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Changes in molecular dynamics during the bulk polymerisation of an
epoxide/boroxine mixture as studied by dielectric relaxation spectroscopy,
revealing direct evidence for a floor temperature for reaction
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Abstract

Real-time dielectric relaxation spectroscopy (DRS), has been used to monitor changes in the dynamics of chain dipoles and of ions during
the bulk polymerisation of an epoxide/boroxine system at different reaction temperatures Ty in the range 60—120°C. For Ty < 72°C the
dielectric a-process moved to ultra-low frequencies indicating the formation of a chemically unstable glass. For T > 72°C the process
moved from high frequencies to settle at audio or higher frequencies, giving a loss peak independent of time that indicated the formation of a
chemically stable elastomer. We analysed our results in terms of changes in molecular mobility in the reaction mixture with time and have
determined the floor-temperature Ty below which a glass is formed and above which an elastomer is formed. The DRS data were also
presented as complex impedance Z(w) which emphasises changes of ionic conductance during reaction. Below Tg the peak in the loss
impedance Z!) moved to ultra-low frequencies during reaction in a time-scale far shorter than that for the dielectric loss peak &h,. Comparison
of the two representations of data made well above Ty show that the Z” data become independent of time before the &” data. DRS data
presented as dielectric permittivity &(w) provides a good indicator of glass-formation below T and of elastomer-formation above Tg. Our
data are considered in relation to the TTT-diagram of Gillham and coworkers that describes the onset of gelation, glass-formation and
elastomer-formation during cure and we extend this diagram to describe how T, evolves with time for different values of 7Tz. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The curing-behaviour of thermosetting polymer systems
has been studied by a variety of spectroscopic techniques
(IR, Raman, NMR), by dynamic-mechanical relaxation
(DMTA) (e.g. Refs. [1,2]), differential scanning calorimetry
(DSC) (e.g. Ref. [3]) and dielectric relaxation spectroscopy
(DRS) (e.g. Refs. [4-7]). The effects of varying the cure
temperature T on the course of reaction have been
described by Gillham and coworkers [1,2] and led to their
time—temperature-transition (TTT) diagram in which
events such as gelation, glass-formation, full cure and
phase-separation were included. According to this diagram,
a limiting glass transition temperature Ty exists, which is
the maximum 7, obtainable for a reaction mixture irrespec-
tive of the value chosen for Tx. Above Ty, reaction proceeds
to full cure, producing a material with Ty = Tyeo- Below Ty
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reaction proceeds up to the point in time, known as the
vitrification point, t, say, at which Tg(sysemy = Tr and the
material becomes a glass. The reaction is effectively
quenched for 7> ¢, but may continue very slowly, with a
rate depending on Tg — Tye. In order to increase the extent
of reaction for the glassy product, post-cure is required at
temperatures above Tr. DMTA, DSC and DRS studies of
thermosetting systems revealed several aspects of the TTT
diagram [1-3]. Following the review by Senturia and
Sheppard [5] on the use of DRS for studying the curing
behaviour of thermosetting systems, most DRS studies
have been concerned with systems that form a glass during
isothermal cure. We recently gave a comprehensive listing
of studies that use DRS for cure-monitoring [8] and noted
two early studies, by Johari and coworkers [9,10] of systems
that do not appear to vitrify during isothermal cure. We also
gave [8] preliminary real-time DRS data for an epoxide/
boroxine system which showed normal vitrification beha-
viour at Ty = 60°C and elastomer-formation at 80°C. In the
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Fig. 1. Plot of (a) real permittivity &' and (b) loss factor &” vs. log(f/Hz) and log(#/s) for the PY306/TMB/BA system at Ty equal to 60°C.

present paper, we report a comprehensive DRS study for the
same system in which data have been obtained over a wide
frequency range at eleven values of Ty in the range 60—
120°C. We studied the changes that occur during reaction
in: (i) the dielectric a-relaxation and (ii) the ion conductiv-
ity and show from (i) that below T a glass is formed and
above Tr an elastomer is formed.

2. Experimental

The components chosen for the thermosetting reaction
were as follows: (i) a commercially available diepoxide
(Ciba-Geigy PY300); (ii) a co-reactant, cyclic trimethoxy-
boroxine (TMB); and (iii) an inhibitor benzyl alcohol (BA).

Bulk polymerisation of a mixture of these components
occurs by an ionic mechanism. Initiation occurs when
the epoxide group approaches a boron atom, resulting in
the creation of a new B-O bond between B on TMB
and the epoxide oxygen, the release of a methoxide
anion and the creation of a new active cationic centre
at the secondary carbon position of the epoxide unit.
Chain propagation occurs by addition of further epoxide
to the cationic centre. A key termination step occurs
when the methoxide anion removes a H-atom from
the carbon atom adjacent to the cationic centre, result-
ing in the formation of an alkene bond and a methanol
molecule. The presence of three boron atoms in the
TMB-ring and the bifunctionality of PY306 results in
the formation of a highly cross-linked polymer. For our
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Fig. 2. Plot of (a) real permittivity &' and (b) loss factor &” vs. log(f/Hz) and log(#/s) for the PY306/TMB/BA system at Ty equal to 65°C.

