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Abstract

At present, the most popular programs for kinetic evaluation of reaction curves obtained by thermal analysis methods do not
allow simultaneous analysis of systems with different stoichiometry. Consequently, valid predictions of the reaction behavior are
limited to fixed compositions that have been investigated. Further, mechanistic conclusions should be taken with greatest caution
if at all. The main aim of the new program is to determine the kinetic parameters for all (important) steps of an assumed and most
probable reaction mechanism on the basis of differential scanning calorimetry (DSC) measurements and, of course, using these
results to predict the reaction behavior for any complex temperature-time profile. Even if the reaction mechanism is not too
complex, this can be done only if the experimental information is adequate. Therefore, besides having a sufficient reaction
window (isothermal reaction temperatures and/or heating rates) the initial composition of the reaction mixture should also be
varied as widely as possible. It is then possible to check the compatibility of the assumed reaction mechanism with the measured
DSC curves. The new program was not developed to replace formal-kinetic evaluations but it is a valuable supplementary tool for
kinetic evaluations. As a rule, results from other analytical methods must be considered in defining an adequate kinetic model,
even if only the relevant elementary steps of the assumed mechanism are considered. The structure of the new evaluation program
“Component kinetics” and a number of typical applications are discussed. ©© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Another possibility is the use of so-called overall
rate laws, which are derived from a probable but
often strongly simplified mechanism. A typical
example is the Sourour—Kamal Eq. (1), which was

originally derived by Smith [2] for epoxide-amine

At present, kinetic evaluation methods can be dif-
ferentiated in the following three large groups:

1. Traditional methods try to describe the results of

kinetic experiments by systematically testing the
known rate laws for reactions in homogeneous or
hetero-geneous phases. This is frequently carried
out by restricting the range of conversion degree.
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As a rule, solvent-free reactions can be described
only for low conversion ranges when n =2 and
m = 1. The use of n and m as freely optimized and
temperature-dependent parameters [3-5] increases
the range of validity, but now completely loses
connection with the chemistry of the process.

In the past isothermal measurements were the

rule, resulting from the limited performance of
differential scanning calorimetry (DSC) devices,
computerisation and evaluation programs. Due to
the small temperature range which was accessible,
the obtained kinetic parameters were uncertain,
especially for more complex reactions.
. Modern, highly sensitive DSC devices, powerful
computerisation and sophisticated evaluation
methods, both allow and favor the combined
realisation and evaluation of isothermal and non-
isothermal experiments.

Model-free methods allow evaluation of the
Arrhenius parameters without choosing the reac-
tion model. The best known approaches, if several
measurements with different heating-rates and/or
with different temperatures have been made, are
the differential isoconversional method according
to Friedman [6] and the integral isoconversional
method according to Ozawa [7] and Flynn and
Wall [8]. Assuming the simple additive super-
position of the individual reactions for a possible
multi-step mechanism, the expansion of the
integral isoconversional technique according to
Vyazovkin [9] also permits predictions of the
reaction behavior for isothermal conditions.

However, the greatest caution should be taken
when coming to mechanistic conclusions as a
result of possibly detected dependence Ex = f(),
where E4 is the Arrhenius activation energy.

. Another possibility is the description of the reac-
tion behavior by a formal-kinetic model [10-12].
This is probably, at present, the most flexible,
simple and fastest solution concerning the fitting
of reaction curves. Using the vocabulary and basic
ideas of usual reaction kinetics, the overall
reaction is described by the combination of formal
reaction steps (independent, parallel, competitive
or consecutive) with constant activation para-
meters. As a rule, these steps may not be
interpreted as existing chemical reactions. A high
value of the fitting quality for the best model does

not mean that the kinetic description [13] is
correct in the physicochemical meaning! But the
industrial practitioner is usually more interested in
predictions of the reaction behavior for arbitrary
temperature-time profiles, than knowing or under-
standing the real mechanism. As with the model-
free analysis, the knowledge of the composition of
the reacting system is not necessary.

