
the endothermic peak areas decrease from a to d
graphs and disappear for trinai curves. Especially for
the maximum catalyst amounts it is more obvious.
For example, for to curves the dHc which is
determined by the integrated area of the
endothermic curing curve, decreases as 113, 102,
88, and 84 with increasing catalyst amount.
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Figure 2. Typical endo up DSC curves for polyurethane coating with a) no catalyst, b) 0.01 phr, c) 0.1 phr,
and d) 0.5 phr dibutyltin dilaurate catalyst amounts at different curing processes as To (black), Tsoc-30min
(red) and Trinal (1 week after 30 minutes at 80°C annealing process and 15 minutes flash-off time) (blue).

Table 1. Kinetic parameters obtained regarding the 2" order reaction kinetic according to the MRF for
different catalyst amounts and curing times. The heating rate is 5°C/min.

Samble Catalyst Curing Tinitial Tpeak AH. Tg Ea a
P Amount Time (°C) (°C) (3/9) (°C) (k3/mol)

To 60 113 90.5 - 72.1 0.00

C1 0 ::O_C' 73 122 36.9 15 84.0 0.57
min

Ttinal 75 134 25.5 32 88.0 0.81

To 48 102 87.0 - 65.0 0.02

c2 0.01 phr I:OF' 70 117 304 28 81.4 0.66
min

Ttinal 78 127 23.6 36 97.0 0.84

To 39 88 54.0 1 70.8 0.40

c3 0.1 phr ::09 71 114 18.5 35 89.1 0.79
min

Tfinal - - - 33 81.0 0.88

To 38 84 39.6 2 73.0 0.53

c4 0.5phr  Teoc- - - - 31 110.1 0.94
30min

Trna : - - 44 155.2 0.96

As shown in Table 1, the important characteristic
parameters such as initial curing temperature (T;),
peak curing temperature (T,), and the enthalpy of
curing reaction (AH:.) can be obtained by DSC
thermographs. Ti and Tp values shift to the higher
temperature values concerning conversion degree.

AH. was obtained by the simple kinetic model and
Multilinear Regression fit (MRF). Similarly, the
activation energies of the samples were directly
obtained by MRF, too. Activation energies obtained
from the whole samples increase for conversion
degree (Figure 3a). Activation energy variation
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concerning conversion may help to understand the
type of process or reaction in different systems.
Besides, a constant Ea value throughout the reaction

process indicates that the single reaction type
(addition reaction) dominates the curing in the
polyurethane system(23). In epoxy systems,
relatively stable Ea value may reduce at higher
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conversions which indicates the occurrence of
autocatalytic effects (24). As in our case, increasing
Ea with respect to conversion shows that the curing
reaction is controlled mostly by diffusion rather than
chemical reactions (3). The increasing trend of Ea
with conversion is also correlated with similar studies
that applied different modeling methods (15).

b)
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Figure 3. Variation of a) the activation energy and b) glass transition temperature with respect to the
degree of conversion for all the studied samples.

The glass transition temperature of the samples is
generally obtained from the second heat of DSC
curves (25-27) to clear the history of the polymeric
sample and smooth away the relaxation enthalpy.
However, in our case, since a curing reaction exists
in a DSC furnace only in one heating process, Tg was
calculated from the first heating. It can be assumed
that it is still reliable in terms of the accuracy Tg
values in first and second heating do not change
(unless heating and cooling temperatures exceed
+£50K and change the structural composition of the
polymeric chain). Commonly it is not possible to see
the Tg for the samples at Ty, since the curing reaction
does not start, and the polymeric structure is not
formed. Increasing the curing time as Tgoc-30min and
Trnal Samples, Tg becomes computable (Table 1). Tg
increases with crosslinking density which also
increases by the curing reaction of polyurethane
system. Consequently, the direct relationship
between Tg and conversion degree is observed as
expected (Figure 3b). While the Tg of half-cured
samples is 15°C, the cured samples have 44°C as the
Tg value. The effect of the catalyst is also seen clearly
that increasing the catalyst amount results in totally
cured samples even in the samples with curing times
30 minutes at 80°C (C4). With the highest catalyst
amount, half of the curing reaction was complete at

To that the curing exothermic peaks could not be
observed for other sampling times. On the other
hand, the samples without any catalyst did not
completely cure even after 1 week. Similar
phenomena were also observed in DMA analysis. The
general trend and tan delta curves of the samples at
Day 1 and 7 are shown in Figure 4a and b.

