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Lenses (made of allyl monomers like DADC) of different shapes and sizes are pro-
duced via free-radical bulk polymerization in a casting process. Preparation of large
number products of different sizes can represent a problem because of the heat released
during polymerization, which can consequently lead to distortion of the structure. An in-
vestigation of the polymerization, using DSC, was performed in order to determine ap-
parent kinetic parameters of the system. Isoconversional multiple heating rate method
(MHR) according to Friedman, residual heat analysis of isothermally precured samples
and single heat method (SHR), was applied to determine the kinetic parameters. ROn
single step reaction model was used to approximate the complex and multi step process.
With the application of the “compensation effect” in the form of linear equation /n4 =
aFa,app + b the possibility to unify the kinetic parameters, from the different methods to
common one, was established. Kinetic triplet from the common point Ea,app = 128.23
kJ/mol, InA = 37.133 (1.34 - 106 s7!) and f(a) = (1-a)"*} can be successfully used for the
simulations of nonisothermal and isothermal curing processes of DADC initiated with
5 % of CHPC. On a basis of the proposed method it can be concluded that all applied ki-

netic analysis methods give almost the same equivalent kinetic results.
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Introduction

Allyl monomers form high transparent high
abrasion and impact resistance thermally stable poly-
mers. Among them diethylene glycol bis(allyl car-
bonate) (DADC) is one of the most used monomers
for the producing of the high performance ophthal-
mic lenses. High heat evolution (approx. 390 J/g)
and unpleasant geometry (lens shape) are the reasons
for most of the problems during its polymerization
process. A well-controlled, slow polymerization is
needed to prevent optical defects in the resulting
polymer. To assure such requirements correct and ac-
curate kinetic data must be used for the developing
of an application cure cycle. Our finding gives the
possibility to unify Ea,app data from single heating
rate — SHR and multiple heating rate — MHR method
to single or common kinetic triplet (Ea,app, 4, fia)).
Such data can be applied for the prediction of iso-
thermal and dynamic or nonisothermal kinetic mode
from which any application curing cycle consists of.
Study is based on differential scanning calorimetry
(DSC) experiments performed in nonisothermal or
dynamic and isothermal mode.

Allyl polymerization expresses no microge-
lation and no Trommsdorff effect! and this is the

main reason that the heat evolved during isothermal
curing process is very low and cannot be detected
by common DSC. Alternatives are to perform indi-
rect isothermal curing method?> where isothermally
precured samples are scanned for residual heat and
nonisothermal or dynamic curing mode. To estab-
lish the kinetic parameters of the curing system
from DSC data, some assumptions should be ac-
cepted: reaction extent is associated with conver-
sion (&), the conversion rate (da/dt) is proportional
to the measured heat flow (dQ/dt), and the tempera-
ture dependence of the rate constant k(7) is de-
scribed by the Arrhenius equation. Basic differen-
tial equations can be described as:

da_do 1
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Total heat flow (Q,,) was obtained with the in-
tegration of the total peak area of the measured heat
flow (dQ/df) in mW normalized to a sample mass.
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Isoconversional kinetic analysis (MHR-method)
was performed using differential equations proposed
by Friedman® (Eq. 2), which allows “model-free”
calculation of apparent activation energy from the
slopes of the lines when In(da/dt) is plotted against
1/T at different c.

To calculate the Arrhenius preexponential fac-
tor A from the Eq. 2 the reaction model f{a) should
be determined. Reaction model was selected among
basic models? for thermosets. Reaction is not
autocatalyzed so the general one-step reaction
model of ROn type was applied:

fl=01-a)". 3)

The logarithmic form of the combination of the
Eq. 1 and 3 can be used for the multilinear regres-
sion calculation method of the kinetic parameters
(SHR-method):

da Ea,app 1
In{—|[=In4- —+n-In(l1— 4
n(dt) n R " n(d-a) 4

Eq. 2 and 4 give the possibility to calculate the
kinetic triplet (Ea, 4, fla)) at whole range of con-
versions from nonisothermal experiments.