The most common disadvantages of all these
techniques result from the fact that the obtained
process parameters and the derived conclusions
are valid only for the tested composition of the
reaction mixture. To be more exact, we have two
disadvantages: technically important reaction
mixtures could have different amounts of cata-
lysts, non-reactive fillers or solvents; and, in
addition, if the stoichiometric composition of the
reaction mixture cannot be varied, then important
additional information concerning the verification,
acceptance or rejection of an assumed reaction
mechanism is not available. This is true for such
cases, in which one or several elementary steps of
the mechanism are influenced only by a specific
reactant. Our aim was the development of a
program which is easy to operate and which has
the following attributes:

o Unrestricted combination of elementary steps
(consecutive, parallel, equilibrium).

o Simultaneous evaluation of both isothermal and
non-isothermal measurements.

o Simultaneous evaluation of curves for mixtures
with variable compositions and differing amounts
of reactive (catalysts) and non-reactive (fillers,
solvents) substances.

o Consideration of changes in volume during the
reaction.

o Test of significance regarding the fitting quality
of different models and regarding an assumed
number of reaction steps.

o Predictions for signal, fractional reaction and
reactants for any temperature-time-program.

2. Description of the software package

The necessary input data are the DSC curves, the

initial concentrations of all constituents of the reaction
mixture and the assumed reaction steps together with
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their initial values for Arrhenius parameters and reac-
tion heats. The most important steps and actions are
described now in detail and in the same order, that is
necessary to treat a kinetic problem:

1. The number of curves to be evaluated simulta-
neously in the planned project must be defined.
The maximum number is 16, which should be
sufficient for scanning an adequate range within
the global reaction field [14]. Single heating-rate
curves are useless for a kinetic analysis [14,15].
The heating-rates to be used should vary at least
by one-order of magnitude; the temperature range
of isothermal measurements and the variation of
the initial composition should be as large as
possible.

2. After loading the DSC curves, the measurements
are desmeared and smoothed if required. The
system function for the deconvolution of the
original curves is obtained from the tail of a
melting peak, using a pure sample with compar-
able heat conductivity and heat capacity. This also
corrects any sample self-heating during the
exothermic reaction.

3. There are several possibilities (linear, sigmoidal,
left-starting, right-starting) of constructing the
baseline between the chosen limits of peak
integration. A ‘zero’-baseline is, without doubt,
the best alternative if the DSC scan has already
been corrected with an independently measured
base line, such as the “reversing” signal from a
temperature modulated DSC.

4. Next, the supposed reaction mechanism as a
sequence of all elementary steps is formulated.
Reversible reactions with very high rate constants
for both forward and backward reactions can be
formulated as equilibrium reactions. This reduces
the number of parameters to be determined and
avoids the necessity of solving stiff differential
equation systems. Of course, using only the
overall DSC curves, it is rarely possible to
determine significant model parameters of more
than three or four reactions. This is even true if 16
curves with extensively varied compositions and
measuring conditions (resulting in a large range of
the global reaction field) are evaluated simulta-
neously. However, sometimes additional informa-
tion is available from other analytical techniques,

for example, the equilibrium constants of some
steps and, with this additional information, it is
then possible to define a more complex model.
Therefore, this program allows a maximum of 12
elementary steps. Using symbolic letters or short
names for the reactants, the reaction mechanism
can be formulated as usual in chemistry. The same
input window can also be used to enter the molar
masses and the specific densities of all reactants,
including those of a possible solvent.

. Molar masses and densities are valid for all curves

of the chosen model, while the stoichiometric
composition of the reaction mixture can be
different for each curve. The molar masses are
needed in order to calculate the start concentra-
tions. Normally, the initial weights of all compo-
nents of the respective scan are entered.
Alternatively, the start concentrations can be
inputted. The program checks the mass balance.

. In the next step, usable initial values are needed

for all variables of the kinetic scheme, for
elementary reactions logA, E, and Q,, for
equilibrium reactions AH and AS (A is the
Arrhenius pre-exponential factor, O, the reaction
heat, A\H and A.S the reaction enthalpy and
entropy). The consistency of the reaction heats is
checked according to Hess’ law. If no further
information is available, a clue to such values may
sometimes be obtained from the model-free
evaluation. This is shown in Fig. 1 with the
example of two independent parallel reactions
(case 3b in Table 1) on the basis of 12 scans. The
used isoconversional method according to Ozawa—
Flynn—Wall is available as subroutine in the
“NETZSCH Thermokinetics’ program [14]. This
program uses the words “‘partial area’ instead of
“extent of reaction” as the label on the x-axis.
Because only the partial area value, calculated
from DSC measurements for single step reactions,
and the chemically defined extent of reaction are
necessarily identical. Quite obviously, the function
Ea = f(o) or more correctly Ex = f(partial area)
also depends on the initial stoichiometry of the
reaction mixture. The results presented in Fig. 1
underline again that a mechanistic interpretation
of such results is ambiguous or impossible.
Despite this, the model-free analysis clearly shows
that at least two elemental steps must be
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Fig. 1. Estimation of starting values for the non-linear regression using the model-free isoconversional method according to Ozawa—Flynn—
Wall. Example, different initial stoichiometries for the mechanism with two independent parallel reactions.