studies each sample of the PY306, TMB and BA
mixture was made up in the ratio 14:3:1 by weight (w/
w) and was stirred for 5 min at 50°C to ensure homoge-
neity. Initially, a mixture was a white liquid of medium
viscosity but became clear and had a lower viscosity after
stirring. The sample was poured into the parallel-plate
electrode assembly [8] then placed into a Novocontrol
BDS 1200 sample holder that had been pre-heated to
Tr- DRS measurements were performed at a chosen reac-
tion temperature Ty using a Novocontrol dielectric spec-
trometer that incorporated a Solartron 1260 Frequency—
Response-Analyser operated under computer control.
Opening and positioning the sample in the Novocontrol
cryostat/heating chamber lowered the chamber-tempera-
ture from its preheated value. DRS measurements were

initiated from the time at which the temperature of the
chamber re-registered the chosen value of 7. For samples
cured isothermally in the range 60-95°C the DRS
measurements were made at 26 frequencies in the range
1-10° Hz. The real permittivity and loss factor &” were
measured at each frequency and the time (#,) of each
measurement was recorded. Each frequency sweep took
= 3.5 min. In order to monitor the reaction fairly continu-
ously, frequency-sweeps were initiated every 4 min. For
samples cured in the range 100—120°C, variable f-ranges
combined with variable sweep-times (120—-390 s) allowed
the conductivity variations at short times to be monitored
accurately. Three-dimensional (3D) plots of permittivity
or loss vs. log f and 7, were constructed using an Axum
programme.
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Fig. 3. Plot of (a) real permittivity &' and (b) loss factor &” vs. log(f/Hz) and log(#/s) for the PY306/TMB/BA system at Ty equal to 70°C.

3. Results and discussion

Figs. 1-11 show 3D plots of ¢’ and &” vs. log(f/Hz) and
logyg (t,/s) for isothermal cures conducted at the eleven
temperatures in the range 60—120°C (Figs. 1 and 5 were
shown in our preliminary publication, Ref. [8], and are
reproduced here with permission). Ionic conductivity and
electrode polarisation due to ionic species gives the increase
in ¢/ and &” at low frequencies. The importance of these
effects due to ions decreases rapidly with increasing ¢, since
ion mobility decreases as the local viscosity of the mixture
increases during reaction. At longer times, the &' values
decrease from those typical of a liquid and &” shows a
well-defined peak (see e.g. Fig. 1) due to the a-relaxation
process, which arises from the large-scale motions of

dipoles associated with polymeric and monomeric species
in the mixture. The movement of the a-process towards
ultra-low frequencies with time (e.g. for T = 60°C (Fig.
1b)) indicates premonitory behaviour of the formation of a
glass at longer times. At higher temperatures qualitatively
different behaviour is observed, as was made clear in our
preliminary publication [8]: e.g. at Ty = 80°C the peak for
the a-process moved initially from high frequencies as if it
were headed for ultra-low frequencies but then it settled to
give loss-curves that are independent of time with a constant
average relaxation time (7,) = [27f ] | Where fo is the
frequency of maximum loss for a given time #. Such beha-
viour is rationalised as follows. At 60°C, molecular mobility
decreases during reaction until it becomes so slow that the
chemical reaction rate becomes diffusion-controlled. The
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Fig. 4. Plot of (a) real permittivity &’ and (b) loss factor &” vs. log(f/Hz) and log(t/s) for the PY306/TMB/BA system at Ty equal to 75°C.

chemical kinetics are modified in the diffusion-controlled
regime, as we have discussed [8], so a glass is formed at
long times. The product is formed before completion of the
chemical reaction and further reaction will occur if the
glassy sample is post-cured [3]. The chemical kinetics of
a thermosetting reaction in which a glass is formed was
modelled by us [11] to include a diffusion-control term
based on a Fermi—Dirac function. At 80°C (Fig. 5b), the
loss peak moves initially from high to low frequencies as
at 60°C, but then stabilises, becoming independent of time
after ~40 ks. The fact that the loss spectra are independent
of time at the longest times at Ty = 80°C means that reac-
tion is able to reach completion at this temperature since
molecular mobility is sufficient at all times. This is evident
from the work of Montserrat [3] who showed for a thermo-
setting reaction that both the limiting long-time conversion

Q. and Ty(product) increased with increasing Ty for T <
T4, due to the effects of diffusion-control on reaction rate,
but were independent of Ty for Tg > Ty since reaction
could be completed if the product was an elastomer, i.e. if
the effect of glass-formation on reaction rate was avoided
(see Figs. 3 and 4 of Ref. [3]). So the effects of diffusion-
control associated with reduced molecular mobility, which
were evident at 60°C are not involved at 80°C. The dielectric
spectra at 80°C in Fig. 5b (see also Fig. 9, Ref. [8]) show that
a the system transforms from a mobile liquid to a mobile
elastomer (the limiting value of log(f;,/Hz) at long times for
the a-process is ~8 Hz). The DRS behaviour shown in Figs.
3—11 for Ty in the range 70—100°C is qualitatively different
from that reported [8] in most DRS studies of curing
systems where glassy products were obtained.

As explained, the DRS measurements recorded paired
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Fig. 5. Plot of (a) real permittivity &’ and (b) loss factor &” vs. log(f/Hz) and log(#/s) for the PY306/TMB/BA system at Ty equal to 80°C.

values [£',&”] at a measuring frequency f and a reaction
time 7. These data immediately yield plots of &’ and &”
vs. t, for given frequencies (plots A, say). Plots of &’ and
g vs. log f at fixed times ¢, (plots B, say) were derived by
manual interpolation of these data and represent the DRS
behaviour of a chemically and physically ‘arrested state’ of
the reaction mixture at each time ¢,. We have determined the
times of maximum loss, #,, for given frequencies from plots
A and the frequencies of maximum loss, fi,.x, for given times
t, from plots B. These points are shown overlaid in Figs. 1b—
9b as @ for t,, and A for f,.. The loci for ® and A are
similar where both are observable. When the loss curves
become independent of time at long times, #, ceases to
have meaning since £” at a fixed frequency rises to a plateau
value with time. See Fig. 5b which shows that at 80°C a peak
is obtained in the plot of &” vs. ¢, for 10> Hz < f < 10° Hz

but is not observed for f = 10 Hz. This will be discussed
further below. The loss curves at 110 and 120°C (Figs. 10
and 11) show only the low frequency side of the a-relaxa-
tion in our range. In summary, the dielectric a-process
moves rapidly to very low frequencies with time at 60 and
65°C indicating glass-formation while at the higher
temperatures it settles to become independent of time with
the peak position at medium to high frequencies, showing
that an elastomer is formed.

