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SYNOPSIS

The cure of a liquid dicyanate ester monomer, which reacts to form a high-T, (=~200°C)
polycyanurate network, has been investigated using differential scanning calorimetry (DSC),
Fourier transform infrared spectroscopy (FTIR), and a dynamic mechanical technique,
torsional braid analysis (TBA). The monomer is cured with and without catalyst. The
same one-to-one relationship between fractional conversion and the dimensionless glass
transition temperature is found from DSC data for both the uncatalyzed and catalyzed
systems, independent of cure temperature, signifying that the same polymeric structure is
produced. T, is the parameter used to monitor the curing reactions since it is uniquely
related to conversion, is sensitive, is accurately determined, and is also directly related to
the solidification process. The rate of uncatalyzed reaction is found to be much slower than
that of the catalyzed reaction. The apparent overall activation energy for the uncatalyzed
reaction is found to be greater than that of the catalyzed reaction (22 and 13 kcal/mol,
respectively) from time-temperature superposition of experimental isothermal 7, vs. In
time data to form kinetically-controlled master curves for the two systems. Although the
time-temperature superposition analysis does not necessitate knowledge of the rate expres-
sion, it has limitations, because if the curing process consists of parallel reactions with
different activation energies, as is considered to be the case from analysis of the FTIR data,
there should not be a kinetically-controlled master curve. Consequently, a kinetic model,
which can be satisfactorily extrapolated, is developed from FTIR isothermal cure studies
of the uncatalyzed reaction. The FTIR data for the uncatalyzed system at high cure tem-
peratures, where the material is in the liquid or rubbery states throughout cure, 190 to
220°C, are fitted by a model of two parallel reactions, which are second-order and second-
order autocatalytic (with activation energies of 11 and 29 kcal/mol), respectively. Using
the model parameters determined from the FTIR studies and the relationship between T,
and conversion from DSC studies, 7, vs. time curves are calculated for the uncatalyzed
system and found to agree with DSC experimental results for isothermal cure temperatures
from 120 to 200°C to even beyond vitrification. The DSC data for the catalyzed system
are also described by the same kinetic model after incorporating changes in the pre-ex-
ponential frequency factors {due to the higher concentration of catalyst) and after incor-
porating diffusion-control, which occurs prior to vitrification in the catalyzed system (but
well after vitrification in the uncatalyzed system). Time-temperature-transformation (TTT)
isothermal cure diagrams for both systems are calculated from the kinetic model and com-
pared to experimental TBA data. Experimental gelation is found to occur at a conversion
of approximately 64% in the catalyzed system by comparison of experimental macroscopic
gelation at the various curing temperatures and iso-T, (iso-conversion) curves calculated
from the kinetic model. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

The cure kinetics of a new liquid dicyanate ester
monomer, both uncatalyzed and catalyzed, are in-
vestigated in this work. The chemical structures of
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the monomer and polymer are shown in Figure 1.
The monomer was commercially introduced in 1990
for use in structural composite, adhesive, coating,
and electronic applications,® and differs from the
more commonly used bisphenol A dicyanate ester
monomer in that it is a liquid at room temperature
and has a higher molecular weight, which decreases
volatility.

461



462 SIMON AND GILLHAM

Structures of Monomer and Polymer
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Figure 1 Structures of monomer and polymer: dicyanate ester reacts to form polycy-

anurate.

Dicyanate ester monomers generally cure via an
addition trimerization reaction, without volatile by-
products, to form high-T, amorphous thermosetting
network materials. The polycyanurate family of
polymers displays high 7s, toughness, low moisture
absorption, and low dielectric constant and loss.?
The monomer/polymer system has several other
properties, which facilitate theoretical study, in-
cluding high purity and strong characteristic in-
frared absorption bands for both reactant and prod-
uct species.

The isothermal time-temperature-transforma-
tion (TTT) cure diagram, which was developed for
epoxy systems, is a useful intellectual framework
for analyzing cure processes of thermosetting sys-
tems.3* The TTT diagram, shown in Figure 2, dis-
plays the time to reach various events during iso-
thermal cure at different cure temperatures, 7T,. As
a thermosetting material cures, its glass transition
temperature, T,, increases from an initial value of
Ty, due to increasing molecular weight, which ac-
companies a corresponding decrease in the fraction
of free volume associated with chain ends (i.e., un-
reacted cyanate ester groups). Ideal molecular ge-
lation is the incipient formation of infinite molecules
that occurs at a specific conversion and at a corre-
sponding T, of ,oT,. For the dicyanate ester/poly-
cyanurate system studied in this work, ideal molec-
ular gelation will theoretically occur at a conversion
of 50%?; in contrast, macroscopic gelation, which

can be associated with an isoviscous state, occurs at
an experimental conversion of approximately 64%
(see below). After molecular gelation, T, increases
due to increasing crosslink density, as well as to in-
creasing number average molecular weight (of the
sol/gel mixture) and decreasing number of chain
ends. As T, approaches the temperature of cure, the
material enters the glass transition region and is
defined to vitrify or solidify when T, equals 7. In
an ideal system, gelation and vitrification would oc-
cur simultaneously at a cure temperature ,7,. The
reaction may become progressively diffusion-con-
trolled as the segmental mobility decreases during
cure. In this work, diffusion control is found to be
insignificant in the uncatalyzed system to beyond
vitrification for the timescales investigated, whereas
it occurs in the rubbery state prior to vitrification
in the catalyzed system. In contrast, for a high-7,
epoxy /amine system, the onset of diffusion control
was associated with vitrification.®® After vitrifica-
tion, the reaction rate is affected by both chemical
reaction and physical aging: the segmental mobility
decreases with increasing chemical conversion cor-
responding to an increase in T,; and the segmental
mobility decreases with time due to physical aging,
which occurs when a material is in the nonequilib-
rium state below its glass transition. If the cure tem-
perature is above the T} of the fully cured material,
T, , the material cannot vitrify at 7.

A kinetic mechanism for the aryl phenol/triazine
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Figure2 Generalized time-temperature-transformation (T'TT) isothermal cure diagram.
From J. Appl. Polym. Sci., 41, 2885-2929 (1990).

catalyzed trimerization reaction of dicyanate esters
has been proposed.® The researchers observed that,
although dicyanate esters can be homopolymerized,
no reaction will take place if absolutely pure aro-
matic dicyanate ester is heated. Their proposed
mechanism for the reaction of an aromatic dicyanate
ester involves cyanate ester reacting with aryl phenol
impurity under triazine catalysis to produce an im-
idocarbonate intermediate, which then reacts with
two cyanate groups to form triazing and to regen-
erate the aryl phenol. Their proposed start-up re-
action in the absence of the triazine product involves
catalysis by adventitious water and aryl phenol, both
of which are assumed to be present in the monomer.
Calculations, based on the proposed model, fitted
the experimental data to approximately 60% con-
version. Activation energies of 53 and 84 kJ/mol
(13 and 20 kcal /mol) were found for the reaction
to form imidocarbonate and the reaction of imido-
carbonate to triazine, respectively. The researchers
separately described the overall reaction, again to
approximately 60% conversion, by first order ki-
netics with an overall activation energy of 80 kdJ/
mol (20 kcal /mol).?

The mechanism for the water/chromium ace-
tylacetonate catalyzed trimerization of a dicyanate
ester has been investigated by other researchers.'®
Their model involves reaction of the monomer with
catalyst to form a metal complex intermediate with
reduced electron density at the carbon of the cyanate

group, which then reacts stepwise with the nucleo-
philic nitrogens of other cyanate groups to form the
triazine and regenerate the metal complex inter-
mediate.

Concurrently with the research presented in this
work, another group of researchers has modeled the
uncatalyzed and catalyzed reactions of bisphenol A
dicyanate and has examined the effects of various
catalysts.'*® Their model for catalyzed systems,
which is second-order with respect to cyanate con-
centration and first-order with respect to metal cat-
alyst concentration, fits their experimental FTIR
conversion vs time data to beyond gelation for cure
temperatures from 130 to 200°C, 2713 but appears to
deviate from the data in the rubbery state when T,
is approximately 50 to 70°C below T.. The model
for the uncatalyzed system consists of two additive
terms, which are first-order plus first-order auto-
catalytic with respect to cyanate concentration.*?
Diffusion-control is not incorporated into either of
the models. In contrast, in the present work, one
model consisting of two terms, with diffusion-control
incorporated, is invoked to describe both the un-
catalyzed and catalyzed systems studied.