Table 1
List of the most important, tested projects using faultless simulated DSC curves. In each project heating-rates, isothermal temperatures and
stoichiometric compositions were varied

Case type n=2logAGs ' 1mol™")  Ea(kImol™") 0,(kJ mol ") AS* T Kmol™)  AH”(kJmol™ )
n=1,logAls™"

1 Simple nth-order

A 4+ B—=C 5.0 50.0 -37.0
2 Autocatalytical
A+ B—C+ 2B 13.0 100.0 —10.0
3 Parallel
a) A—X 19.222 300.0 —100.0
A=Y 4.222 100.0 —100.0
b) A + B—X 5.0 50.0 —50.0
A+ C—=Y 55 60.0 —100.0
4 Subsequent
a) A—X 19.222 300.0 —100.0
X—=Y 4.222 100.0 —100.0
b) A + B—X 5.0 50.0 -50.0
X+ C=Y 55 60.0 —100.0
5 Pre-equilibria
a) A + K—~AK - - - —10.36 21.6
AK + B—C + 2K 4.06 56.0 -5.0 - -
b) E + OH—~EOH - - - —2.964 -
P + OH <~ POH - - - —8.044 -
EOH + P—S + 2 OH 4.57 55.7 —108.0 - -
EOH + POH—S + 3 OH 3.54 44.7 —108.0 -

E+2P—S+ OH+ P 3.87 70.0 —108.0 -
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Fig. 2. Optical adjustment of the starting values (Ex; =
50 kI mol~!, Ex; = 60 kJ mol™!) obtained according Fig. 1 and
estimation of the pre-exponentials (logA; =log A, =5s""
1 mol™") in the subroutine “visual optimisation”. Curves (1) and
(3), cao:cpo:cco = 2:1:1; curves (2) and (4), cap:Cpo:cco = 1:2:4.

considered. If, by comparison with Fig. 1, the two
activation energies are taken as being 50 and
60 kJ mol ! (using the correct model), then the
starting situation shown in Fig. 2 is achieved. The
different symbols mark the “‘experimental’” curves
and the solid lines correspond to the calculated
curves. For the sake of the clarity, only four of the
12 curves used have been shown. The quality of
this fit can be adjusted and improved by trial and
error, using the sub-routine ‘““visual optimisation”.
The initial values for the pre-exponentials
(logA; =log Ay = 55 '1mol ~!) were obtained
in this manner. It is extremely important to find
meaningful initial values for the subsequent non-
linear optimisation.

7. The differential equation solver used is a combi-
nation of embedded Prince—Dormand procedure
of 4/5 degree with a Gear4 procedure [16]. In the
Prince-Dormand procedure two checks regarding
stiffness have been integrated. The calculation
always starts with the Prince—Dormand procedure.
If both checks regarding stiffness are positive, then
the calculation continues using the Gear4 proce-
dure. There are three criteria to terminate the
iterations. The first criterion is an inherent part of
the algorithm and causes the iterations to finish
automatically, if the relative change of all
parameter values is lower than a defined precision.
User-defined criteria are the number of iterations
or a maximum value of the correlation coefficient.
It is well known that the speed of optimisation is
reduced by the so-called thermal compensation

effect. A special mathematical subroutine sug-
gested by Benoit et al. [17] ensures that the
iterations go straight to the optimum parameters of
the tested mechanism. The correlation between
log A and Ej is temporarily reduced by means of
the following transformation:

Ex

logA =1log A" —
OB = B T R ean

where Tpecan 1S the mean value of the inverse
temperatures within the analysis range.

For instance, starting with the kinetic parameters
used in Fig. 2, a perfect fit and the theoretical
values are reached in only four iteration cycles. The
results are the optimal parameters for all variables
including their standard deviations and some
specifications concerning the statistical analysis
(sum of least squares, correlation coefficient, mean
residues, Durbin—Watson value). A very useful tool
is the F-test [14], which enables one to decide
whether a tested model is significantly better suited
for the characterisation of the measurements than
another one. Finally, a step-significance F-test is
similarly valuable. It answers the question of
whether an additional step yields not only a better
fit but also a statistically significant improvement of
the model.