In previous papers [8,11], we described the evolution
with time of the DRS behaviour for dipole motions in ther-
mosetting systems. According to Cassettari et al. [12,13]
and Casalini et al. [14] the dielectric af3-process for the
unreacted monomer mixture transforms into o and 3
processes as reaction proceeds. The higher frequency ()
process is due to local motions of dipolar species and relaxes
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Fig. 6. Plot of (a) real permittivity &’ and (b) loss factor &” vs. log(f/Hz) and log(t/s) for the PY306/TMB/BA system at Ty equal to 90°C.

only a part, AaB, of the total relaxation strength Ag. The
lower frequency (o) process is due to the large-scale coop-
erative motions of all dipolar species and relaxes the
remainder Ag, = Ae — Asgg.

If o and B relaxations are fully observable in plots of &”
vs. log ffor a given ¢, then linear response theory, that relates
the complex dielectric permittivity (w.,t,) to the time corre-
lation function [(PM(I)]tr, may be applied as follows [8]

£, 1) = nlly) _

&0(ty) — &xo(ty) I —iw3[®,0], (1)

3 indicates a one-sided Fourier transform, £¢(z,) and &.(f,)
are, respectively, the limiting low and high frequency real
permittivities with respect to the entire relaxation region and
[@M(t)] . 1s the dipole moment time-correlation function at ¢,

for all dipoles in a macroscopic volume V of the mixture and
includes the equilibrium and dynamic auto and cross-corre-
lation terms for all the dipoles [15,16]. In Appendix A, we
give the following relation for &(w,t;) for a reacting system
in which the a and P relaxations are observable in the
f-domain at a reaction time f,.

8((1), tr) - ‘9oo(tr)

80([r) — goo(tr) = Au(tr)su((l), tr) + AB(tr)SB(w’ tr) (A4)

A; and S; are the normalised relaxation strength and
relaxation function, respectively, for process i (i = o or 3)
and are defined in Appendix A. The 3 process is a weighted
sum of local partial re-orientational processes for the dipoles
and relaxes only a part of the total relaxation strength. The o
process relaxes the remainder of Ag(t,) as a weighted sum of
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Fig. 7. Plot of (a) real permittivity &’ and (b) loss factor &” vs. log(f/Hz) and log(#/s) for the PY306/TMB/BA system at Ty equal to 95°C.

a-processes for the different dipoles. For the present system,
we observed the behaviour of the a-process which has a
relaxation strength

Ag(x(tr) = [(SO(tr) - 8oo(tr)]A(x(tr) (2)

where A, (#,) and S (w,t,) are given by Egs. (A5a) and (AS5c),
respectively. Thus, the a-process relaxes the mean dipole
moment residing in each group after the local motions
(B-process) have occured. Figs. 1-11 give information on
the changes that occur in Ag,(#,) and Sy(w,t,) during reac-
tion. Sy(w,t;) gives information on changes in the mean
relaxation time (7, (f,)) = [1/27f ()]~ " and the effective
distribution of relaxation times for this process. As we have
indicated, the a-process exhibits two types of behaviour
during reaction, depending on Tx: (A) where the peak
moves to ultra-low frequencies with time; and (B) where

the peak stabilises at long times. We now consider the
changes of the a-process in greater detail.

4. Evolution of the a-process

As examples, Figs. 12—15, show DRS data at 60 and
80°C." Figs. 13 and 15 were derived from the iso-frequency
data of Figs. 12 and 14 and show how the relaxation strength
and relaxation function changes with time. g(-values in
Figs. 13a and 15a are ~7.2 and 5.9, respectively, while
Eo0q 18 ~3.7 at these temperatures. Typical values of &
for organic media lie in the range 2.2-2.5, so Ag, > Agy
for the present system. In Figs. 12a and 14a, ¢((t,) forms the

! Shown in Ref. [8], reproduced with permission.
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Fig. 8. Plot of (a) real permittivity &’ and (b) loss factor &” vs. log(f/Hz) and log(#/s) for the PY306/TMB/BA system at Ty equal to 100°C.

common line, independent of frequency, observed at times:
(i) greater than those in which &’-values increase markedly
with decreasing frequency due to conduction effects; and (ii)
less than those in which & values decrease due to the a-
process. So gy(t,), and thus Ae and Aeg,, decrease with
increasing t, at these temperatures, in accord with previous
DRS studies of epoxide—amine thermosetting systems
[8,12—14]. At 60°C the &, values fall from 9.0 to 7.0 as
log(t,/s) increases from 2.5 to 4.0, while at 80°C g, falls
from 7.0 to 5.95 in the same range. Since Ag decreases
with time the epoxide and amine dipole groups are being
replaced by groups having lesser dipole strength and/or
lesser spatial extent of motion (e.g. as at cross-links).
Johari and coworkers [17,18] (see also Refs. [16—26] in
Ref. [8]) plot the Argand diagram &” vs. &’ for a fixed
measuring frequency during reaction of different thermo-