The particular dicyanate ester monomer studied
in the present work was chosen on the basis of pre-
liminary experiments on several other then-available
dicyanate ester systems.® The cure of both uncata-
lyzed and catalyzed systems are studied using dif-
ferential scanning calorimetry (DSC), Fourier
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transform infrared spectroscopy (FTIR), and a dy-
namic mechanical technique, torsional braid anal-
ysis (TBA). The glass transition temperature, T},
which is found to be related to fractional conversion
in a one-to-one manner, is used as a direct measure
of conversion in the DSC work, rather than using
the conversion obtained by the residual heat of the
reaction, because T, is more sensitive and more ac-
curately measured.® The relationship between T, and
conversion is further investigated. A mathematical
model of the cure kinetics of the uncatalyzed system
is determined from FTIR studies in a limited and
high temperature range, and is then checked for
consistency by comparing calculated and experi-
mental DSC data in a wider temperature range. The
model is also applied to the catalyzed system with
the incorporation of diffusion control. Time-tem-
perature-transformation (TTT) isothermal cure
diagrams are calculated for both systems from the
kinetic model and compared to isothermal TBA
data.

Preliminary work in this laboratory on the cure
and physical aging of the subject dicyanate ester/
polycyanurate system has been published.!*-!¢
“Anomalous” behavior of properties in the glassy
state (e.g., the modulus at a fixed temperature passes
through a maximum with increasing extent of cure)

L«JL,~ v

has also been investigated.®!'® A more complete
report is available.?

MATERIALS

The thermosetting system investigated is a liquid
dicyanate ester, derived from 4,4'-[1,3-phenylene
bis (1-methylethylidene)] bisphenol, (Rhéne-
Poulenc High Performance Resins, RTX366) cured
without catalyst and with catalyst. A *C NMR
spectrum of the uncatalyzed monomer, shown in
Figure 3, demonstrates the purity and confirms the
chemical structure of the monomer.?’ In the *C
NMR spectrum, the two aliphatic carbons are as-
sociated with the upfield peaks, whereas the down-
field peaks are associated with the eight aromatic
carbons. The unsplit peak associated with the cya-
nate carbon is at approximately 107 ppm.%! A proton
NMR spectrum® is shown elsewhere.?

The catalyzed system consists of 100 parts by
weight monomer and 2 parts by weight of added cat-
alyst. The added catalyst is 8.5 wt % copper naph-
thenate (8 wt % of which is copper) in 91.5 wt %
nonylphenol (Rhéne-Poulenc High Performance
Resins, ESR 273). The added metal ion concentra-
tion in the catalyzed system corresponds to 136 ppm

..
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PPM
Figure 3 '*C NMR spectrum of uncatalyzed monomer, with dimethyl sulfoxide —d6 as

the external reference, acquired under weak decoupling in the melt at 60°C.%
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by weight per total weight, whereas the added non-
vlphenol concentration corresponds to 1.7 mol %
per mole of cyanate groups. Before adding the cat-
alyst, the monomer is heated to 100°C for 3 min to
remove any crystallites formed during prolonged
storage in the freezer (= —15°C) and then is allowed
to cool to room temperature. The catalyst is added
dropwise during mechanical stirring. Both the cat-
alyzed and uncatalyzed samples are stored in a des-
sicator in the freezer until needed. No crystallites
formed in the catalyzed system during cold storage.
No attempt was made to exclude air during mixing
or storage.

The glass transition temperature of the amor-
phous monomer without catalyst is —26°C by DSC
at 10°C/min and —15°C by TBA at 1°C /min (from
the maximum in logarithmic decrement). The
melting temperature of the monomer is 41°C by
DSC. The maximum experimental value of T, for
the “fully-cured” polymeric network, T, , is ap-
proximately 198 and 204°C by DSC and TBA, re-
spectively, for the uncatalyzed system. T, for the
catalyzed system, in which the nonylphenyl catalyst
acts as a plasticizer, is lower at 182 and 190°C, re-
spectively. The monomer was specifically synthe-
sized for the project by W. M. Craig of Rhone-Poul-
enc High Performance Resins on the basis of our
need for a pure, non-volatile liquid monomer for sci-
entific investigations, since preliminary work on
other lower molecular weight dicyanate ester mono-
mers was complicated by volatility.®

EXPERIMENTAL PROCEDURES

A Perkin—-Elmer DSC-4 unit was used for differential
scanning calorimetry. Five to ten milligrams of the
uncured monomer, either uncatalyzed or catalyzed,
were sealed in aluminum pans and cured in the DSC
itself under nitrogen purge at cure temperatures, T,
from 100 to 200°C and for cure times ranging from
1 to 24 h. Samples cured from 24 h to 4 weeks were
cured in a nitrogen-purged press oven, rather than
in the DSC. The DSC-cured samples were cooled to
-30°C at 10°C/min, whereas the oven-cured sam-
ples were free-cooled to room-temperature and
placed in the DSC and cooled to —30°C at 10°C/
min. The samples are then scanned from —30 to
380°C at 10°C/min. No discrepancy between the
two curing methods was observed. Samples, which
have vitrified during cure (7T, > T.), show an en-
dothermic physical aging peak in the vicinity of 7}.%
In order to eliminate the physical aging peak and,
therefore, the effects of physical aging on T, the
sample was quenched to —30 at 320°C/min after

scanning up to just beyond the aging peak, and then
rescanned from —30 to 380°C at 10°C/min. This
procedure has been described in other work from
our laboratory®® and does not affect the measured
value of T, significantly: calculations based on the
proposed kinetic model of the reaction (see below)
demonstrate that the increase in T} is less than 0.1°C
for the uncatalyzed system and less than 0.5°C for
the catalyzed system, both within the error of the
measurement of approximately +1°C.2

The DSC scans yield the glass transition, T}, and
the exothermic residual heat of reaction. The total
heats of reaction are —100 and —96 kJ /mol of cy-
anate groups (—24 and —23 kcal/mol), for the un-
catalyzed and catalyzed systems, respectively. The
error in the total heats is considered to be approx-
imately 5%. The similarity of the heats of reaction
for the two systems indicates that the same reactions
occur in the two systems. The heats compare fa-
vorably to those found in preliminary studies of 4,4'-
dicyanato 2,2-diphenylpropane, commonly referred
to as bisphenol A dicyanate, and 4,4'-dicyanato 1,1-
diphenylethane ( Arocy B10 and Arocy L10, Rhéne-
Poulenc High Performance Resins, respectively),
which displayed heats of —89 and —110 kJ /mol of
cyanate for the uncatalyzed systems, respectively,
and —87 and —90 kJ/mol of cyanate for the cata-
lyzed systems, respectively.® Other researchers re-
port values of the heat of bisphenol A dicyanate
polymerization of —104 kd /mol of cyanate (20°C/
min),?? —105 kJ /mol (10°C/min),®and —110kJ /
mol (10°C/min),%? whereas yet another group of
researchers report that the heat is —97 + 14 kJ /mol
of cyanate (20°C/min) and attribute the error band
to volatility of the monomer.? Researchers asso-
ciated with the synthesis of the dicyanate ester
studied in this work report that the heat of poly-
merization for various dicyanate ester monomers
ranges from —92 to —100 kJ /mol of cyanate.?

The DSC conversion is determined for a partially
cured sample by:

x(DSC) =%A—;{AH’—) (1)
T

where AH 1 is the total heat of reaction of an initially
uncured sample and AH, is the residual heat for a
partially cured sample.

Infrared spectroscopy is accomplished using a
Nicolet 170SX spectrometer with a mercury cad-
mium telluride (MCT) detector. A closed, nitrogen-
purged, Harrick heating cell is used to cure unca-
talyzed samples in situ at five cure temperatures
from 190 to 220°C (i.e., in the liquid or rubbery



466 SIMON AND GILLHAM

states, since at lower cure temperatures vitrification
can affect the infrared absorption coefficients). NaCl
salt plates are polished, heated to above 100°C, and
then placed in the nitrogen-purged FTIR bench to
minimize absorbed moisture prior to placing the liq-
uid monomer between them. Care is taken in sample
preparation in order to prevent trapping air bubbles
in the sandwiched sample, which can cause spurious
absorption peaks in the vicinity of gelation (and vit-
rification). The sample is then placed in the heating
cell, which is maintained at 100°C, and the cell is
placed in the FTIR apparatus. The system is purged
with nitrogen for 30 min, during which the sample
does not react due to the low rate of reaction of the
uncatalyzed system (the fractional conversion is less
than 0.001 after 30 min at 100°C, based on the ki-
netic model, see below). An IR scan is taken to check
for water. The temperature is then ramped up to
the curing temperature at 10°C/min. The sample
is cured for approximately one day at the temper-
ature of cure, with approximately 88 spectra ob-
tained at increasing time intervals.