Such results from MHR or SHR method vary
with the reaction extent, heating rate and the calcu-
lation method used. The problem of this variation is
that no chemical or physical evidence for the varia-
tion can be identified. The main reason for this situ-
ation comes from the concept of the reaction kinet-
ics definition. They introduce the concept of homo-
geneous reaction system into the solid (and/or tran-
sition)-state kinetics and many reaction models
were developed.* The mechanistic interpretation of
solid-state kinetics is based on the concept of sin-
gle-step reaction mechanism:

da
o D @)= k(1) @)= kg (T) fn(@) 6)

The kinetic rate constant k(7) is temperature
dependent part and fla) represents the reactant con-
centration dependent part. And from this point, still
controversial>®’ views start to occur.

Basic intention is to separate measured reaction
rates data (da/df) mathematically into temperature
and concentration dependent part. Both parts are in-
terdependent and with the selection of reaction
model fla) other part k(7T) is defined, such depend-
ence is defined as a “compensation effect™® or
isokinetic relationship (IKR). There exist two
“compensation effects” in Eq. 5, first one exists
among k(7) and fla) and second one inside k(7).
Temperature dependence of reaction rate constant is
described by Arrhenius equation (Eq.1) that con-
sists of preexponential factor 4o and activation en-

ergy Ea and compensation effect appears among
them. This last compensating behaviour is defined
as a “compensation effect”®® which is of the main
concern in this article. The problem begins with the
definition of “true” or “real” reaction model what is
practically impossible. Reaction model is often sup-
posed as possible one and according to this selec-
tion reaction rate constant k(7) is defined. Vyazov-
kin'® proposed “independent” and ‘“model-free”
(without predefined reaction model) definition of
calculation of the apparent activation energy
(Ea,app) from which, in second step, reaction rate
constant can be calculated (and also related 4, Eq.
2).

As for most of the reaction models, the varia-
tion in fla) with « is practically negligible as com-
pared to the variation of the k(7) with 7.* one can
derive from the logarithmic form of Eq. 5 the fol-
lowing approximate equality:

1

Inkg=Ind, ———"E,; 6
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And the Eq. 6 suggests a linear correlation be-
tween the values of E; and /n4}®:

Ind,=Inky+(R-T)""“E, >Inds=b+a-E; (7)

Finally, it is obvious that linear relation can
compensate (give the same k(7)) between 4 and Ea,
practically for any of defined Ea. This means that
the correct or “real” definition of the Fa becomes a
crucial point of this procedure.

Another problem is the application of the iso-
thermal and nonisothermal kinetic results because
they often disagree among each other.® There are
two major reasons for this disagreement: (i) the
prevalent use of kinetic method that involves force
fitting of nonisothermal data to hypothetical reac-
tion model and (ii) the experiments are conducted
inside significantly different temperature regions.
Arrhenius parameters are determined by separating
the contributions of k(7) and fla) to the rate of
given process. Usually this is done by “best fit”
procedure of some reaction models to experimental
kinetic curve. This procedure is correct only for iso-
thermal kinetics where f{c) and k(7) are experimen-
tally separated (k(7) = const.) what is not the case
in nonisothermal experimental data. However, most
of commonly accepted computation methods use
such an assumption for nonisothermal calculations8
and this means that practically any reaction model
fla) can be compensated with &(7) to “best-fit” ex-
perimental data.

The use of model-free analysis according to
Friedman,?> Ozawa-Flynn-Wall'® or Vyazovkin' is
simple enough and avoids errors connected with the
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choice of reaction model but there are some neces-
sary conditions required for its application.® The
DSC signal should not be composed of opposite
signs (like endothermic and exothermic), process
should not consist of branched reaction paths and
it should not be under diffusion control, there
should be no back reactions and distinct variation of
the reaction stoichiometries.® However, these re-
strictions are not valid for kinetic analysis using
non-linear regression and model-fit method. Some
disadvantages of this procedure can be eliminated
with the use of model-free analysis data as starting
values.

From our previous work!! it is possible to ap-
ply the procedure where only one kinetic triplet
(Ea,app, A, fla)) can be find out to fit accurate
enough, both, isothermal and nonisothermal experi-
mental data. Anyway, it is obvious that constant ac-
tivation energy can only be expected for single-step
reactions and such an Ea can only be apparent
quantity based on quasi single reaction step.

In many polymerization systems main problem
is heat balance in the system and the detail mecha-
nism of polymerization is not of the main concern.
In such cases overall kinetics can help to predict ac-
curately heat generation and temperature profile
during polymerization in different shapes and sizes.
DSC as simple and accurate method, beside its bad
sides, give enough possibility for technologists to
use them as a valuable instrument for studying the
necessary background needed to manage the poly-
merization processes successfully. From this point
of view the aim of this work is to represent a
method for determining the consistent and reliable
kinetic triplet independently of process conditions
and method of calculation.