8. Predictions of the reaction behavior can be made
for any complex temperature-time profile using
the favored model and its parameters. These
predictions concern the concentration behavior
of all reactants and products, the DSC signal and
the partial area ‘““degree of conversion™.

3. Results and discussion of some typical examples
3.1. Simulated, error-free data

The primary task was, of course, to prove that the
program operates correctly for all possible combina-
tions of elementary reactions in homogeneous
kinetics. Therefore, we first calculated theoretical,
error-free heat flow curves for the following reaction

types:

1. A simple second-order reaction.
2. An autocatalytic second-order reaction.
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3. Two first -or second-order parallel reactions.

4. Two consecutive reactions with first -or second-
order.

5. Several types of pre-equilibria coupled with con-
secutive and parallel reactions. Both temperature
dependent (AH7 # 0) and independent (AH” = 0)
equilibrium constants were assumed by us.

Table 1 summarises some selected cases. Each
parameter set should, in principle, be suitable, in order
to test the performance of the new program. The used
values for log A and E, are not unusual for chemical
reactions. Similarly to the intention of the “ICTAC
Kinetics Project, 2000 ([18], p. 157) regarding the
simulated data, the Arrhenius parameters of the indi-
vidual steps for the cases three and four were chosen
to make the rates of the two steps comparable. The
assumed temperature dependence of the pre-equili-
brium for case 5a corresponds to the temperature
dependence of the hydrogen iodide equilibrium
between 300 and 700 K. For case 5b, we have used
parameters which are frequently found for epoxide
amine reactions. On the basis of each assumed reac-
tion mechanism, we have calculated non-isothermal
curves, using heating rates of 0.5, 2.0 and
10.0 K min~", and also a number of isothermal curves.
The selection of appropriate temperatures is also
governed by the same rule-of-thumb which is recom-
mended for real experiments. They should cover the
first half of the leading edge of the temperature
programmed scan with low heating rates (0.5-
2 Kmin~'). The selection criterion for isothermal
measurements is fully explained in the context of
the Figs. 4 and 5. Further, the starting concentrations
of the components, in comparison to the equimolar
mixture, were always strongly varied up to a fourfold

Table 2

excess of one component. For example, for cases 3b
and 4b in Table 1 that means ca:cg:cc = 1:1:4, 1:4:1,
4:1:1, 1:4:4, 4:4:1 and 4:1:4. Of course, the complete
combination of all concentration ratios with all scan-
ning rates and isothermal temperatures is neither
necessary nor useful (information content, capacity
of the evaluation program, calculating time). Fre-
quently, it was additionally simulated that the curves
belong to mixtures with different amounts of solvent.
Finally, we have calculated theoretical curves assum-
ing different densities for reactants and products.

Without exception, the separate or simultaneous
evaluation of isothermal and non-isothermal scans
exactly reproduced all values of the pre-exponential
factors, the activation energies, the equilibrium con-
stants and the reaction heats used in calculating the
theoretical curves. That means, the new program
enables both the correct identification of the reaction
mechanism and the determination of its parameters, at
least in these relatively simple cases.

3.2. Consideration of typical sources of error
using DSC measurements

Next, we have simulated two second-order con-
secutive reactions and added typical sources of error
in real DSC measurements as well as noise and base-
line shift. The results are summarised in Table 2.
First, we have superimposed the error-free curves
with a random noise of £10 pW. This can be taken as
the worst condition for non-isothermal measure-
ments in modern DSC’s. Table 2 shows that the
calculated model parameters are not influenced. That
means, the evaluation of real, noisy curves instead
of perfectly smooth simulated data is irrelevant as
source of error.