Torsional braid analysis (TBA) is a dynamic me-
chanical technique in which a monomer-impreg-
nated fiberglass braid specimen is part of a freely
oscillating torsion pendulum.? The pendulum is in-
termittently torqued through a small angle and al-
lowed to oscillate at its resonance frequency (~1
Hz). The period and damping of the oscillations
yield mechanical parameters of the specimen,
namely relative rigidity, which is proportional to the
shear modulus (G') and the logarithmic decrement,
which is proportional to G”/G’, where G” is the shear
loss modulus. Isothermal cure studies at tempera-
tures from 80 to 210°C for times up to 1 month were
accomplished under slow flowing helium gas. From
the peaks in the logarithmic decrement, the times
to macroscopic gelation, considered to be an iso-vis-
cous event, and the times to vitrification, which oc-
curs when T} rises to the cure temperature, are de-
termined for the various cure temperatures. An ex-
perimental time-temperature-transformation
(TTT) isothermal cure diagram, which displays the
times to gelation and vitrification at different iso-
thermal curing temperatures, is constructed from
the data. The automated TBA torsion pendulum
system is available from Plastics Analysis Instru-
ments, Inc., Princeton, NJ.

RESULTS AND DISCUSSION

DSC Studies: T, vs. Conversion Relationship

Preliminary DSC results have been published for
the dicyanate ester/polycyanurate system studied,
which showed a one-to-one relationship between T}

and fractional conversion, x, independent of cure
temperature.’* Similar results are found for other
dicyanate ester systems®'% and for high-7, epoxy/
amine systems.*”?"* Consequently, T, can be used
as a measure of conversion. This is of practical im-
portance because T, is more easily and accurately
measured than conversion, especially at high con-
versions where T} is increasing but there is little or
no measurable change in the residual heat from DSC
scans. Thus, it is appropriate to use the 7T, as the
primary variable and to transform T} to conversion
and vice versa, when necessary, via the one-to-one
relationship obtained from a theoretical or empirical
fit of the experimental data. For example, to test a
kinetic model, the conversion is calculated as a
function of time and cure temperature from the
model equations, transformed to T, and then com-
pared to experimental T, data. Note that any phys-
ical aging that occurs during cure (e.g., if the ma-
terial vitrified during cure) should be erased prior
to measuring T, by DSC, as described in the exper-
imental procedure, in order to obtain the one-to-one
relationship between T, and conversion.

It is considered that the one-to-one relationship
occurs when the chemical structure is not dependent
on cure path, that is, when there is only one product
formed by the curing reaction(s), as in this and
other dicyanate ester systems,?? or when competing
reactions yielding different structures have similar
activation energies or occur sequentially, as in a
high-T, epoxy/amine system studied in this labo-
ratory.” The relationship may also be observed even
when competing reactions with unequal activation
energies yield different networks. For example, al-
though the concentration of dangling chain ends,
branch points, and polarity are dependent on the
ratio of the rate constants of the competing reactions
of epoxy with primary and with secondary amines
in a high T, epoxy/amine system, it has been shown
that the crosslink density and number-average mo-
lecular weight, and hence T}, assuming that T, is a
function of these two parameters, are insensitive to
the ratio of the competing reactions.? It is also noted
that T, is an average network property over a certain
unknown length scale so that some of the specific
characteristics of a network may not be of impor-
tance. In other words, T, may not be sensitive to
some details of the specific molecular structure.
Consequently, a one-to-one relationship between 7,
and conversion independent of cure temperature,
for the case of competing reactions with different
activation energies, will depend on the sensitivity of
T, to the various network parameters, which in turn
may or may not be sensitive to the ratio of the rates
of the competing reactions.
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The experimental T} vs. conversion DSC data are
shown in Figures 4 and 5 for the uncatalyzed and
catalyzed systems, respectively. The data for the
uncatalyzed system show considerably more scatter
than does the catalyzed system due to the volatility
of the material, which is inherently low but becomes
significant due to the long curing times of the un-
catalyzed material (the time to vitrify at 150°C is
approximately four days). The effects of adventi-
tious water when DSC sample pans are sealed in
air, rather than under nitrogen, also produces scatter
in the results for the uncatalyzed system. (In ret-
rospect, all of the samples should have been sealed
under nitrogen.) Due to the much faster cure of the
catalyzed system, volatility and the effects of ad-
ventitious water are less significant, and the T} vs
conversion data show correspondingly less scatter.
Since the uncatalyzed and catalyzed systems both
are presumed to have the same network structure
with the main difference being that the catalyst will
plasticize the catalyzed material and lower its T, it
is of interest to appropriately scale T,, as follows,
so that a more accurate T, vs conversion relationship
for the uncatalyzed system can be obtained.

The empirical DiBenedetto equation® has re-

cently been rewritten in a modified form derived
from entropic considerations of an idealized simple
system consisting of a mixture of fully-cured net-
work and monomer:

Ty — Tyo Ax

Ty — Tyo 1—(1—A)x (2)

where T, is the T} of the uncured monomer, Ty, is
the maximum 7}, obtained experimentally for the
“fully-cured” material, and A is taken as a structure-
dependent parameter.®' The plot of (T, — Te) /[ (Teoo
— Tg) vs. x for both the uncatalyzed and catalyzed
systems, Figure 6, shows that the above equation is,
indeed, an appropriate scaling of the data since one
master curve is obtained. The parameter \ is theo-
retically equated to AC,./AC,,, where AC,,, and
AC,, are the differences in heat capacity between
the glassy and rubbery (or liquid, prior to gelation)
states at T, for the fully-cured network and mono-
mer, respectively.®! Due to the scatter in the exper-
imental values of AC,, X is treated as an adjustable
parameter and is determined to be 0.426 from a plot
of (Tyo, — Tgo) /(T — Ty,) vs. 1/x.8 Comparatively,
the experimental value of AC,, /AC,, is approxi-

Uncatalyzed System - Tg versus Conversion
For Various Cure Temperatures (DSC)

210
- DiMarzio Equation modified by Hale et al.
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Figure 4 One-to-one relationship between T, and conversion, independent of cure tem-

perature, for the uncatalyzed system.
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Catalyzed System - Tg versus Conversion
For Various Cure Temperatures (DSC)
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{ = DiMarzio Equation modified by Hale et al.
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Figure 5 One-to-one relationship between T, and conversion, independent of cure tem-
perature, for the catalyzed system.

Scaled Glass Transition Temperature Versus Conversion
For Uncatalyzed and Catalyzed Systems
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Figure 6 Dimensionless glass transition temperature vs. conversion for the uncatalyzed
and catalyzed material showing the one-to-one relationship for all data.
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mately 0.6 + 0.1 for both uncatalyzed and catalyzed
systems.

It is noted that eq. (2) is a one parameter model,
with the value of A dictating the curvature of the T,
vs. conversion relationship.?! For systems with dif-
ferent structures, the parameter A will change. From
limited data of two other dicyanate ester systems,
bisphenol A dicyanate and 4,4'-dicyanato 1,1-di-
phenylethane, A is estimated to be 0.3 and 0.4, re-
spectively.® Other researchers have found X\ to be
0.27 for 4,4'-dicyanato 1,1-diphenylethane.?® It is not
expected that the DiBenedetto equation will model
complicated T, vs. conversion relationships, as in
an epoxy-rich epoxy/amine system studied in other
work from this laboratory, where sequential reac-
tions produce different types of crosslinks.”® A dif-
ferent equation,®? which is based on network pa-
rameters, was used in order to fit data for two off-
stoichiometric epoxy/amine systems with the same
network parameters. Although not necessary in the
present work, this alternative equation is tested here
for its application to the dicyanate ester/polycy-
anurate system studied.