Experimental

Monomer, diethylene glycol bis(allyl carbon-
ate) (DADC) technically pure (AKZO NOBEL,
Netherlands) was applied for the preparing of the
polymerization mixture with dicyclohexyl peroxy
dicarbonate (CHPC) (Laporte, Germany). Clear, ho-
mogeneous particle free solution was prepared at
room temperature under nitrogen atmosphere.
Curing experiments were conducted with 5 % solu-
tion of CHPC in DADC. Polymerization was per-
formed in differential scanning calorimeter (DSC)
Mettler Toledo 821c at constant atmospheric pres-
sure in nitrogen atmosphere. Nonisothermal experi-
ments were performed at heating rates (8) from 2 to
20 K/min, respectively, in a temperature range of
approx. 40-160 °C with N, flow of 100 ml/min.
DSC samples were placed in 40 uL. aluminium cru-
cibles with a perforated lid. Samples have been

weighted accurately in a range of 3—12 mg. The
sample mass was selected according to recommen-
dation from ASTM 698,!? that peak of heat flow at
given geometry and mass (40 uL Al crucible)
should not exceed 8 mW to avoid auto acceleration.

Isothermally precured samples to different re-
action extent () were prepared in DSC under N,
atmosphere. The samples were scanned for residual
heat immediately after isothermal curing without
removing the sample inside the same temperature
program.

Thermal decomposition of the CHPC is a
highly exothermic process. Because of that the heat
of the decomposition was subtracted from the heat
of the polymerization. The reason is to eliminate the
reaction of the initiator decomposition from the
polymerization process. Reaction of the thermal de-
composition of the CHPC was evaluated in the
DSC at the same conditions and concentration as a
studied sample. Dibutyl phthalate (DBP) was used
as a neutral solvent to simulate thermal decomposi-
tion of CHPC without polymerization.

Results and discussion

Nonisothermal method

Isoconversional kinetic analysis was performed
using differential equation according to Friedman?
(Eq. 2). Calculation is based on experiments per-
formed at different heating rates. We select consis-
tent reaction rates in three ranges: LOW heating
range with 8 =2, 3.5 and 5 K/min; MED range with
B =17, 10 and 12 K/min; HIGH range with 8 = 15,
17 and 20 K/min. According to this ranges kinetic
parameters were calculated at different reaction ex-
tent. Figure 1 represents such calculation as an ex-
ample for a LOW heating range.
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Fig. 1 — Model free determination of Ea,app at different «
according to Friedman, LOW range of 8



68 D. KLINAR et al., Curing of the Diethylene Glycol Bis(Allyl Carbonate) Determination ..., Chem. Biochem. Eng. Q. 18 (1) 65-71 (2004)

@
&5 an
=]
i
H
]
% aA
E R A E L
|
E' k il 1} T WA
E g 1
R a4 P Rl
= \
o1 af 1% WO 'y
S v L1
a3 '.Ill. i i "
-\.
g
E -
L]
o L&
n ni ind L] i1 ]
O |

Fig. 2 — Plot of the y(x) and z(x) auxiliary functions for
testing the reliability of ROn model

In the next step we need to test the consistency
of use of a single step reaction model ROn to (EQ
3) fit the kinetic curve data. Known calculation pro-
cedure proposed by Mdlek et al.,'3 represented in
detail also in previous work,!! gives as a result of a
plot of two auxiliary concave functions y(a) and
z(a) which maximums should be in certain order to
indicate the consistency of use of the ROn reaction
model. First must be the maximum of a y(a), than
z(c) function and both should be at less than refer-
ence line at 0.633 of whole conversion. In Figure 2
such a procedure is represented for a reaction sys-
tem under consideration, the reliability of use of the
ROn model was confirmed.