3.2 DMA Results

DMA analysis was performed on Day 1 and Day 7 for
the samples without catalyst and with 0.01 and 0.5
phr catalyst. Because of the requirement of the free
films for DMA analysis, it was not possible to analyze
before Day 1 for each sample. Free films cannot be
obtained for uncured samples. The significant change
in Tg values between Day 1 and Day 7 obtained from
storage modulus, loss modulus, and tan delta values
are also shown in Figure 4a, clearly. Tan delta curves
are also shown in Figure 4b. In the sample with the
maximum catalyst used (C4), even on the first day,
the samples have larger Tg values than the seventh
day of the non-catalyzed sample (C1). These results
which are comparable with DSC, show the significant
effect of catalyst amount and the curing time on the
total curing of the samples.
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Figure 4. a) The difference in glass transition temperature (Tg) obtained from the onset of storage
modulus, peak maximum of loss modulus, and tan delta values are given. b) Tan Delta values obtained by
DMA for day 1 (filled) and 7 (holes) of the samples with different catalyst amounts 0, 0.01, and 0.5 phr as

black, red, and blue, respectively. The shift in tan delta value between the first and the seventh days is
more significant in the C1 sample.

3.3. FTIR Measurements

FTIR measurements were carried out for the samples
for both unreacted reagents and the cured ones with
different curing times as done in DSC measurements.
FTIR has advantages over DMA measurements
because all the samples can be measured without any
limitations of the sample form.

Results showed the polyurethane structure with the
typical carbonyl absorption band of the ester bond
located at 1720 cm™!, and another peak close to it at

1680 cm™!, which is attributed to the urethane and
urea carbonyl groups. The absorbance at around
3330 - 3380 cm™! is consistent with the stretching of
the NH bond and is characteristic of the urethane and
urea groups. The other characteristic bands is 2940
cm~! due to the alkane -CH stretching vibration (28).
The main concerned peaks are the absorbance at
2270 cm™! indicating unreacted isocyanate groups
and 1680 cm for the urethane peak. During the
curing process, it is expected and monitored the
absence of NCO peaks and the formation of urethane
peaks.

._Acrylic Polyol

| Isocyanate

%T

- Partially cured Polyurethane

R R N

v—_—-\/r

-Cured Polyurethane

I I
4000 3500 3000

¥
2500

¥ ] I
2000 1500 1000

Wavenumber (cm™)

Figure 5. FTIR spectra of acrylic polyol, isocyanate, partially cured polyurethane, and fully cured
polyurethane samples from up to down. While the blue region shows the NCO peak at 2270 cm-!, green
region shows C=0 bond from both urethane and isocyanate molecule.
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As mentioned before, the FTIR analysis was applied
to prove both the experimental and simulation results
of DSC measurements. For this purpose, samples
were applied on glasses to obtain FTIR spectra.
However, while the NCO peak at 2270 cm™! was
decreasing, we could not observe an increase in the
1680 cm™ urethane peak (Figure S2) because of the
matrix itself. In Figure 5 the reference FTIR spectra
are also shown that isocyanate also has an intense
peak at 1680 cm™! which comes from C=0 bond of

RESEARCH ARTICLE

isocyanate chemical structure (Figure 6). As a result,
it would not be possible to monitor the kinetic
reaction of the polyurethanes because of the
unobservable urethane peak in the same area. The
curing reaction of polyurethane can be observed by
monitoring the reduction of the NCO peak (Figure S2)
by assuming all the NCO is converted to polyurethane
and does not form urea by reacting with any
water/humidity (29) in the environment, that may
not be realistic.

O

OCN A e NCO

o7

k/\/\/ NCO

Figure 6. Chemical structure of HDI based isocyanate. C=0 group in the cyclic structure results signal at
1680 cm™ in FTIR spectra.

These limitations show that FTIR may not be a
suitable measurement, as DMA. That is the reason
DSC techniques was discussed for the further study.