The recently published equation®? separately ac-
counts for the effects of chain ends and branching,
crosslink density, and the non-Gaussian nature of
crosslinks at high conversions on T:

1
Te(x) = T (x) KX
1 —_
1—¥Xx?
1 1
= (3)
1 o KX
T 1-vX?

where T,,(x) is the glass transition temperature of
the uncrosslinked system at a conversion x (hypo-
thetical after gelation), T, is the initial glass tran-
sition temperature of the unreacted material, and X
is the crosslink density. In this work, a branch point
is a triazine ring and a crosslink point is a branch
point whose three arms are part of the infinite gel
network.

The constant k is considered in this work to be
proportional to the concentration of chain ends, C,(1
— x), where C, is the initial concentration of cyanate
in moles cyanate groups per total moles cyanate
groups and catalyst.? Since C, is approximately the
same for both uncatalyzed and catalyzed systems
(the catalyst is only 2 wt % and 3 mol % of the
catalyzed system), k is considered to be the same
constant for both systems. The effect of branching
is implicitly incorporated into eq. (3), since the

concentration of branch points and chain ends are
inversely related: every branch point results in the
loss of three ends.

The constant K in eq. (3) incorporates the effects
of crosslinks on the glass transition temperature. K
was originally considered to be a universal constant,
but has been shown to vary with monomer struc-
ture.* The constant ¥ incorporates the effects of
non-Gaussian behavior of segments at high crosslink
density (as observed by behavior in the rubbery
state), and should vary with segment length, stiff-
ness, and polarity. Since it is presumed that the net-
work structures of the uncatalyzed and catalyzed
systems are the same, both K and ¥ are considered
to be the same constant for the two systems.

The crosslink density is calculated using the re-
cursive method of Miller and Macosko.*® Following
the notation of Miller and Macosko, the crosslink
density, X, is:

X==[1-PFM]® (4)

w|N

where P(F¥") is the probability of finding a finite
chain looking out from a cyanate group. The prob-
ability of finding a finite chain is determined assum-
ing that only the cyanate trimerization reaction oc-
curs, that no intramolecular reactions occur in finite
species (i.e., only the treelike structure exists in the
finite species ), that the reactivity is independent of
molecular size, and that the reaction is homoge-
neous. The probability of finding a finite chain lies
between 0 (corresponding to full conversion where
x = 1) and 1 (prior to ideal molecular gelation, which
occurs at x = 0.5). The probability of finding a finite
chain looking out from a cyanate group is found by
solving the following equations for the probability
of finding a finite chain looking out from,
P(F2*), and looking in towards, P(F¥), a cyanate
group:

P(F¥®) = xP(Fié‘)2+1—x (5)
P(Fi%) = P(F2t) (6)
Thus,
. 1—V1—4x(1 -
P(F2t) = P(F¥) = 2x"( = ()

The parameter k is determined from a plot of
1/Ty — 1/ T vs. x, using data from both systems
prior to gelation (x < 0.5, X = 0), to be 0.0015.2
The parameters K and ¥ are determined to be 0.13
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X
1 1

() (7 #)
sus X 2, again combining data for both systems.?

The T, vs. conversion curves from eq. (3), plotted
in Figures 4 and 5 as dashed lines, are nearly indis-
tinguishable from the solid curves derived from the
DiBenedetto equation. Either relation could be used
to describe the experimental data, in contrast with
the series of off-stoichiometric epoxy/amine sys-
tems, in which only eq. (3) can be used.”® In this
work, due to its simplicity, the DiBenedetto equation

will be used when it is necessary to convert T} to
conversion and vice versa.

and 6.0 from a plot of ver-

Time-Temperature Superpaosition of DSC Data

T, increases with time of reaction from T,, as shown
in Figures 7 and 8 for the uncatalyzed and catalyzed
systems, respectively. At the highest cure temper-
atures, T, levels off at the maximum observed T, of
the network, T, ., and then decreases for the cata-
lyzed system at the highest cure temperatures, pre-

Uncatalyzed System:

sumably due to degradation reactions. The scatter
in the experimental data for the uncatalyzed system
is presumed to be due to the presence of adventitious
water from air in the sealed DSC sample pans. As-
suming that the curing reactions can be described
by an overall Arrhenius rate expression with only
one activation energy (i.e., one reaction, or several
reactions having the same activation energy), a ki-
netically-controlled master curve of the curing re-
actions can be obtained by time-temperature su-
perposition of the T, vs. In time data at an arbitrary
reference temperature. The basis for such a shift is
the one-to-one relationship between T, and conver-
sion, the assumption that the reaction is kinetically
controlled in the shifted regime, and the assumption
that the reaction(s) can be described by one acti-
vation energy.®*

Figures 9 and 10 show the attempts to obtain ki-
netically-controlled master curves for the uncata-
lyzed and catalyzed systems, respectively. The onset
of diffusion-control is readily apparent in the cat-
alyzed system, with data branching off from the
master curve, This deviation of data from the master
curve is considered not to be due to a change in the
reaction or reaction mechanism, since the deviation

Tg versus Ln Time

For Various Cure Temperatures (DSC)

210. ® 200°C
{1 O 180°C
180-‘ A 165C
J A 150°C
1501 m 135°C
a 120°C

120 A

Tg (°C)

Ln Time (min)

Figure 7 T, vs. Ln time for various cure temperatures for the uncatalyzed system from
DSC isothermal cure studies. Symbols are the experimental data; full lines are hand-fit.
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Catalyzed System:

Tg versus Ln Time

For Various Cure Temperatures (DSC)
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A
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Figure 8 T, vs. Ln time for various cure temperatures for the catalyzed system from
DSC isothermal cure studies. Symbols are the experimental data; full lines are hand-fit.

occurs at different conversions ( Tys) for the different
cure temperatures (in contrast to the change in re-
action observed after amine depletion at a particular
conversion in an epoxy-rich system studied in this
laboratory ™). The onset of diffusion-control in the
catalyzed dicyanate ester system occurs in the rub-
bery state prior to vitrification { designated by arrows
in Figure 10), in contrast to the behavior in a high-
T, epoxy/amine system studied in this laboratory,
in which the onset of diffusion control occured
slightly after vitrification.5® In the uncatalyzed di-
cyanate ester system, there is some evidence of de-
viation from the master curve at high conversions.
However, this is shown later in this work to be the
result of both diffusion control and the competition
between two reaction paths with different activation
energies, which complicate the time-temperature
superposition procedure. Consequently, the results
of time-temperature superposition should be viewed
with reservation until it is shown that all of the re-
actions needed to describe the curing process have
the same activation energy. Nevertheless, for use in
a limited temperature range, the time-temperature
superposition is a useful tool for investigating the
overall temperature dependence of the curing re-
actions.

In the trimerization reaction, the onset of diffu-
sion control might be expected to occur earlier than
In curing reactions involving only two reacting
groups, as in the epoxy/amine reaction, due to an
increase in the time of diffusion for the three groups
to come together. However, the timescale of the
chemical reaction in the absence of diffusion is also
a factor, since the onset of diffusion control occurs
when the timescales of diffusion and of the chemical
reaction are of the same magnitude. During iso-
thermal cure, the timescale of chemical reaction, the
reciprocal normalized rate constant (time™!), is
constant (neglecting the effect of volume changes,
which occur during cure), whereas the timescale of
diffusion increases as segmental mobility and the
concentration of reacting groups both decrease. The
diminished influence of diffusion control in the un-
catalyzed system relative to the catalyzed system is
due to the low rate of the chemical reaction: the
timescale for the chemical reaction is so large that
the timescale for diffusion is comparatively small,
even at high conversions and after vitrification. In
contrast, diffusion control occurs well before vitri-
fication in the catalyzed system due to the small
timescale (high rate) of the chemical reaction.

The apparent activation energy of the reaction is
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Uncatalyzed System:

Time-Temperature Superposition

of DSC Data For Various Cure Temperatures

210
1 e 200c
1 B 165°C
0' A 135°C
? 12 ]
o 90
}— P
60
4
30 1
01
.
-30 -t T T 1 T T LI T v T v T v T v
3 4 5 6 7 8 9 10 11 12

A + Lpn Time (min)

Figure 9 Time-temperature superposition of DSC T, vs. Ln time isothermal cure data
for the uncatalyzed system for cure temperatures from 135 to 200°C. Vitrification at each
cure temperature is marked by arrows. Full line is hand-fit master curve; dashed lines are

hand-fit deviation from master curve.

obtained by an Arrhenius plot of the shift factors
used in the time-temperature superposition vs. re-
ciprocal temperature.>** No knowledge of the form
of the rate expression is needed to obtain the ap-
parent activation energy, which is assumed to be
that of the overall reaction:

% = ke B/ f(x) (8)

where k, is the pre-exponential frequency factor for
the overall reaction, E is the apparent activation
energy for the overall reaction, and f(x) is an un-
known function of x and is assumed to be indepen-
dent of temperature. Rearranging the equation and
integrating yields:

* dx E
Ln X m_Lnk°+Lnt_(RTc) (9)

Since the left hand side of the equation is considered
to be only a function of conversion, and because
there is a one-to-one relationship between conver-

sion and T}, some function of T,, F(T,), can be
substituted for the left hand side of the equation:

F(Tg)=Lnko+Lnt—( E) (10)

RT.