Project: two second-order consecutive reactions. Influence of noise and base-line shifts superimposed onto faultless simulated DSC curves.
The standard deviations for the kinetic parameters in the columns three and four are negligible

Preset values Faultless curves

Noisy curves

Noise plus shift
weighting: 1

Noise plus shift
weighting: 1/[abs(Y max) + abs(Ymin)]

log A, (s'"1mol™") 5 5

Ea, (kJmol™") 50 50 50.01
0,1 (kI mol™h —50 —50 —50
log Ay (s™" I mol ™) 5.5 5.5

Eas (kI mol™") 60 60 60.01

0> (kI mol™h) —100 —100 —99.99

497 £0.02 4.97 £0.02
49.78 £ 0.10 49.81 £ 0.07
—50.78 £ 0.10 —50.65 £+ 0.10
5.57 £ 0.02 5.55 £ 0.02
60.48 £ 0.08 60.29 £ 0.06
—99.13 £ 0.12 —99.27 £ 0.10
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Fig. 3. Comparison of an error-free (smooth line) theoretical curve
and of the same curve superimposed by an additional noise of
10 uW and a conversion—proportional shift of 0.2 mW (dashed
line). Example, two consecutive second-order reactions, compare
Table 1.

Secondly, we have also assumed undetected and
therefore uncorrected base line shifts and/or curva-
tures due to either noticeable changes of the reaction
heat capacity or to changes of heat transfer and
thermal conductivities. For this, we have superim-
posed the noisy curves with a sigmoidal shift of
0.2 mW, proportional to the degree of conversion.
This superposition is shown in Fig. 3 as an example
of a non-isothermal run at 0.5 Kminfl, assuming
model and model parameters for two subsequent
second-order reactions (example 4a in Table 1). Even
at this low heating rate, the differences between the
undisturbed, noise-free curve (the smooth curve in
Fig. 3) and the superpositioned curve are very small.
Neglecting the modified shape, the baseline was then
taken as linear connection between start and end
point of the scan. Table 2 shows that the model
parameters are still reproduced with sufficient accu-
racy but that systematic deviations from the true
values and clearly larger standard deviations are
already present. Uncertainties concerning the exact
course of the base line are still an inherent weakness
of DSC measurements. This simple example empha-
sises that kinetic evaluations are trustworthy only for
high-quality measurements. The least that an experi-
menter should do, is to repeat measurements using
the same conditions, if possible coupled with inde-
pendent estimations of the heat capacities for reac-
tants and products. If a temperature modulated DSC
is available, one should use this technique to separate

the overall signal in its ‘“kinetic”’ and ‘‘thermody-
namic” components [19].

Kinetic experiments can be made isothermally or
non-isothermally. Both modes are possible in DSC
and have both advantages and disadvantages. They
complement each other and should not be regarded as
alternatives [20]. The specific advantage of isothermal
measurements is sometimes the simple and immediate
qualitative interpretation of the measured curve due to
the complete decoupling of the two variables, tem-
perature and time. The main disadvantages are the
uncertainties of the signal during the initial and the
final phase. Contrary to this, a non-isothermal mea-
surement can be started at a temperature well below
that of the beginning of the reaction with a small
reaction rate. Also, the reactions are completed within
a finite time. In each case, the simultaneous kinetic
evaluation of isothermal and non-isothermal scans is
not only possible but is highly recommended to avoid
misinterpretations. A necessary pre-condition is, how-
ever, that the reaction field covered by the experiments
is sufficient. This requirement is easily fulfilled by
carrying out non-isothermal measurements using a
variation of heating rates by one-order of magnitude.
The following examples show that the situation is
much more difficult when using isothermal experi-
ments.

We want to demonstrate the above with a first
favorable example that an autocatalytic reaction takes
place, as frequently found in epoxy curing reactions
[1,2,21,22]. Such reactions often start with low reac-
tion rate. Fig. 4 shows three calculated isothermal and
three calculated non-isothermal measurements in
example 2 of Table 1. The initial phase of the reaction
(3045 s) cannot be measured precisely, as the steady
state conditions are disturbed on introduction of the
sample. However, the calculated initial rate at 30 °C is
so slow that using a DSC the measured, distorted
signal can be reliably corrected [11,20]. On the other
hand the time (>6 h) taken to complete the reaction
requires a device with very good long-term stability.
Whereas the reaction at 70 °C is already so fast that a
considerable part of this reaction occurs within the
first 45 s, then each attempt to correct the initial heat
flow rate must fail. In other words, the experimentally
accessible temperature window for absolutely reliable
isothermal measurements is relatively narrow (about
30-40 K).
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Fig. 4. Three calculated isothermal and three calculated non-isothermal (bottom right) curves of an autocatalytical second-order reaction
(compare Table 1). Trustworthy experimental heat flow rates using isothermal conditions are only obtained for times longer than 0.75 min (the

dashed line in the figures for 50 and 70 °C isotherms).