setting systems and have used a form of the KWW relaxa-
tion function [19] to fit their data. Butta et al. [21] have
commented that such plots are not equivalent to plots of
g" vs. &' at fixed t, values and different frequencies. Johari
and coworkers have defended their approach [22], but diffi-
culties remain, as we have discussed [8]. The procedure of
Johari and coworkers is analogous to the time—temperature
superposition principle used for relaxation in stationary
systems [20,23]. The superposition of a set of relaxation
curves of [&',&"] vs. log w for a stationary system at differ-
ent temperatures to form a master curve requires: (i) hori-
zontal shifting of each curve by the factor log[a(T)] to
account for changes in relaxation time; and (ii) vertical
shifting to accommodate changes in €, and &. Master curves
for stationary systems as plots of [&’,&"] vs. log[a(T)] can be
obtained, giving a master plot for £” vs. &’. For a reacting
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system the plot of the dielectric properties vs. time at a fixed
frequency during reaction will only produce a master curve
for the Argand diagram if: (i) £¢(#,) and €.(#,) are indepen-
dent of f; and (ii) the shape of the relaxation function
S«(w,t) is independent of ¢, in the relaxation region. Our
data show that g((#;) decreases by ~25% in the range
2.5 <log(#/s) <4.0. Taking &£4(f;) to be approximately
constant at ~3.8 from Figs. 12 and 13 we estimate that
Ag,(t,) changes by 50% in this range. Thus substantial verti-
cal corrections may be necessary to scale gy(t;) to form a
master Argand plot for the present system. However the use
of scaled Argand plots for DRS data with variable ¢, at fixed
frequencies are unnecessary since the DRS data were
obtained over a wide frequency range at fixed reaction
times. Fig. 13a and b show plots of &’ and &” vs. log(f/
Hz) at Ty = 60°C. The loss peaks move steadily to low

frequencies, decreasing in height on going from 4 to
10 ks, reflecting a change in both Ag,(#,) and Sy (w,t,) with
t, in this range. We estimate, that &,(#,) decreases from 6.85
to 6.60 in the range 10-20ks (Fig. 12a) while &,
decreases from 0.365 to 0.350 (Fig. 13b). The shape of
the loss curves is nearly unchanged with #, in this range
so if a small vertical correction is applied to the [e',e"]
data the dispersion and absorption curves obey the
equivalent of the time—temperature or frequency-
temperature superposition processes in this limited
range of #. Similar conclusions apply to the data at
80°C. For TR = 60°C and t,>20ks the loss curves
move to ultra-low frequencies showing that a glass is
formed, but for Tz = 80°C the loss peaks settle at long
times to become constant. Since f;,,x = 8 Hz the product
is an elastomer.
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Fig. 10. Plot of (a) real permittivity &’ and (b) loss factor &” vs. log(f/Hz) and log(#/s) for the PY306/TMB/BA system at Ty equal to 120°C.

5. Effect of ¢, on the frequency location of the «-relaxation

The times of maximum loss (t,,,) for fixed measuring
frequencies, as derived from Figs. 12b and 14b and their
equivalents at different values of Ty, are shown in Fig. 16.
As for other thermosetting systems that form a glass [8], the
peaks at 60°C move steadily to long times with decreasing
frequency. The results at 80°C and higher temperatures are
qualitatively different. Fig. 14b shows that at 10° and 10* Hz
the behaviour is similar to that in Fig. 12b, but as frequency
is reduced to 10° and 10* Hz while a loss peak is obtained
the loss values become constant at long times. At 10 and
1 Hz no loss peak is observed, the loss values rise to plateau
levels with increasing 7. Such behaviour was unexpected
but was clarified when the isochronal plots were constructed

(Fig. 15) that showed the a-process moves initially to low
frequencies but then stabilises beyond 40ks to become
invariant with time and an elastomer is formed. Reactions
conducted above 80°C give the same behaviour. These
results indicate two types of behaviour for this mixture
[8]. Below a floor temperature Tg, diffusion control of reac-
tion, due to diminished molecular mobility, leads to the
formation of a chemically unstable glass. Above Ty the
material is a liquid or elastomer at all times so reaction
goes to completion. Note that at high frequencies the
changes of f,,, with frequency are similar for 60 and 80°C
(Figs. 12b and 14b). Extrapolation of the location of the loss
peaks at short times to longer times in Fig. 14b would
predict, incorrectly, that a glass is formed at long times.
Thus measurements of &(w,r,) for thermopolymerising
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systems need to be made down to the f-range where glass-
formation is apparent (i.e. f < 1 Hz).

In Fig. 16, for Ty > Tf the plots are truncated at long
times since loss peaks are not observed at the lower frequen-
cies (e.g. for f < 10> Hz at Ty = 80°C, see Fig. 14b). For the
short-time region in Fig. 16b the plots are linear and we
write

f =C eXp[_g'ln [max] (3)

where the parameters C and g depend on 7. This contrasts
with the behaviour of epoxide/amine systems for which
plots of log f vs. #,,x are approximately linear [8].
Consider now the isochronal data e.g. as in Figs. 13 and
15. The derived plots of log fi.x Vs. t, and log f.x vs. log ¢,
are shown in Fig. 17. The decrease in log f;,.x With increas-

ing log ¢, is approximately linear over most of the range at
60, 65 and 70°C, but there is upward curvature at the lowest
frequencies. Above these temperatures the plots are linear
initially then reach a plateau when the system becomes
stationary. Fig. 17 includes only those points for which
gl .« was observed in plots of &” vs. log f at constant t,.
Assuming that the loss curves for ¢, > 20 ks (Fig. 13b)
move to low frequencies without an appreciable change in
height and shape, log f..x values were determined at long
times from the horizontal shift-factors relative to the data at
shorter times. Table 1 gives the values determined in this
way for Ty = 60°C. The plot of log fi. vs. log¢ (not
shown) is linear in the range 3.75 = log fi,.x = 0.25 then
deviates upwards at lower frequencies. The deviations A =
[log fax(observed) — log fi,.x (linear plot)] are listed in
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Fig. 12. (a) &' and (b) &” vs. log(¢/s) at fixed measuring frequencies for Ty = 60°C.