To construct the kinetically-controlled master curve,
T, vs. In time curves are superposed at a low T}, to
insure being in the kinetically-controlled regime,
with one of the curves being a reference curve at an
arbitrary reference temperature (150°C in this
work). The horizontal shift factor, A(T,), is the
difference in In time between two curves shifted at
constant T,:

A(T,) = Lnt, — Lnt = ?E (% — %) (11)

where the subscript r pertains to the reference curve.

Figure 11 shows plots of the shift factor, A(T.),
vs. 1/ T, for both the uncatalyzed and catalyzed sys-
tems obtained from the DSC data. The shift factors
obtained by shifting isothermal conversion vs. In
time data from FTIR isothermal curing experiments
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Catalyzed System:

Time-Temperature Superposition

of DSC Data for Various Cure Temperatures
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Figure 10 Time-temperature superposition of DSC T, vs. Ln time isothermal cure data
for the catalyzed system for cure temperatures from 100 to 200°C. Vitrification at each
cure temperature is marked by arrows. Full line is hand-fit master curve; dashed lines are

hand-fit deviation from master curve.

are also shown for the uncatalyzed system after ac-
counting for a systematic temperature difference of
10°C between the DSC and FTIR equipment. The
plots yield the apparent activation energies of 92
kdJ /mol (22 kcal /mol) and 54 kJ /mol (13 kcal /mol)
for the overall reactions of the uncatalyzed and cat-
alyzed systems, respectively.

The two kinetically-controlled master curves
plotted using conversion (or scaled TY), rather than
T, as in Figures 9 and 10, for the uncatalyzed and
catalyzed systems at 150°C should superpose with
a horizontal shift related to the difference in the
rate constants if the expression f(x) in eq. (8) is
the same for both systems. However, they cannot
be superposed.® It is observed that the master curve
of the uncatalyzed system has more autocatalytic
character or a lower order of reaction [i.e., f(x) = (1
—x)" 'xorf(x) =(1— x)", where n is the overall
order of reaction and f ( x) is the function in eq. (8)]
than that of the catalyzed system.®*

Since both uncatalyzed and catalyzed systems
contain active hydrogens and metal ions (phenol
and metal impurities in the uncatalyzed system!*

and added nonylphenol /metal salt complex catalyst
in the catalyzed system), it is considered that the
reactions in the catalyzed system should also occur
in the uncatalyzed system, but at a lower rate, due
to the lower concentrations of catalytic species. Re-
actions, if any, which do not involve catalysts are
similarly considered to occur in both systems. Con-
sequently, the apparent activation energies of the
overall reactions for the two systems are considered
to be weighted averages of the various reaction steps
or pathways which simultaneously occur in each
system.

FTIR Studies and Kinetic Models for the
Uncatalyzed System

Isothermal FTIR curing studies were accomplished
for the uncatalyzed system at cure temperatures
from 190 to 220°C for times up to 1500 min (~1
day). Typical FTIR absorption spectra from 3200
to 2000 cm™! for one specimen, uncured and partially
cured, of the uncatalyzed system are shown in Figure
12. The three peaks from 2350 to 2150 cm™! are as-
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Arrhenius Plots
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Figure 11 Arrhenius plots of shift factors versus reciprocal temperature for catalyzed
and uncatalyzed systems. The shift factors for shifting DSC T, vs. Ln time data are shown
for both systems. The shift factors for shifting conversion versus Ln time FTIR data are

also shown for the uncatalyzed system.

sociated with the cyanate groups, whereas the peaks
from 3150 to 2800 cm ™! are due to CH; and aromatic
CH stretching. Other relevant peaks in the spectra
include peaks associated with the triazine product
(not shown here): the triazine peak at 1365 cm™
and the phenyl-oxygen-triazine stretching peak at
1565 cm . During cure, the peaks associated with
the cyanate decrease in intensity, whereas those as-
sociated with the triazine product increase.? In this
work, the CH; peak height at 2970 ecm ™ is used as
the internal standard.

Other researchers report that the aryl phenol
precursor to the dicyanate ester monomer is present
at concentrations of 0.5 to 1.5 mol % (per mole cy-
anate group) for conventionally synthesized and
normally cleaned monomers.’® There are no mea-
surable peaks in the region from 3600-3400 cm™
(not shown), the presence of which would substan-
tiate the presence of free or hydrogen-bonded phenol
groups in the uncatalyzed system, presumably be-
cause of the low concentration of these species.
There are also no measurable phenol peaks observed
in the catalyzed system, which contains 1.7 mol %

added nonylphenol. Consequently, the original con-
centration of aryl phenol in the monomer investi-
gated may be in the range indicated by other re-
searchers.

The peak heights of the two cyanate absorption
peaks at 2270 and 2235 cm ™! are found to be pro-
portional during isothermal cure, with the propor-
tionality having a slight dependence on the curing
temperature, associated with an enthalpy difference
of 0.3 kcal /mol.® Solution FTIR studies of the un-
catalyzed monomer in polar solvents, dimethyl sulf-
oxide and methyl ethyl ketone, and a nonpolar sol-
vent, hexane, demonstrate that the ratio of the two
peaks is independent of solvent polarity.® Conse-
quently, it is considered that the two cyanate peaks
are not associated with “open’ dimer complex and
free cyanate species, as has been considered.?® Nu-
clear magnetic resonance (NMR) studies of the
Nuclear Overhauser Effect (NOE) for the uncata-
lyzed monomer at various temperatures demonstrate
that no enhancement is observed for the cyanate
carbon above approximately 80°C.%

The fractional conversion of reactant is calculated
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FTIR Spectra of Uncured and Partially Cured Monomer
For Cure at 210°C at Various Cure Times
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Figure 12 FTIR spectra for the uncatalyzed system, uncured and partially cured, from
3200 to 2000 cm™* showing — CH; and — OCN absorption bands.

from the peak height of the cyanate peak at 2270
cm !, normalized by the CH; peak height:

x(FTIR) = (—C%Q (12)

where C, is the normalized peak height at 2270 cm™!
for the uncured material and C is the normalized
peak height for the partially cured material. The
peak at 2235 cm™! does not affect the peak height
at 2270 cm™!; the conversion determined from the
half area of the 2270 cm™ peak (~2320 to 2270
cm™!) matches that obtained by the peak height
method.? During the initial few minutes of cure, the
normalized peak height at 2270 cm ™' remains con-
stant, or in some cases increases, whereas the peak
at 2235 cm™! decreases, and both triazine peaks in-
crease. After this initial thermal “equilibration,” the
peak height at 2270 cm ™" decreases and the cyanate
peaks at 2270 and 2235 cm™! are proportional
throughout isothermal cure. In the calculation of

conversion from eq. (12), C, is taken as the largest
initial value peak at 2270 cm ™. The transient region,
if any, is ignored in determining the kinetics of the
reaction. The initial time, t,, of the reaction, how-
ever, is taken as the time when the temperature first
reaches the reaction temperature.