The situation becomes dramatic if an elementary
step with an nth-order reaction (n > 1) dominates.
This is shown in Fig. 5 for second-order kinetics
(example 1 in Table 1). It is no longer possible to
find a temperature range in which error-free measure-
ments can be made: at temperatures higher than 25 °C
the heat flow rate is strongly disturbed and falsified at
the beginning; at temperatures lower than 25 °C, the
end of the reaction cannot be detected because signal
and noise will have the same magnitude. Again, non-

3.3. Comparison with already published cases

Two examples are to be discussed, the experimental
details are described in our previous papers [21,23].

The first example is dimerisation of pure cyclopen-
tadiene above room temperature [23]. This Diels—
Alder reaction is autocatalysed and reaches a tem-
perature-dependent equilibrium [23,24]. The most
probable reaction mechanism is:

. k
isothermal runs are clearly favorable. 2CPD—DCPD 2)
0.0 0.0
‘o in” ‘o
= 0.5 K min 101 2
o 05 2 K min =
) )
& 102 §
3 3
:—‘g 1.0 0.3 %
3 10 K min™” {-04 8
I 1 1 1 1 1
0 5 10 15 -50 0 50 100
time / min temperature / °C

Fig. 5. Calculated isothermal and non-isothermal scans of a second-order reaction (compare Table land Fig. 4). Conclusion, the usable
temperature range for isothermal measurements is extremely restricted in the case of (rate-determining) nth-order reactions (n # 1).
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DCPD22CPD 3)
2CPD + 1DCPD2DCPD 4)

where CPD is the monomer and DCPD is the dimer. In
the past, we have evaluated the DSC measurements for
this system using the program “NETZSCH Thermo-
kinetics”. This program allows the formal-kinetic
description of a reaction, i.e. formal reaction steps
instead of real elementary reactions. In a previous
version of this program used in [23], autocatalytical
reactions could only be described if two preconditions
were assumed: a) the activation energy of the autoca-
talysed reaction was the same as that of the non-
catalysed parallel reaction; b) only the pre-exponentials
were different. The differential equation to be solved
was then:

de —E
_ CFD = A1 exp <RTA1> CépD(l + KcatCDCPD)

dr
—F
— Az exp ( A3> CDCPD )

RT

The new program “Component kinetics” allows cor-
rect and unrestricted processing of the system of differ-
ential equations for the above mechanism. Fig. 6 shows
the comparison between measured and calculated
curves (for the sake of clarity, only one curve for each
heating rate). Of course, the fit is not better than when
using the formal-kinetic program [23], but the some-
what arbitrarily defined parameter “K,,~ in Eq. (5) is
no longer needed and the kinetic parameters can be
interpreted as usual. In addition, the new program

Table 3

0 E
0.2 J
-0.4 ]

-06 3

heat flow rate /W g !

-0.8

T T LA BEEE R BRI BLELELE BLEL AL N
0 20 40 60 80 100 120 140 160

temperature / °C

Fig. 6. Comparison between measured (symbols) and calculated
(solid lines) curves for the CPD dimerisation.

allows the volume contraction during the reaction
(ocpp = 0.7970 g cm ™, opepp = 0.9770 gem ™) to
be considered. Table 3 summarises the results of both
types of kinetic evaluation. Due to the larger number of
curves which can be treated in the new program (16
instead of 8), all measurements (one data set for the
MDSC 2920 and two data sets for the DSC 2C) were
loaded and evaluated simultaneously.

The final example is very instructive. In an earlier
paper [21], we reported results for the polyaddition
reaction of bisphenol-A-diglycidyl ether (DGEBA)
with the disecondary diamine N,N'-dibenzyl-4,4'-dia-
minodiphenymethane (DBMDA). At that time we
could not analyse isothermal and non-isothermal scans
simultaneously, assuming a certain reaction mechan-
ism. The evaluation using the non-linear regression
was restricted to isothermal scans for a number of
stoichiometric and non-stoichiometric mixtures. The

Comparison of the results of the kinetic analyses for the CPD-dimerisation according to Eqgs. (2)—(4), using both formal-kinetic [23] and real
kinetic evaluation. Compared with the earlier published standard deviations [23], all values were multiplied with the Durbin-Watson factor to

yield a more realistic impression (see Appendix A in [11])

Formal-Kinetic evaluation, “NETZSCH Thermokinetics”

Real kinetic evaluation
“component kinetics”