Table 1 and indicate premonitory behaviour for the occur-
rence of a plateau in log f;,,x below our range at very long
times. At 60°C, when molecular motions become very slow
(t. > 20 ks, see Fig. 17) diffusion-control resulting from
limited molecular mobility leads to a marked reduction in
the reaction rate [8,11]. The mixture is in a non-equilibrium
state with respect to its volume, enthalpy and entropy thus,
as for a glass-forming liquid or amorphous polymer cooled
from the melt into the glass-transition region, volume
relaxation by physical ageing [24,25] will occur after the
glass has been formed, even though the reaction has been
arrested. The relaxation behaviour of a glass in which the
structure is temporarily ‘frozen-in’ has been discussed by
Ediger, Angell and Nagel [26] who show dielectric data for
(14(T)) for polyvinylmethyl ether that deviate away from
the equilibrium line for T < T,. They note that enthalpy
relaxation data show similar behaviour. For the present

case, it seems likely for #, > 50 ks (Fig. 13b) that a decrease
of log fi.x towards the values extrapolated for the linear plot
(see Table 1) would occur as volume relaxation takes place.
It would be of interest to make simultaneous DRS and
volume measurements in the vitrification range in order to
see how log fi..x changes during the physical ageing process
for a newly-formed glassy-product of reaction. A decrease
in volume should give a decrease in log f,.x — as expected
from the effect of pressure on the dielectric a-relaxation in
amorphous polymers [27,28].

We define a floor temperature Tg as the temperature
above which the reaction proceeds to form an elastomeric
product. Below T limited mobility of reactants leads to the
formation of a glass. Before we analyse the present DRS
data, it is of interest to consider the work of Montserrat [3]
who used DSC to study the reaction of the diglycidyl ether
of bisphenol A (DGEBA) with a hardener derived from
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Fig. 13. (a) &' and (b) &” vs. log(f/Hz) at fixed times for Ty = 60°C.

phthalic anhydride. Figs. 2 and 4 in Ref. [3] show plots of:
(a) the conversion a(f) and (b) the T (product) vs. ¢, for
reactions conducted in the range 30-130°C. The limiting
conversions at long times, a(7R) say, may be determined
from (a). The derived plot of a vs. Tg shows that a; = 0
for Tg > 91 £ 1°C. The Ty(product) values at long times
(t=3X% 10? h) are determined from (b) and the derived
plot of Ty(product) vs. Tg shows that it reaches its limiting
value Tyoo (= 109°C) at 91 = 1°C. We conclude that there is
a floor temperature Ty = 91 £ 1°C for this reaction mixture,
above which an elastomer is formed and conversion goes to
completion. The relationship of Tye(= 109°C) to Tr(=
91°C) is unclear since T,(DSC) is a dynamic quantity
obtained from scans at a heating rate of 10 Kmin~'. In
contrast to these studies using DSC, we are able, in the
present work using DRS, to observe the changes that
occur in the molecular dynamics of a system during reac-
tion. It was found possible to estimate 7% for the present

system from an analysis of the behaviour of the a-relaxation
at different values of Ty. Table 2 lists the plateau values
(log fmp say) of log fi.x determined from Fig. 17b for Tx =
75°C and includes values for log f,,, at 60, 65 and 70°C
estimated by linear extrapolation of the higher temperature
data. Values of log f..«(obs) at different values of log ¢, for
Ty equal to 60, 65 and 70°C are shown in Table 3. Plots were
made of: (i) log fmp vs. Tx; and (ii) log fnax(0bs) vs. Ty at
fixed values of log #,. For Ty > 72 £ 1°C log fi,.(obs) falls
with time to a plateau value as the elastomer is formed. For
Tr <72 = 1°C the log fra.(obs) values decrease without
limit in our range as the glass is formed. Hence T = 72 =
1°C and log fi,, = 0.35 = 0.15 at Tg = T for this system.
Thus the DRS measurements have provided a direct method
for determining 7% for this boroxine/epoxide mixture. In
Section 6 we discuss how Tk is related to the behaviour of
the glass transition temperature 7, during reaction.
Tombari and Johari [9] used DRS at 1 kHz to study the
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curing of hexylamine with a diepoxide (DGEBA) at
306.2 and 316.2 K. Their loss data at 306.2 K are similar
to those shown here in Fig. 12 for TR = 60°C while their
data at 316.2 K are similar to those shown in Fig. 14 at
low frequencies for Tg = 80°C. i.e. the loss values tend to
plateau at long times. Their single-frequency-data for
the reaction at 316.2 K indicate elastomer-formation but
are insufficient to demonstrate the constancy of &” vs.
log f plots at long times.

6. Spectral line-shape of the a-process

Fig. 18 shows normalised plots of &"/l,. vs. log(f/
fmax) for the products obtained for 75 = Ty = 100°C.
The loss curves are very broad (e.g. in Fig. 13b, for
log f, = 10 ks the width at half height A, =~ 4.45) and

are asymmetrical in the KWW [19] or Davidson-Cole
[20] sense but we have not used these functions to fit
our data. The loss curves have Ay, in the range 4.7-
5.0, values that are greater than those for the a-relaxa-
tion in amorphous polymers, where A, values normally
lie in the range 1.7-2.5 [20]. It is well established, both
experimentally and theoretically, that topological inho-
mogeneities exist in polymer networks formed from
multifunctional reactants [29-33]. Thus, dipole relaxa-
tion of equivalent chemical groups may differ in rate
since the groups may occur in different local environ-
ments. Dipole groups of different chemical structure
will also have different relaxation rates. These factors
enhance the breadth of the loss peak over that observed
for amorphous solid polymers. Glatz-Reichenbach et al.
[34] showed that A, for the dielectric a-processes in
styrene—butyl acrylate (St—-BA) copolymers increased
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from ~3 to 4.5 on going from 0 to 10% (w/w) cross-linking
agent. The loss curves for the non-cross-linked material
were of KWW form but became more symmetrical on
going to cross-linked material [34]. This suggests that
motions of dipoles in the vicinity of cross-links in St—-BA
copolymers are slower than those in the remainder of the
system, so make their contribution on the low frequency
side of the loss peak, lessening the asymmetry of the overall
loss curve. The same reasoning applies to the elastomer-
products studied here, so we conclude that the large breadth
of the a-relaxation curves (Fig. 18) arises from a superposi-
tion of loss curves of different relaxation strengths and
relaxation functions from dipole groups that are found in a
variety of local environments. Egs. (ASa) and (A5c) show
how these groups make their contribution to the relaxation
strength A, and relaxation function S,,.