It has been asserted that the trimerization reac-
tion will not take place if absolutely pure aromatic
dicyanate esters are heated.’ In systems without
added phenol catalyst, the reaction is considered to
be catalyzed by the aryl phenol impurities in con-
ventionally synthesized dicyanate esters.® Although
the kinetic model proposed by Bauer et al. fits their
data for cure temperatures at and above 200°C to
conversions of 60%, it cannot describe the present
experimental findings for the uncatalyzed system at
cure temperatures below 200°C, as discussed else-
where.? Further, the model of Bauer et al. invokes
adventitious water to start the reaction, but treats
it empirically with a decaying exponential term.®

In order to describe the present data, an empirical
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equation describes the data throughout the entire
range of temperatures investigated in the FTIR and
DSC work (120 to 220°C). The model can be derived
from a plausible reaction scheme (see below), and
is comprised of second-order and second-order au-
tocatalytic (third-order overall) reactions:

dx 9
—= - + —x)?
o ka(l — x) k(1 —x)*x

=k(1—x)%(x+a) (13)

with two adjustable parameters, the rate constant
for the autocatalyzed reaction (k), and the ratio of
the rate constants for the second-order to the sec-
ond-order autocatalytic reactions («), both of which
are assumed to vary with temperature. Other kinetic
models were tested, but were not found to describe
the data throughout the entire range of cure tem-
peratures investigated, even though some had more
adjustable parameters than the model proposed in
this work.?2 The model is similar in form to those
derived independently by other researchers for the
reaction of bisphenol A dicyanate; their model of
the uncatalyzed reaction is comprised of first order
and first-order autocatalytic reactions, whereas their
model of the catalyzed reaction is second-order.'*'?
Another group of researchers has also concluded that
the reaction of bisphenol A dicyanate was autocat-
alytic for the uncatalyzed system and second-order
for the catalyzed system.?

Possible reactions of dicyanate esters are shown
in Figure 13. In contrast to the models proposed by
Bauer et al.? and by Bonetskaya et al.,’° it is con-
sidered in this work that the reaction of cyanate
ester with aryl phenol is an equilibrium reaction, as
has been proposed by some other researchers.?*® The
equilibrium reaction shifts toward the imidocarbon-
ate intermediate with increasing basicity (triazine
concentration) and decreasing temperature. The
imidocarbonate intermediate reacts stepwise with
two cyanate esters to form the triazine ring and to
regenerate the aryl phenol. When metal complexing
ions are present, as added catalyst in the catalyzed
system or impurities in the uncatalyzed system, the
imidocarbonate and dimer intermediates are as-
sumed to be stabilized by the metal complex.

The principal reaction of adventitious water with
cyanate ester yields an intermediate, which is sta-
bilized by carbamate formation, although the inter-
mediate can also react to yield triazine.* The degree
of carbamate formation has been found to be affected
by the type of metal catalyst used, with zinc octoate
catalyst promoting more carbamate formation than

copper or cobalt carboxylates.3” Although the reac-
tions of cyanate ester with adventitious water can
easily be included in the mechanism, their addition
increases the number of equations from one to two
simultaneous differential equations, as well as in-
creasing the number of adjustable parameters from
two to five (four rate constants plus the concentra-
tion of adventitious water).® Consequently, the re-
actions with adventitious water are ignored in the
following derivation in order to obtain the simpler
empirical equation with two adjustable parameters,
which is found to fit the data.

The equilibrium constants for the reactions to
form the imidocarbonate and metal ion-complexed
imidocarbonate are defined as:

k, I
K = e— T ————
'k, CHT
k¥ I*
Kr=—=
YR CHM (14)

where I, I*, C, H, T, and M are the concentrations
of imidocarbonate, metal ion-complexed imidocar-
bonate, cyanate ester, active hydrogen compounds
(aryl phenol and nonylphenol ), triazine, and metal
ions, respectively. The superscript * refers to reac-
tions catalyzed by metal ions rather than triazine.
The concentrations of the imidocarbonate inter-
mediate and active hydrogen compounds are related
by mass balance:

H=H+I+1I* (15)

where H, is the initial concentration of active hy-
drogen (i.e., aryl phenol impurity plus added non-
ylphenol catalyst, the latter being zero in the un-
catalyzed system). Consequently, the concentration
of active hydrogen compounds can be found by com-
bining the above equations:

H,

H=
1+ K,CT+ KiCM

(16)

Assuming that the reactions of cyanate ester with
imidocarbonate and metal-complexed imidocarbon-
ate (steps 2 and 2*) are slow, relative to the addition
of the second cyanate ester to the dimer complex
(steps 3 and 3*), the disappearance of cyanate ester
can be written as:

_ dC _ 2k,K\H,C*T + 2k K1 H,MC?
dt 1+ K,.CT + KiCM

(17)
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Assuming that 1 > K,;CT + K} CM, that is, that the
equilibrium steps (1 and 1*) are shifted to the left,
as would be expected for low conversions (small 7')
and/or high temperatures and for relatively low
concentrations of metal, then

dC
— = = 2RIGHCPT + 2k KTH,MC? - (18)

In terms of conversion of cyanate ester:

dx 2 2p1  n2
dt——3k2K1HoC,,(1 x)’x

+ 2k K¥H, C2M(1 — %)% (19)

where C, is the initial concentration of cyanate ester.
Thus, the two constants in the empirical rate eq.
(13), k and «, are related to the kinetic mechanism:

3k; KM
k= kK H,C?and a = —;ZKll— )
It is preferable to obtain the model parameters &
and « by the differential method. However, due to
the scatter in the data, the integral method is used.

To obtain the best values of k and « for isothermal
FTIR studies, the rate eq. (13) is numerically in-
tegrated using various values of & and «. The best
values are obtained by a least square fit, minimizing
Chi?:

Chl2 = 2 [x(t) - x(t)calculated]2 (20)
1

where [ is the number of data points taken logarith-
mically during an isothermal curing experiment
(generally ¢ = 88), x(¢t) is the experimental value
of conversion at time ¢, and x(t)calcuateq 18 the cal-
culated value.

The activation energies for the reactions are ob-
tained from the Arrhenius plots shown in Figure 14,
assuming that the rate constants &k and ak of eq.
(13) follow the Arrhenius form. The composite ac-
tivation energy for the autocatalyzed reaction rate
constant k is found to be 120 kJ /mol (29 kcal /mol),
whereas the composite activation energy for the
second-order reaction rate constant ok is 44 kJ /mol
(11 kcal/mol). The relatively large scatter in the
data for the second order rate constant ak is pre-
sumed to be due to the effects of adventitious water.

Arrhenius Plot of Rate Constants
for Kinetic Mode! from FTIR Data
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Figure 14 Arrhenius plot of the Ln of the rate constants for the second-order autocatalytic
and second-order reactions, k and ak, respectively, vs. reciprocal temperature, from FTIR
isothermal studies of the uncatalyzed system. The composite activation energies are found

to be 29 and 11 kcal /mol, respectively.
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The magnitude and relative temperature depen-
dence of the two rate constants, k and ok, are con-
sistent with the proposed model, with the initial
concentration of active hydrogen compounds, H,,
being incorporated in both rate constants, and the
concentration of metal ions, M, being incorporated
only in the rate constant for the second-order re-
action, ak. The absolute value of the rate constants
are k = 0.012 and ka = 0.00032 min ! for the second-
order autocatalyzed and second-order reactions at
200°C, respectively. The values of both terms are
small due to the incorporation of the trace aryl phe-
nol impurity concentration, with the value of the
pre-exponential frequency factor for the second-or-
der reaction being much lower than that of the sec-
ond-order autocatalyzed reaction, because the small
concentration of metal ion impurities is also incor-
porated into the former term. The temperature de-
pendence of the two constants is also consistent with
the model, with the second-order reaction having a
lower activation energy since it is facilitated by metal
ions. (Note that the results could be interpreted dif-

Uncatalyzed System:

ferently with the second order reaction being facil-
itated by water rather than metal ion impurities.)

Application of Kinetic Model to DSC Data for
Uncatalyzed System

The proposed mathematical model with parameters
determined from FTIR studies over a limited tem-
perature range (190 to 220°C), is tested by its ap-
plication to the DSC data over a wider range of tem-
peratures (120 to 200°C). The kinetic rate expres-
sion [eq. (13)] is numerically integrated to
determine the times to reach specific conversions
for each DSC cure temperature. The conversion data
are then transformed to T,, using the modified
DiBenedetto relationship [eq. (2)]. T, vs. time
curves, rather than conversion vs. time curves, are
used for comparison because T, is more sensitive
than conversion at high conversions due to the cur-
vature of the T, vs. conversion relationship, and be-
cause T, is more accurately measured.® The calcu-
lated T, vs. In time curves are shown as the solid

Tg versus Ln Time
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Figure 15 Calculated vs. experimental DSC T, vs. Lin time curves for cure temperatures
from 120 to 200°C for the uncatalyzed system. Parameters determined from FTIR studies

were used in the calculations.
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lines in Figure 15, with the symbols representing
the experimental DSC data. The pre-exponential
frequency factors and activation energies deter-
mined from the FTIR work were used in the cal-
culations, after accounting for a systematic temper-
ature difference of 10°C between the FTIR and DSC
(with DSC temperatures being 10°C higher); no
other fitting of the DSC data was made. The agree-
ment between the experimental and calculated data
is satisfactory for all cure temperatures studied
throughout the entire range of cure. The fact that
the proposed mechanism, which was determined
from experimental FTIR studies at cure temperature
from 190 to 220°C, fits the DSC experimental data
for cure temperatures as low as 120°C, demonstrates
that the model is a useful mathematical description
of the reaction.