Parameter Data set, MDSC 2920

log Ay (s ' 1 mol™ ") 5.973 + 0.40

Ea; (kI mol™) 69.17 £ 2.5

log (Keq/l mol™") 0.022 + 0.015

log A, (s ' 1mol ™" -

Exo (kJ mol™h) - -

log Az (s 12.66 £ 1.6

Ex; (kJ mol™h) 142.1 + 122

Correlation coefficient 0.9998 0.9997

Data set 1, DSC 2C
5942 +0.18

69.01 + 1.2

0.028 + 0.01

1321 £ 0.5
1420 £ 5.5

Data set 2, DSC 2C All data sets

5.966 = 0.30 5.74 £ 0.15
69.15 + 1.50 69.43 £ 1.00
0.029 £ 0.01 -

- 5.50 + 0.30
- 73.79 £ 2.40
13.23 £ 0.8 13.04 £ 0.25
1423 £ 7.6 1420 £ 2.2
0.9997 0.9997
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most probable reaction model is to a large extent in
accordance with the original suggestion of Smith [2]:

E + OH & EOH (©)
A+ OH & AOH ()
E+ A AP+ OH (8)
EOH + A2 AP + 20H 9)
EOH + AOH2 AP + 30H (10)

where A is the amine, E the epoxide, OH the acid
hydroxyls, AP the polyaddition product and AOH,
EOH are hydrogen-bonded complexes.

Of course, the OH’s of Eq. (8)—(10) are inseparable
parts of the addition-polymer, but the kinetic evaluation
is easier, if they are used as separate species. Assuming
a fixed equilibrium constant for the forming of the
E--- OH complexes (0.7 1 mol "), as in other compar-
able systems [22,25], Ka..on = 0.205 I mol ™' was
found. The three rate constants were determined for
each temperature in the restricted temperature range
between 400 and 460 K. Other possible reaction models
clearly supplied worse fits. In particular, it was neces-
sary to consider the last reaction step (Eq. (10)) as
suggested first by Mijovic [26]. Nevertheless, the
kinetic parameters obtained for the non-perfect mea-
surements are only local solutions for the temperatures
having been used. That means, the activation para-
meters using the Arrhenius equation are not necessarily
the best values, particularly due to the extreme correla-
tion between log A and E, (kinetic compensation
effect). In other words, the best local solution for the
above isothermal measurement at a single temperature,
containing individual and different errors, always yields
a somewhat better fit than that of the global solution
(multiple temperatures or multiple heating rates). As a
rule, this is mostly only recognisable on the basis of the
correlation coefficient (least squares) and not usually by
visual comparison between experiment and fit.

Using the new evaluation program and the same
mechanism, we have simultaneously re-evaluated the
isothermal (400, 430 and 460 K) and the non-isother-
mal (0.8, 2 and 5K minfl) measurements of the
system DGEBA/DBMDA. The activation parameters
for the global solution obtained are compared with
the old values in Table 4. The reason for the distinct

Table 4

System DGEBA/DBMDA; Kkinetic parameters according to the
reactions (6)—(10), K; = constant = 0.7 1 mol~!, K, = constant =
0.205 1 mol ', Old: activation parameters from the evaluation of
the isothermal scans at 400, 430 and 460 K. New: activation
parameters from the simultaneous evaluation of both isothermal
(400, 430 and 460 K) and non-isothermal scans (0.8, 2.0 and
10.0 K min™")

Parameter Old New

log A3 (s~ 1 mol™") 4.54 + 0.50 5.03 + 0.33
Eas (kI mol™1) 71.9 4+ 5.1 762 4+ 2.8
log Ay (s ' 1 mol™ ") 3.88 + 0.52 321 +0.25
Eas (kI mol™") 578 + 4.8 523 4+ 2.1
log As (s ' 1 mol™") 3.00 + 0.66 4.07 + 037
Eas (kI mol™) 455459 54.6 4+ 3.2
Correlation coefficient 0.9978 0.9990
Weighted least squares 0.3767 0.1903

variations between the kinetic parameters for one and
the same reaction is the compensation effect, as already
discussed. As shown in Fig. 7, the new activation
parameters are also consistent with the conversion-
dependent E-values, resulting from the model-free
evaluation of all isothermal and non-isothermal
measurements (circles). If only the isothermal mea-
surements are taken into account (triangles), then the
dependence of E, corresponds better with the old
values.