3.4 Model-Free Kinetic Calculations

In this study, Multiple Regression Fit (MRF) was used
essentially in terms of easy handling of kinetic
parameters and fast results due to the sufficiency of
single-rate heating curves. However, Ozawa and
Kissinger's methods were also distinguished to
investigate the possible differences between the
results obtained from single-rate and multi-rate
heating curves. For this purpose, curing analysis was
applied to the samples with different heating rates as
2.5, 5,10, and 20 K/min. Two different samples (C1-
C2) were studied with two methods to compare the
kinetic parameters. As shown in Figure S3 the kinetic
parameters like T; and T, shift to the higher
temperatures with the increase in the heating rate.
Similarly, the signal intensity of the whole curve
increases, and Tg and curing peaks become more
visible with higher heating rates. The reason for this
phenomenon can be explained by the fact that the
curing reaction is not only a thermodynamic process
but also a dynamic process. In the case of using lower

heating rates, the reactants find sufficient time to
react with each other. So, relatively lower curing
initial and peak temperature values are obtained at
lower heating rates(30). Since the thermal effect per
unit time increases, the enthalpy of the system also
increases(31). The data obtained from Figure S3
were used to obtain Ea values from Ozawa and
Kissinger equations.

The plots that were mentioned before for Ozawa and
Kissinger methods are shown in Figure 7, and the
obtained kinetic parameters are given in Table S1.
The straight line of the slope was obtained for both
models to calculate the kinetic parameters.
Calculated activated energies were very close to
Ozawa and Kissinger's methods. The activation
energies for the C1 sample are 24.1 kJ/mol and 23.3
kl/mol obtained from the Ozawa and Kissinger
methods, respectively with a 0.9997 correlation
factor. For the other sample, activation energies were
19.5 and 19.2 kJ/mol for the Ozawa and Kissinger
methods, respectively with relatively the same
correlation coefficients. The results also showed that
the Ea of the curing system decreases after the
addition of catalyst which proves that the reaction
system is more rapid with the catalyst. (31)
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Figure 7. a) Ozawa and b) Kissinger plot of C1 (black) and C2 (red) samples with curing time 30 minutes
at 80°C. The slope of the graphs is linear, and the activation energies obtained from both methods gave
similar values with high correlation coefficients.

3.5. Isothermal Prediction Calculations

As mentioned before, MRF results were applied for all
samples because of the easy and fast availability of
the curing results. The isothermal prediction curves
in terms of % conversion with respect to reaction
time or isothermal temperature were also obtained
from MRF simulations. As with all other similar
simulation software, the results do not give certain
values but comparable approximations. In Figure 8
the isothermal conversion predictive curves for the
samples without a catalyst at different sampling
times, to and trnal @are shown. The effect of curing time
in terms of curing reaction kinetic is seen in this
simulation.

As shown in Figure 8a, 5 minutes under 100 °C
isothermal reaction temperature is enough for a 40%
conversion degree for the t0 sampling. On the other
hand, approximately 125 ©°C isothermal reaction
temperature or 20 minutes at the same temperature
is necessary for the same conversion degree when a
significantly (81% of cured, Table 1) cured sample
(tfinal sampling). Similarly, to achieve 90%
conversion for t0 sampling, 100 minutes at almost 65
°C is required. However, for the same reaction time,
the reaction temperature should be increased up to
110 °C to achieve the same conversion degree in the
81% cured samples. At first sight, the expectation
can be vice versa that one expects that the almost
cured sample should require minimum reaction time
or lower isothermal reaction temperatures. However
as mentioned before, in our system diffusion-
controlled reaction mechanism is more dominant
than the chemical reaction (3). In other words, it
decreases the ion mobility, increases the crosslinking
density of the matrix, and reduces the reaction rate.

Figure 8b explains this phenomenon from different
aspects that the relatively low reaction rate in 81%
cured sample can be understood clearly. While for the
cured sample 70% conversion can only be achieved
in 60 minutes at 100 °C, the same conversion can be
achieved in 15 minutes at the same reaction
temperature.

The effect of catalyst amount on the curing kinetic is
shown in Figure 9. For all samples, t0 sampling was
considered to ignore the effect of diffusion-reaction
related to the reaction time. As shown in Figure 9a,
increasing the catalyst amount % conversion
increases. As an example, the % conversion of the
samples with 0, 0.01, and 0.5 phr catalyst amounts
increases as 10%, 20%, and 40%, respectively for 5
minutes of reaction time at 75 °C isothermal reaction
temperature. Similarly, at 100 °C, for an 80%
conversion degree, 5 minutes is enough for the
sample with the maximum catalyst amount. For 0.01
phr and no catalyst samples, the required reaction
times for the same circumstances are 20 minutes and
30 minutes, respectively. Figure 9b, % conversion
with respect to reaction time under isothermal
reaction temperatures are shown for the same
samples. The catalyst effect is deducible when
reaction times for 90% conversion degrees at 100 °C
isothermal reaction temperatures are considered.
While 10 minutes reaction time is enough with the
maximum amount of catalyst existing, required
reaction times increase to 30 minutes and 60 minutes
for the 0.01 phr and no catalyst samples,
respectively. Figure S4 can give a similar idea about
the curing kinetics by the graphs of isothermal
reaction temperatures vs reaction time curves in
different conversion degrees for the samples with
different catalyst amounts.
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Figure 8. Isothermal conversion predictive curves for the sample without catalyst (C1) at to sampling
(blue) and trina sampling (green) to show the effect of curing time. a) % Conversion vs. isothermal
temperature for different reaction times and b) % conversion vs reaction time for different isothermal
reaction temperatures were shown.