Diffusion control was not incorporated into the
model of the uncatalyzed reaction because the rate
of reaction in the absence of diffusion control is rel-
atively slow with respect to the rate of diffusion. In
order to test this supposition, diffusion is incorpo-
rated into the uncatalyzed model using the same
diffusion parameters as were found for the catalyzed
system (see below), since the diffusion rates in the
two systems should be similar. The dashed lines in
Figure 15 show that the effect of diffusion in the
uncatalyzed system is not significant except at the
longest times investigated and after vitrification.

Application of Kinetic Model to DSC Data for
Catalyzed System

The catalysts in the catalyzed system are nonyl-
phenol and copper naphthenate. The nonylphenol
is assumed to catalyze the reaction by the formation
of imidocarbonate intermediates,?® as presumably
did the aryl phenol impurity in the uncatalyzed sys-
tem. The metal salt complex is assumed to facilitate
the reaction by complexing with the intermedi-
ates.?!° Both metallic? and aryl phenol impurities®
are known to be present in the uncatalyzed system.
Consequently, it is assumed that the reactions in
the catalyzed and uncatalyzed systems are the same
and that the model used to describe the uncatalyzed
system (which neglects adventitious water) should
be applicable to the catalyzed system, without a
change in the activation energies of the second-order
autocatalyzed and second-order reactions. The pre-
exponential frequency factors for the reactions
should be increased, however, due to the increased
concentration of catalysts. Since the exact concen-
trations of the impurities in the uncatalyzed system
are not known, the two pre-exponential frequency

factors for the catalyzed system will be treated as
adjustable parameters to fit the data.

In the reaction model for the catalyzed system,
diffusion control must be taken into account due to
the relatively high rate of the chemical reaction. Due
to decreasing molecular mobility as the material
cures, the values of the observed rate constants de-
crease in the diffusion-controlled regime. It is as-
sumed that the timescale of the reaction, the recip-
rocal of the observed rate constant, is equal to the
timescale of diffusion plus the timescale of the
chemical reaction in the absence of diffusion:

1_

L
ki ki <

1
" (21)
where k; is the observed rate constant, { = 1 for the
autocatalyzed reaction and 2 for the second-order
reaction, k; . is the Arrhenius rate constant for the
kinetically-controlled reaction, and k; is the recip-
rocal timescale of diffusion. The timescale of dif-
fusion is the distance species need to diffuse divided
by the rate of diffusion. The timescale of diffusion
will increase with increasing conversion due to in-
creasing distance between diffusing species and due
to the decreasing rate of diffusion caused by de-
creasing molecular mobility. In this work, the effect
of conversion on the diffusion lengthscale is not ex-
plicitly considered. The timescale of diffusion is
considered to be dependent only on free volume and
temperature. The Doolittle free volume equation,
modified by the inclusion of temperature dependence
as in the Macedo and Litovitz equation, is applied®:

kd=Aexp(—RE;‘ )exp(—fé) (22)

where A and b are considered to be adjustable pa-
rameters and E, is the activation energy of the dif-
fusion process. The free volume fis the equilibrium
free volume given by the interval from T, using the
universal constants obtained from the Williams-
Landel-Ferry (WLF) equation®:

f=0.00048 (T, — T,) + 0.025 (23)

where T, is the cure temperature. Use of the above
equilibrium equation incorrectly underestimates the
total non-equilibrium free volume, and predicts that
the free volume in the non-equilibrium glassy poly-
mer should be zero at Kauzmann’s temperature,
52°C below T. Further, the kinetics of the decreas-
ing free volume due to physical aging in the glass
transition and glassy states are neglected in the
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model. However, since the reaction does not enter
the glassy state for the timescales studied, but re-
mains in the rubbery or glass transition regions, the
equilibrium equation is used as a first approxima-
tion. In our laboratory, a similar approach was used
to describe the diffusion-controlled regime in a high-
T, epoxy/amine system, but the temperature-acti-
vated term was not needed to describe those data.5®
Other researchers have successfully used the diffu-
sion model with an activation energy to describe the
diffusion controlled reaction kinetics in a different
high-T, aromatic epoxy/amine system.*’ For the
catalyzed dicyanate ester/polycyanurate system, the
parameters kq[ =A exp(—E;/RT)] and b are found
to be approximately 100 and 0.25 at 150°C, respec-
tively, from plots of In k; [ from eq. (22)] vs. 1/f
[ from eq. (23)].2 The value of b, being less than
the ideal value of 1 in the Doolittle equation, reflects
that the free volume for the dicyanate ester system
is greater than that predicted by the universal WLF
relationship. A value of b of 0.2 was found for the
epoxy/amine system studied in this laboratory,”®
whereas a value of 1.1 was found by the researchers

Catalyzed System:

investigating another epoxy/amine system.*® The
activation energy for diffusion is found to be 140
kJ /mol (33 kcal /mol) by a plot of In kg, vs. 1/T.2
This activation energy is in the range of that for the
glass transition (i.e., backbone motion) and also
agrees with the results of the other researchers, who
found that the activation energy for diffusion in their
high-T, epoxy/amine system was 143 kJ /mol (34.2
kecal /mol).*° The value of A, determined after the
value of E; had been obtained, is 1 X 10* min ™.

The calculated and experimental T, vs. In time
data for the catalyzed system are shown in Figure
16. The experimental data are found to be satisfac-
torily described by the model with rate constants of
0.017 and 0.050 min ™! for the second-order auto-
catalyzed and second-order reactions at 150°C, re-
spectively, using the activation energies that de-
scribe the uncatalyzed system.

Assuming that the proposed model is correct and
that the concentration of active hydrogen compound
is incorporated into both rate constants, whereas
the metal ion is incorporated only into the second-
order reaction, the original aryl phenol and equiv-

Tg versus Ln Time

Experimental and Calculated

210
180
150
120
) ]
A4 % -
Lo ] h o
=2 ] + 200°C
60 ® 180°C
1 O 165°C
30 4 A 150°C
b A 135°C
o_‘ m 120°C
1 O 100°C
] —— Calculation
'30 L] hd L { L T M L] v L v ¥ v
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Ln Time (min)

Figure 16 Calculated vs. experimental DSC T, vs. Ln time curves for cure temperatures
from 100 to 200°C for the catalyzed system. The kinetic model is that used for the unca-
talyzed system with a change in the pre-exponential frequency factors and including diffusion

control.
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alent metal ion concentrations can then be estimated
from the increase in the rate constants due to the
added catalyst (using the rate constants for the un-
catalyzed system of 0.00037 and 0.00013 min~! at
150°C for the DSC data). The addition of the non-
ylphenol catalyst is then assumed to increase both
pre-exponential frequency factors by 46 times, which
corresponds to a concentration of aryl phenol im-
purity of 0.1 mol % in the monomer, whereas the
addition of metal is assumed to increase the pre-
exponential frequency factor of the second-order re-
action by 8.3 times, corresponding to an equivalent
metallic ion concentration of approximately 20 ppm.
In comparison, Bauer et al. predict 0.5 to 1.5 mol %
for aryl phenol impurities,® whereas the concentra-
tion of metal ions in commercial dicyanate ester
resin is less than 10 ppm.? The relative amounts of
phenol and metal catalysts could be varied in further
research to verify their respective roles in the re-
action. It is also noted that different metals and
complexing agents will affect the activity of the
metal.!! The effects of adventitious water, neglected
in the present model, should also be investigated.

Uncatalyzed System:
Experimental

Application of Cure Kinetics to TBA Studies:
Experimental and Calculated TTT Diagrams

From isothermal TBA cure studies of the uncata-
lyzed and catalyzed systems, the times to macro-
scopic gelation and vitrification are determined from
the maxima in the logarithmic decrement curves.
These experimental times are plotted vs. cure tem-
perature to construct time-temperature-transfor-
mation (TTT) isothermal cure diagrams®* for the
uncatalyzed and catalyzed systems, as shown in
Figures 17 and 18.