The new program also allows the output of the
concentrations of all components for any reaction
conditions. This is shown in Fig. 8 for the last system.
For the sake of clarity, only the concentrations of the

80

0] ~
o [«

E, / kJ mol”

(9]
(=)

40 4 . .
0.0 0.3 0.6 0.9
partial area

Fig. 7. System DGEBA/DMBA, model-free estimation of the
activation energy. Circles: isothermal and non-isothermal measure-
ments, Triangles: only isothermal runs.
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Fig. 8. System DGEBA/DBMDA, heating rate : 0.8 K min',
concentration profiles of the EOH- and AOH-complexes and of the
addition polymer AP produced according to the three possible
routes (according to Egs. (8-10)), initial concentrations:
e =ca =2.98mol 1", coy = 0.075 mol I"".

OH-complexes and those of the reaction products
produced during the three different reaction steps
(Egs. (8)—(10)) are shown. Mijovic’s arguments [26]
that the route according to Eq. (10) is only active
above a critical concentration of the hydroxyl groups
must now be modified. It does not reach a distinct
significance until sufficient hydroxyl groups are
formed (hence, AOH and EOH complexes). Never-
theless, a kinetic model must consider this new route
during the entire reaction.

4. Conclusions

The new program removes one of the main dis-
advantages of previous evaluation programs: the
restriction to systems with a fixed stoichiometric
composition. The simultaneous evaluation of DSC
curves, belonging to systems with different initial
compositions, is extremely important for two reasons.
Firstly, variable compositions of technical formula-
tions, including possible solvent contents, are more the
rule than the exception. Secondly, searching for or
verifying the most probable reaction mechanism ide-
ally requires the screening of the complete global
reaction field. The evaluation of multiple heating
scans should be a matter of course [13,15]. For the
same reason it is necessary to use different initial
concentrations in order to investigate more complex
reaction mechanisms.

It was shown that the program operates correctly
for all possible combinations of elementary reactions
and equilibrium steps in homogeneous kinetics when
using error-free, calculated DSC curves. Without
exception, the global minimum is found after very
few iterations. The kinetic parameters and reaction
heats exactly reproduce the theoretical values, pre-
supposing that the correct model is used.

Two typical sources of error in DSC experiments
have very different consequences for the correctness
of the model parameters determined. Noisy curves
produce negligible errors. On the other hand, unde-
tected jumps, uncorrected base line curvatures and
non-linear shifts between starting and end point of the
measurements are very critical. In the extreme case,
it is then impossible to find the significantly best
and chemically reasonable model, or an erroneous
sequence of steps is interpreted as being the true
mechanism. This risk can only be diminished by using
repeated scans, obtained under apparently identical
measuring conditions. Further, base line constructions
or better independent base line measurements must be
carried out with the greatest possible care.

When planning measurements for a kinetic evalua-
tion, the selection of the proper window in the global
temperature-time-concentration space is extremely
important. Therefore, temperature-programmed experi-
ments should be carried out using very different heating
rates. At least three (better 5) measurements should be
made in the range between 0.5 and 10 K min~'. This
requirement should cause no practical problems. Using
the correct kinetic model, the kinetic parameters
obtained should then also adequately describe isother-
mal scans. This can be regarded as a test procedure
concerning the correctness of the model. But the best
way is always to include some isothermal experiments
into the kinetic evaluation. Using only isothermal
measurements cannot be recommended. Apart from a
few reactions with very simple mechanisms, the experi-
mentally accessible reaction window is much too small
for reliable calculations.

Numerous advantages of the new program are
discussed above. For example, unrestricted validity
of the results for any initial compositions including
different amounts of catalysts, solvents and non-reac-
tive fillers, inclusion of equilibrium reactions, con-
siderations of volume changes during the reaction. But
one disadvantage should not be concealed. It is much
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more time consuming when compared to a formal-
kinetic evaluation. This concerns both the measure-
ments (sometimes including additional and necessary
information from other analytical techniques) and the
non-linear regression itself. The user has to estimate
the cost-benefit ratio. If the aim is not to find the
“true” mechanism but only to find a model which
describes the behavior of a just investigated reaction
mixture as well as possible, then a formal-kinetic
evaluation is easier and much faster. The fit to the
experimental curves is usually just as good. On the
other hand, more complicated tasks are naturally more
time-consuming, but this is not typical for the program
presented here.
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