7. Alternative representations of the data

Mijovic and coworkers (e.g. Refs. [31-35]) have used the
complex impedance Z(= Z' + iZ") representation of real-
time DRS data for thermosetting systems during reaction.
We converted our g-data into this form and Fig. 19 shows,
as one example of the results, plots of log(—Z"(f)) vs. log(f/
Hz) for different values of ¢, for reaction at 60°C. Similar
plots were obtained at other values of Ty. They are similar to
those reported for epoxide systems by Mijovic, who has
explained that such plots exhibit three zones generally. At
the lowest frequencies (Zone A) electrode-polarisation
effects dominate and |Z"| increases markedly with decreas-
ing frequency. At higher frequencies (Zone B) ionic
conduction dominates, for which a parallel [R,,C,] circuit
has been proposed [35-39], where the elements R, C, are
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frequency-independent so

2
—wR,C,

7! — RP n_ it N
1 + o?R2C2

1+ @?RCE @
A peak in Fig. 19 occurs at wp, = (RyCy) ™' Also [Zina| =
R,/2 s0 R, and C; can be determined from @, and Z Ve At
higher frequencies (Zone C) dipole relaxation makes its
contribution as a small high-frequency shoulder on the Z”
peak for ion motions. Thus, this representation emphasises
the ionic conduction processes (zones A and B) in contrast
to the &” representation that emphasises the dipole relaxa-
tionprocess. Note that DRS data during polymerisation may
also be presented as the complex modulus (M = e,
which in the dipole relaxation region suppresses the conduc-

tivity contribution. It may be possible to resolve the relative
contributions of electrode polarisation (Zone A) and
conduction (Zone B) to M at low frequencies by analysis
of the plots of M" and M” vs. log f, but we have not pursued
this in this paper. There is little merit in presenting dipole
relaxation (Zone C) in terms of M since it is ¢ that is linearly
related to a Fourier transform of the molecular dipole corre-
lation function (see Appendix A). The curves in Fig. 19 are
dominated by the ionic conduction process (Zone B). As t,
increases the local viscosity increases, decreasing the ionic
mobility and hence increasing R, with time. Values of log f-
max (Z”) were determined for each 7R value. Flg 20 shows PlOtS of
log fmaX(Z”) vs. t,.. The conductivity o and resistivity p(=
o 1) are determined from o = d/AR, where A is the elec-
trode area and d the sample thickness. Fig. 21 shows plots of
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Table 1 Table 2

Values of log f;,. at different times for the reaction at 60°C Values of log(fy,,) at different reaction temperatures

t/ks log(finax/Hz) t/ks log(finax/Hz) A Tr/°C log(f,,,/Hz) Tr/°C log(f,,,/Hz)(estimated)
6 3.75 18 0.30 - 100 42 70 0+0.15
8 297 20 0.02 - 95 3.15 65 —0.30 £ 0.15

10 2.12 30 —0.93 0.39 90 2.30 60 —0.60 = 0.20

12 1.50 40 —1.45 0.77 85 1.70

14 1.10 50 -1.74 1.02 80 0.95

16 0.75 75 0.85
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Table 3
Estimated values of log(f;,.x) at different values of 7,

TR/°C log(finax/Hz) at log(t, /s) =

44 4.6 4.8 5.0
60 —0.05 -1.3 -2.0 —2.4
65 0 -0.5 -1.0 -1.5
70 0.25 0 —0.02 —0.04

log(a/S cm ™) vs. 1, and while the data suggest that limiting
behaviour would be obtained at long times as for the £”-
data, the f,,«(Z") values at the longest times lie below our
range. Comparison of the results for dipole motions (Fig.
17) and ion motions (Fig. 20) shows that at each value of Tg,
the values of fmax(Z” ) (ion motions) fall to 1 Hz in a time
shorter than that for f,,,(¢") (dipole motions) to reach that
frequency. Thus, molecular mobility is still rapid at times
greater than those for which the peak in log(—Z") has fallen
to 1 Hz.

For reactions conducted at 110 and 120°C (Figs. 10 and
11) only the low frequency side of the loss peak was obser-
vable in our range, so the variation in fy. (") with time
could not be determined directly. Measurements were
made at 100, 110 and 120°C in which the range was
extended to ultra-low frequencies in order to examine the
behaviour of Z” at long times. Fig. 22 shows plots of
log(—Z") vs. log(f/Hz) for fixed reaction times f, during
reaction at 110°C. Similar results were obtained at 100
and 120°C. As before (e.g. Fig. 20) the peaks move to
lower frequencies as f, is increased and at long times the
peaks become become independent of ¢.. This behaviour is
similar to that for f,,,, (¢”) above Ty, as we discussed. Fig. 23
shows plots of 10g(fuw (Z")/Hz) vs. t, for these tempera-
tures. f;.x decreases from its initial value to become constant

3551

at long times. Ionic conduction in the present systems arises
from ionic impurities and the dissociated species derived
from monomers, polymers and benzyl alcohol. Due to impu-
rities, o-values vary between mixtures of the same initial
composition, in contrast to the dipole relaxation properties.
We have used the method of Mijovic [35-39] to analyse the
kinetic behaviour of p in Fig. 23 in terms of the degree of
conversion «/(,) so that

a(t;) _ log p(t,) — log p(0)
Qi log p(o0) — log p(0)