From the apparent activation energy of the re-
action and from the kinetically-controlled DSC
master curve of T, vs. In time data, iso-T,, gelation,
and vitrification contours can be calculated in the
kinetically-controlled reaction regime from eq.
(11).%%73% However, for the catalyzed system, vit-
rification occurs after the onset of diffusion control
and cannot be calculated by this procedure. A further
complication arises for both systems since the ki-
netic model is comprised of two competing parallel
reactions with different activation energies. Con-
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Figure 17 TTT isothermal cure diagram for the uncatalyzed system, showing experi-
mental TBA gelation and vitrification contours, as well as calculated contours based on

the kinetic model of the reaction.
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Catalyzed System:
Experimental
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Figure 18 TTT isothermal cure diagram for the catalyzed system, showing experimental
TBA gelation and vitrification contours, as well as calculated contours based on the kinetic

model of the reaction.

sequently, although the apparent kinetically-con-
trolled master curve for each system is applicable
(within the scatter of the data) for the cure tem-
peratures and times investigated, they cannot be
extrapolated. In fact, with two competing parallel
reactions with different activation energies, no mas-
ter curve is obtained when shifting calculated T} vs.
In time curves for various cure temperatures based
on the proposed kinetic model.

The TTT isothermal cure diagrams for the sys-
tems studied are therefore calculated from the pro-
posed kinetic model with diffusion control incor-
porated, which was developed from FTIR isothermal
cure studies on the uncatalyzed system and was suc-
cessfully extrapolated to describe the DSC isother-
mal cure studies of both systems. The calculation is
compared to the experimental data and provides an
additional check on the applicability of the model.
The vitrification curve, the locus of cure times at
which T, = T,, is calculated and compared to the
experimental vitrification data. Ideal molecular ge-
lation should theoretically occur at a conversion of
50%.% Thus, the ideal molecular gelation contour is
an iso-T, contour for x = 0.5 (not shown). Iso-T}
contours are also calculated from the kinetic model.

The experimental and calculated gelation and

vitrification contours on the TTT diagram for the
uncatalyzed system do not agree, as is apparent in
Figure 17. The experimental TBA data result from
a faster rate of reaction than is observed in the DSC
data, from which the theoretical contours were cal-
culated. Since the FTIR studies agreed with the DSC
studies, it is considered that the faster rate of re-
action observed in TBA studies for the uncatalyzed
system results from interaction of the fiberglass
braid substrate with the monomer; in particular,
hydroxyl groups on the surface of the heat-cleaned
fibers are assumed to catalyze the reaction. Such
groups would not alter the rate of the catalyzed re-
action if the concentration of catalyst in the mono-
mer is much greater than that on the surface of the
fibers.

Figure 18 shows the experimental and calculated
TTT diagram for the catalyzed system. The exper-
imental and calculated vitrification contours are in
agreement, presumably since the catalytic effect of
the fiberglass braid is overwhelmed by the effects of
the added catalysts. Macroscopic gelation is found
to be an iso-conversion (iso-T}) event for cure tem-
peratures above 100°C, but not at a conversion of
0.50, as would be expected for idealized molecular
gelation, but rather at a T, of approximately 75°C
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and a conversion of 0.64. Other work from this lab-
oratory revealed that macroscopic gelation of the
uncatalyzed system occurred at a conversion of 0.65
+ 0.02 from a change in slope of isothermal modulus
vs conversion data.’® Other researchers have simi-
larly found that the gel point, as measured by sol-
ubility in various solvents, occurs in the vicinity of
0.58 to 0.65.122242% Qne explanation for the delay in
gelation from the ideal value of 0.50 is the presence
of non-ideal intramolecular reactions prior to ge-
lation. Another explanation, postulated by one group
of researchers, is that the reaction is heterogeneous
(i.e., the reaction is localized) and, thus, the distri-
bution of molecular weight would deviate from that
predicted by Flory’s theory.”® However, another
group of researchers found that gelation does occur
at the ideal value of 0.50, and implicitly suggests
that the shift in the conversion at gelation is due to
monofunctional impurities in the monomers used
by other researchers.*!

CONCLUSIONS

The cure of a dicyanate ester /polycyanurate system,
both uncatalyzed and catalyzed, has been studied.
The same one-to-one relationship between dimen-
sionless T, and conversion is found for both systems.
Time-temperature superposition of 7, vs. In time
data to form kinetically-controlled master curves for
both systems suggests that diffusion control is only
significant in the catalyzed system, where the
timescale of chemical reaction in the absence of dif-
fusion is low. The apparent activation energies of
the overall reactions for the uncatalyzed and cata-
lyzed systems are found to be 92 kJ /mol (22 kcal/
mol) and 54 kJ /mol (13 kcal /mol). A kinetic model
of the uncatalyzed system is determined from in-
situ FTIR cure studies at five temperatures from
190 to 220°C. The empirical model is comprised of
two parallel competing reactions, both second order
with respect to dicyanate, one of which is autoca-
talyzed. Experimental curves are fit by the rate
expression throughout the entire range of cure. The
composite activation energies for the two reactions
are found to be 120 and 44 kJ /mol (29 and 11 kcal /
mol), respectively. The proposed model is tested by
its application to the DSC and TBA data. Calculated
T, vs. In time curves fit the DSC experimental data
for the uncatalyzed system at the cure temperatures
studied (120 to 200°C) throughout the entire range
of cure. Calculations were based on the proposed
mathematical model of the reaction, and the rate
constants and activation energies used were those
obtained from the FTIR studies. The model with
the same activation energies, and with diffusion
control incorporated, also satisfactorily describes the

DSC T, vs. In time data for the catalyzed system.
Iso-T, and vitrification contours on the time-tem-
perature—transformation (TTT) isothermal cure
diagram are calculated for each system from the ki-
netic model. It is found that macroscopic gelation
obtained from TBA data on the catalyzed system
falls on an iso-T, contour corresponding to a con-
version of 0.64 for cure temperatures from 100 to
200°C. In summary, the proposed mathematical de-
scription of the dicyanate ester/polycyanurate cur-
ing reactions, with diffusion control incorporated,
satisfactorily describes the experimental data for
both uncatalyzed and catalyzed systems over a wide
temperature range and throughout the curing pro-
cess, and is a useful model of the reaction.
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A. Shimp, the work of Wallace M. Craig, Jr. in the syn-
thesis of the monomer, and the financial support of
Rhéne-Poulenc High Performance Resins.

NOMENCLATURE (PARTIAL LISTING)

A Parameter in Doolittle free-volume equa-
tion
A(T,) Shift factor between two T, vs. In time

curves at different cure temperatures
Parameter in Doolittle free-volume equa-
tion
Concentration of cyanate groups
Initial concentration of cyanate groups
Apparent activation energy for overall re-
action
Activation energy for diffusion of reacting
species
f Free volume fraction
H Concentration of active hydrogen com-
pounds
H, Initial concentration of active hydrogen
compounds
I Concentration of imidocarbonate
I* Concentration of metal ion-complexed
imidocarbonate
k Parmaeter in T, vs. conversion equation
incorporating effect of dangling chains
on T,; Also: Rate constant for second-
order autocatalyzed reaction in dicyan-
ate ester /polycyanurate system
k, Pre-exponential frequency factor for the
overall reaction
K Parameter in eq. (3), incorporating effect
of crosslinks on T},
M Concentration of metal ions
P(Fi®) Probability of finding a finite, rather than
infinite, chain looking onto a cyanate
group
Probability of finding a finite, rather than

moa

&

P(Fg")
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infinite, chain looking out from a cya-
nate group

R Gas constant

t Isothermal cure time

t, Reference isothermal cure time

T Concentration of triazine

T, Isothermal cure temperature

T, Glass transition temperature

Tyo Glass transition temperature of fully
cured material

Ty Glass transition temperature of fully
cured material

T, Reference isothermal cure temperature

x Fractional conversion of cyanate in the
dicyanate ester/polycyanurate system

X Crosslink density

e Ratio of rate constants for second-order
autocatalytic and second-order reac-
tions

AH, Residual heat of DSC exotherm

AHp Total heat of DSC exotherm for uncured
material

A Parameter in DiBenedetto equation re-
lating T, to conversion

v Parameter in T, vs. conversion relation
incorporating effect of non-Gaussian
nature of crosslinks at high crosslink
density on T,
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