The basic idea obtained from all the isothermal
prediction curves gives information about the
reaction rate of the samples with dependence on the
curing time and the catalyst amount. Figure 10
summarizes both explanations in one graph in which
the rate constant of two samples (C1, without any
catalyst, and C4 with the maximum amount of
catalyst) are given with respect to reaction
temperature at different curing times. The existence
of the catalyst increases the rate of the reaction

which is more significant after 75 °C. However, the
rate constant variation at room temperature (25 °C)
also obey the trend that the catalyst amount
increases the rate of reaction significantly and the
degree of curing effects it, too. The curing
temperature is directly linked to the diffusion
reaction, in other words, the ion mobility and the
crosslink density of the system result decrease in the
rate constant, as expected.
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(C4) for to and Tsnal curing times. For each case, the final samples have lower reaction rates for all reaction
temperatures.

All these prediction curves simulate valuable results
to estimate the curing kinetics of any system under
different reaction conditions like catalyst amounts,
reaction time temperatures, etc. Especially for
industrial-scale production cases, kinetic estimations
are more critical.

4. CONCLUSION

In this study, the two major aims of kinetic analysis,
to clarify the reaction mechanism with kinetic
parameters and to predict the kinetic characteristic
of the materials under different reaction parameters
were aimed and achieved by both DSC and DMA
analysis. Both thermal analysis results confirm each
other however, the restrictions of the sample
preparation in DMA limit understanding of the kinetic
mechanism in lower reaction times. That is the
reason, DSC analysis was preferred in terms of its
ability to obtain lots of kinetic information. The effect
of the curing time and the amount of DBTL catalyst
on polyurethane reaction kinetics were investigated
by single and multi-heating methods to understand
the kinetic characteristic of the reaction. The simple
kinetic model and Multilinear Regression fit (MRF)
were used to calculate the kinetic parameters and
simulate the isothermal prediction curves.

The results showed that the curing time and the
catalyst amount affect the kinetic process of
polyurethane reactions regarding the specific
reactants and the catalyst. Tg values of the
samplings of the same curing times increase with
respect to catalyst amounts. Undeterminable Tg
values for t0 sampling with no and lower catalyst
amounts became detectable with the increase of
catalyst. Similarly, the maximum Tg value was
obtained by the maximum catalyst amount as 44 °C.

The conversion degrees confirm the Tg values in
which there is a direct relation between each other.
The activation energy of any case in our system
increases with the increase in conversion degree.
Diffusion-controlled reaction mechanism results in a
decrease in the reaction rate due to the increased
crosslinked matrix. A decrease in the number of
reactants and less reactive reagents because of the
high-dense medium makes it difficult to continue the
reaction, so the activation energy increases.

Isothermal prediction curves were studied to
simulate the curing behavior of the polyurethane
matrix under different isothermal temperatures and
reaction times. Curves showed that final samples
have lower conversion than the initial samples for the
same reaction conditions, due to the diffusion
controlled mechanism. In the case of different
catalyst amounts, for the initial sampling time, the
higher catalyst amount sample has significantly
higher conversion. Since there is no high-dense
medium because of the consideration of the initial
samplings, the diffusion-controlled mechanism does
not affect the reaction kinetics.

The kinetic calculations and the isothermal prediction
curve are critical in terms of real-life applications,
especially in the coating industry. The optimization of
the curing conditions for a specific system may
require lots of experimental procedures unless kinetic
approximations are applied. On the other hand, the
information obtained from these calculations can be
used to provide the required conditions to obtain fully
cured samples even after the first curing procedures.
Current study also prove simple and effective way to
understand the optimization of organic coating
indication different systems with different catalyst.
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