Reaction order 7 in the selected reaction model
was calculated as the average value from the whole
range of heating rates. SHR and multilinear regres-
sion method was applied (Eq. 4) on each set of ex-
perimental data. As shown in Figure 3 an average
value of 1.33 was selected.
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Fig. 3 — Reaction order n at different  calc. with SHR and
multilinear regression method

With definition of reaction order » all elements
for the final calculation of the reaction kinetic data
are available. Results of the Friedman isoconversio-
nal analysis at different extent of the reaction (&)
are represented in Figure 4.
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Fig. 4 — Results of the isoconversional analysis of the kinetic

parameters at different B and reaction extent (o)

From the results represented in a Fig. 4 it can
be concluded that the polymerization of the DADC
with 5 % of CHPC at nonisothermal conditions (8 =
2-20 K/min) is a typical complex and multi-step re-
action system.!4

With the defined kinetic parameters for each
conversion it is possible to express the IKR or com-
pensation effect for a nonisothermal curing process.
At each conversion three points were taken from
LOW, MED and HIGH group of heating rates (8) to
get IKR lines. Lines were extended to the whole
range of Ea to be comparable with each other. Re-
sults in a Figure 5 show linear relationship and ten-
dency to converge to one point except the line at
high (¢ = 0.95) conversion. Lines do not inter-
sect but form a narrowest point signed as NP. The
point at Ea,app = 128.23 kJ/mol and /n4 = 37.133
(1.34 - 10'° s71) was taken as a common point for all

Ea.app [slimad]

Fig. 5 — IKR lines for nonisothermal curing process for
each a from LOW, MED and HIGH 3
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nonisothermal experiments. For the purposes to test
the reliability of parameters at NP point the correla-
tion among simulated (calculated) and experimental
conversion data was calculated.

Results of the correlation between calculated
and simulated data for three typical heating rates (2,
10 and 20 K/min) are collected in the Table 1.

Analysis of the data from Table 1 clearly shows
that parameters correlate best in the mid of the
whole range of 8. The correlation is better for low
heating rates than at high ones, but deviation is still
very good and acceptable for projecting the indus-
trial curing cycles. For the practical comparison re-
action times are also represented. In industrial prac-
tice low heating rates are usually used to avoid
auto-accelerating effect (due to poor heat transfer)
in the centre of product shape.

Isothermal and SHR method

Isothermal curing method is basically impor-
tant because a huge part of the industrial curing cy-
cles consist of isothermal segments (in average
80 % of curing time). To predict conversion accu-
rately or correct curing rates some relevant kinetic
data are needed. It was discussed above that allyl
polymerization systems are very slow and express
no Trommsdorff effect. These are the main reasons
that direct isothermal measurements in DSC are not
possible. Indirect method was applied. Samples are
isothermally precured and nonisothermally scanned
(at § = 10 K/min) for residual heat. Results can be
expressed as a = f{f) function. Conversion as a
function of time curves was fitted with the selected
reaction model (Eq. 3) in the same range of Ea,app,
as in nonisothermal case, to get best preexponential
factors Ao. Calculated pairs of Ea,app and InA rep-
resent IKR relationship for isothermal curing re-
gime and can be compared with nonisothermal one
for each temperature, respectively. Results are col-
lected in a Table 2.

International “ICTAC” Kkinetics project'> for-
mulate in the year 2000 a message about SHR

Table 2 — IKR calculated parameters for isothermal
precured samples

IKR relat. In 4 =a Ea + b

Temp.

a b Ea,app. | In 4 Ao
°C
50 0.37241 -10.6207 128.23 37.270 1.5352E+16
60 0.36097 — 9.0170 128.23 37.133 1.3386E+16

Isothermal method II (residual heat) DADC + 5 % CHPC

method: “With the ready availability of ... good
analysis programs, kinetic analysis using single
heating rate methods should no longer be consid-
ered in the thermal analysis community”. That
means SHR method should be avoided in kinetic
studies. But chemical engineers and technologists
still apply SHR method in some industrial applica-
tions because of its simplicity and still enough ac-
curate results'®!7 in some cases. Our intention is to
compare SHR results with isoconversional results
to find out discrepancies among them and probably
the reasons for this.

With the multilinear regression of the experi-
mental results (Eq. 4) for each heating rate some
SHR kinetic parameters can be calculated. Results
from the Table 3 are separated in three groups. First
group of B from 2—10 K/min expresses perfect lin-
ear IKR relation, 10 and 12 K/min behave like tran-
sition to next line representing 17 and 20 K/min
samples. IKR relationship was calculated for both
groups (Table 3) and can be compared with other
results.