(&)

oy, 1s the degree of conversion achieved at long times and 0
and oo refer to a-values at time zero and at the plateau level,
respectively. Fig. 24 shows plots of a/a, vs. ¢, derived from
Fig. 23. As Ty is increased the apparent rate of conversion
increases. Mijovic and coworkers have shown for several
epoxide—amine systems that conversion data derived in this
way are in good agreement with those obtained from real-
time chemical analysis. Fig. 25 compares the plots of log p
vs. f; and log (74( vs. t, at Tg = 100°C where (7,) =
[Zmeax(.s‘”)]_l. The conductivity data settle to a constant
value at times shorter than those for dipole relaxation. Ionic
conduction provides an indirect method for monitoring
changes in the molecular composition of the reaction
mixture with time. Changes in o with time reflect changes
in the mobility of the ions caused by changes in their local
environment whereas the ¢-data reflect changes in the mole-
cular dynamics of the chain dipoles in the system. It appears
in this case that o is insensitive to changes in the composi-
tion as the reaction proceeds at long times. We emphasise
that the Z and & data shown here are simply different repre-
sentations of the same measured dielectric/electrical proper-
ties of the reaction mixture at given values of ¢, and Ty, but
they place emphasise differently the ion and dipole motions.
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8. Relation to the time—temperature-transition (TTT)
diagram

In well-known work Gillham [1,2] constructed a “TTT’
diagram to describe key processes occurring during a ther-
mosetting reaction including gelation, vitrification, full-
cure, and, in special cases, phase-separation of products
during reaction. We now consider in relation to the present
work: (i) the possible detection of the onset of gelation
during reaction using DRS measurements; and (ii) the rela-
tionship between the DRS behaviour described here to the
TTT diagram of Gillham [1,2]. One definition of the onset of
chemical gelation of a thermosetting system is that it occurs
at the time when the weight-average molecular weight of the

3_
N
N
<
~ 27
N
N
X
o
£
g 1r
O_

system diverges to infinity [40]. On gelation, the system
transforms from a viscoelastic liquid, having a zero low
frequency shear modulus, to a viscoelastic solid having a
non-zero low-frequency shear modulus. For a thermosetting
system the transition would occur at the ‘gel-time’ #, at a
critical extent of cross-linking Pg say. Equilibrium theories
by Flory [40] and others [41-43] have been developed to
predict Pg for model systems. For example for a epoxide—
amine reaction [43]

Po=I[1+rm(f—21" (©)

where r is the ratio of the number of epoxide groups to that
of the amine hydrogens, f is the functionality of the amine

1 H
0 500 1000

1500 2000 2500

time (seconds)

Fig. 20. log(f(Z")/Hz) vs. t/s for 60 = Tp = 95°C obtained from impedance plots (e.g. Fig. 19).
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and x is the fraction of amine hydrogens in the mixture. For
a stoichiometric mixture of a diepoxide a diamine f = 4,
r=1,x = 1s0Pg = 0.577. In the application of this theory
the measured extent of reaction is assumed to be equal to the
extent of cross-linking, but this is not the case generally.
Furthermore, direct measurement of the extent of cross-link-
ing is difficult to achieve. In alternative approaches invol-
ving dynamical quantities [44], the time 7, is often quoted
as being the time at which a particular feature is observed in
the dynamic-mechanical properties of the evolving system.
These are e.g. (i) the time at which the steady shear viscosity
diverges; (ii) the time at which the real part (G') and the
imaginary part (G”) of the dynamic shear modulus become
equal (known as the G’ — G” crossover point) at a fixed
measing frequency; and (iii) the time at which a peak occurs
in tan® (mechanical) = G"/G’' for a fixed measuring
frequency. These have been discussed critically by Winter

10(

log(—=2" / Q)

[44]. For (ii) it was shown that the crossover occurs for
materials that exhibiting a power-law-dependence G(z,) ~
t." with n=1/2. Mijovic and coworkers [39] have
compared (i), (ii) and (iii) for an epoxide—amine system
and added a further method (iv) where 74 is given as the
time at which the first step in a plot of Z” vs. ¢, occurs at the
fixed measuring frequency. Good agreement was reported
between ty-values obtained by methods (i) to (iv).
However, caution is needed since, in addition to the reasons
given by Winter [44], these values of 7, will depend on the
frequency of measurement. Thus, gel-times derived from (i)
to (iv) serve as operational gel-times with respect to the
frequency of measurement. Ionic conductivity has also
been proposed as a means of measuring 7. This has the
advantage that the d.c. conductivity is independent of
frequency. Johari and coworkers [45,46] used empirical
equations to extrapolate plots of log a(t,) vs. t, to give
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Fig. 22. log(—Z") vs. log(f/Hz) at fixed times during reaction at 110°C.
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Fig. 23. log(f,(Z")/Hz) vs. t,/s obtained from impedance data (e.g. Fig. 22) for 100 = Ty = 120°C.

times at which a/(z;) would become effectively zero to define
the gel-time for the reaction. As pointed out by Zukas [47]
and by Mijovic and coworkers [38], extrapolation of ionic
conductivity data is not appropriate and there is no reason
why the diffusion of ions would stop at the onset of gelation.
A further method (v) suggested by Mijovic and coworkers
[38] takes the point of inflection in plots of log o vs. ¢, to
indicate a gel-time. The inflection-point gives the maximum
rate of change of ionic conductivity during cure. For a
TGEPA/MDA thermoset they found good agreement
between the apparent gel-times derived from (i) to (v).
However, the gel-times derived from (i) to (iv) will vary
with measurement frequency so the agreement will not hold
generally. Our DRS measurements give no direct evidence
for gel-formation. We take the view, in agreement with
Zukas [47], that the onset of gelation in a thermosetting
system has no corresponding event in the DRS behaviour.
The ions sense the local viscosity during their translational
motions so the ionic mobility, and hence conductivity, will
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decrease as the local viscosity increases during reaction
irrespective of whether a viscous non-crosslinked polymer
or a dense polymer network is formed en-route to the forma-
tion of a glass (for Ty < Tf) or an elastomer (for Ty > Tf).
Our conductance data (see Fig. 20) shows no indication of
the onset of a gel-point so it seems unlikely that they give
any information on the liquid-to-gel transformation in this
system.