Finally, we compare all calculated results to-
gether in one diagram in Figure 6. Interesting re-
sults appear, parameters at nonisothermal narrowest
— NP point covers almost all results, isothermal IKR
line at 50 °C even crosses the NP point. SHR line
for samples 2—10 K/min lies on the 10 K/min line

Table 1 — Correlation among simulated (calculated) and experimental conversion data with NP parameters
Reaction time for a = 0.4
Kineti P ool heating rate correlation
inetic parameters at NP point K min™! 72 calculated experimental difference

s s s
Ea,app = 128.23, kJ mol™! 2 0.999282 234 240 6
Ao = 1.34 E16, s-1 10 0.999978 - - -
20 0.996065 1766 1782 16

correl. for whole range a (0.05-0.95)




70 D. KLINAR et al., Curing of the Diethylene Glycol Bis(Allyl Carbonate) Determination ..., Chem. Biochem. Eng. Q. 18 (1) 65-71 (2004)

Table 3 - Kinetic results from multilinear regression —
SHR method
Heating rate| Ea,app Ao Reaction order
K min™" | kJ mol™! o A 5! n
20 129.43  37.2733 1.540E+16 1.3016
17 125.61 36.0527 4.544E+15 1.2726
15 127.07 36.5867 7.752E+15 1.3172
12 128.81 37.2133 1.450E+16 1.3564
10 128.85 37.3140 1.604E+16 1.3521
7 131.21 38.0639 3.396E+16 1.4319
5 124.55 35.9242 3.997E+15 1.3225
3.5 120.28 34.5071 9.688E+14 1.3597
2 118.50 33.8417 4.980E+14 1.3692

In A=aEa+b for 2-10 K min~! @ =0.3306 and »=-5.283

In A=aBa+ b for 17-20 K min~! @=0.3195 and b=-4.0827

0%

375

—8—2K/min
—&—10 K/min

20 K/min
60°C izoth.
section point

36.0 50°C izoth.

X & o x o

MultiLINregress DATA 2-10 K/min
—%— MultiLINregressDATA 17-20 K/min

ERROR BARS * 1%

124 125 126 127 128 129 130 131 132

Ea,app [kJ/mol]

Fig. 6 — IKR for nonisothermal conditions, for isother-
mally precured samples and SHR method

calculated with isoconversional method and both go
very close to the NP point. Lines for high heating
rates are almost the same no matter of the calcula-
tion method; their deviation from NP is not signifi-
cant. Correlations for the isothermal lines at 50 °C
and 60 °C are 72 = 0.999332 and r* = 0.99544, re-
spectively, with the simulations from NP parame-
ters. This means the NP point can be applied as a
common point. It can be used for both curing re-
gimes in a proposed quasi one step reaction model.

Conclusions

The overall or apparent kinetics of the DADC
polymerization with 5 % CHPC were established

using DSC. Isoconversional multiple-heating rate
method (MHR), residual heat analysis of isother-
mally precured samples, and single heat method
(SHR) were applied to determine the kinetic para-
meters. With the single step reaction model
(ROn-type) a complex and multistep reaction sys-
tem can be approximated. With the proposed proce-
dure based on a “compensation effect” all three
groups of the kinetic results can be unified in one
common kinetic triplet.

Kinetic triplet from the common point Ea,app
= [128.23 kJ/mol, InA = 37.133 (1.3410 - 100 s7!)
and f{a) = (I-a)"3? can be successfully used for the
simulations of nonisothermal and isothermal curing
processes as a quasi single step reaction model. Ki-
netic parameters can be applied to model the poly-
merization process in terms of the temperature dis-
tribution for different shapes and sizes of the lenses
at different experimental conditions, which is im-
portant for the production of the products with al-
most perfect optical homogeneous structure.

Symbols

MHR - multiple heating rate method

SHR - single heating rate method

DADC - diethylene glycol bis(allyl carbonate)
CHPC - dicyclohexyl peroxy dicarbonate
Ea,app — apparent activation energy, kJ mol™!
Ao - preexponential factor, 1 s7!

InA - natural logarithm of Ao

DSC - differential scanning calorimetry

— slope of the linear equation (Eq. 7)

— intercept of the linear equation (Eq. 7)
— gas constant, J mol™' K™

— temperature, K

— order of the reaction

— conversion, reaction extent

— factor producing a change in Arrhenius parame-
ters

heating rate [K/min]
IKR - isokinetic relationship (compensation effect)

= QB N SR

NP - narrowest point
2

MLIN - multilinear regression

square of the correlation coefficient

ROn - reaction model of type — (1- a)"
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