Following gelation further reaction extends the cross-link
density of the network and eithervitrification will occur if
the reaction becomes diffusion-controlled through lack of
molecular mobility or an elastomer-product will form if
chemical reaction is completed. Our DRS results indicate
a floor temperature T so it is useful to relate our work to that
of Gillham [1,2] and to Montserrat [3]. DRS has been used
widely to monitor changes in molecular mobility as thermo-
setting systems approach vitrification (for a recent review
see Ref. [8]). In earlier work [11] we modelled the changes
in DRS behaviour as the reaction became diffusion-controlled
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Fig. 24. a/ay, vs. t, as calculated from the data of Fig. 24 using Eq. (5) of the text.
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through lack of molecular mobility. In all such studies the
‘vitrification time’ needs to be defined operationally. As
discussed by Angell and coworkers for glass-forming mate-
rials [26,48] it is customary to extrapolate the plot of log fi.x
vs. (T/K) ™" to 10g fia = —2 to define the T-value opera-
tionally. The glass thus prepared is thermodynamically
unstable and will relax its thermodynamic properties
through physical ageing, which will increase T, with time.
We extend the TTT diagram as follows, to include the varia-
tion of 7, with time during reaction at different 7y values. In
Fig. 26 we show a schematic plot of T’g vs. log 1, for differ-
ent T’y for a thermosetting system. The time-scale is arbi-
trary. T;; is the difference between T,(reacting mixture) and

T,(unreacted mixture). Here T, is measured by a dynamical
technique (e.g. DRS, DSC or DMTA)) and refers to a fixed
effective measuring frequency. The ‘normalised tempera-
ture T{z is the difference between Ty and T,(unreacted
mixture). We set Tk = 70 in the figure so for reactions
conducted above T/F an elastomer is formed, the reaction
goes to chemical completion and all products have the same
T,. For Tk < 0 the reaction mixture is a glass so little reac-
tion occurs, whose rate diminish further as Ty is decreased.
For Tk > 0, ng increases during reaction to a near-plateau
level at which Ty(plateau) = T,, i.e. a polymer glass is
formed whose T, - value = T{;, but some further reaction
will occur slowly at longer times, increasing T, slightly.
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the occurrence of a “floor temperature’. T’g and ‘normalised temperature’ are defined in the text.
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This pattern of behaviour continues until Ty = Tk = 70,
above which the T, -value equals 70 for all products. For
TR = 70, increase in Tk simply increases the rate at which
the T,-curve rises to the plateau level. The figure shows how
the T, of a thermosetting reaction mixture varies with time
and demonstrates the connections between T, and Ty. Thus
Fig. 26 extends the TTT diagram of Gillham to include the
floor temperature Tr as we have deduced from our analyses
of the DSC studies of Montserrat [3] and the present DRS
studies for thermosetting systems.
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Appendix A

If, at time ¢, during reaction, the time correlation functions
for dipole motions decay to zero in a time-scale shorter than
that required to change the chemical composition of the
reaction mixture by a significant amount then the dipole
moment correlation function [@,(0)], for all dipoles in a
macroscopic volume V of the reaction mixture at time ¢, is
given by

(@01, = [ > D (@] 1> D W00,
i i

(AT)

where u;(f) is the dipole moment of species i at time  given
its value was u;(0) at £ = 0, and the sums are taken over all
dipole species. (---) indicates a statistical average. For the
case where there are no angular correlations between
dipoles this becomes

[DLD], = D et [Py, D1,/ Y ciltous (A2)
1 1
where c;(f,) is the concentration of species i at f,, and
[P(0],]1= [(;7,,4(0).,&,-(t))//u,z],r is the normalised autocorre-
lation function for the reorientational motions of species i at
time #. Thus the dielectric relaxation behaviour gives a
snapshot of the dynamics of the system at .. The occurence
of a and B processes in the f~domain can be rationalised
within one general scheme for partial (B) and total (o)
relaxations of the dipole vectors associated with all of the
species. Following Williams [15,16] we write the dipole
moment correlation function for the motions of species i as

(0,00, = {ou ] Zpose + X pot a0 | 43
I ri tr
where p,; is the probability of obtaining species i in the
temporary local environment 7; at t = 0. g, = W)V s
where (i, ) is the mean dipole moment for species i residing

in environment r; when the B, process is completed in time.
®q; and @g,(7) are the relaxation functions for the a process
and the B, process for the species i, as we have described.
The sum is taken over all environments r; for the species i.
Combining Eq. (1) of the script with Egs. (A2) and (A3) we
may write for the mixture of species at time ¢,

&(w, 1) — &x(ty)
oot — el =A,(1)Se(@, 1) + Ag(1)Sp(w, 1) (Ad)

where A; and S; are the relaxation strength and normalised
relaxation function, respectively, for the ith-process (i =
a or B) and are given by

Au(tr) = [ Z ci(l‘r)/“(‘i2 Zpr,-qr; ]/ Z ci(l‘r)/“‘t2 (Asa)
Aga) = D el 3 p, (1 = a) ) X citioui  (ASH)

Salw, 1)
=1~ 6 citpi ee (O Y py(1 = a) Y o
| (A5¢)
Sp(w, 1)
| > ctont 3 pi1 = 4,6, (t)]/Z ciltd

(A5d)

Also the total relaxation strength is given by

Aety) = eo(ty) = ewolty) = Flen, £0) D it (ASe)

where F(g&, &5,) 1s a simple function of the limiting
permittivities [20].
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