
Correlation between Structural Relaxation and Distribution of Particle
Clusters in Glass-Forming Epoxy-Amine Mixtures Undergoing Step
Polymerization

R. Volponi,† S. Corezzi,*,†,‡ and D. Fioretto†,‡
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ABSTRACT: The evolution of the structural relaxation during the step polymerization process of four different
formulations of an epoxy-amine mixturesdiglycidyl ether of Bisphenol A with diethylenetriamineshas been
studied by means of broadband dielectric spectroscopy. Step polymerization progressively turns the liquid into
a glass and offers an efficient means to study the effect of the formation of clusters of bonded particles on the
structural dynamics. Specifically, we investigate how changes in the distribution of particle clusters reflect in the
slowdown and broadening of the relaxation process. We find that the average cluster size diverges as the system
freezes at the glass transition and relates to the structural relaxation time in a manner formally similar to that
predicted for the size of the cooperatively rearranging regions within the Adam-Gibbs model for glass-forming
liquids. This result confirms the one previously obtained by photon correlation spectroscopy on the same systems
and indicates it is independent of the experimental technique. Moreover, we observe that the low-frequency
broadening of the relaxation function on approaching the glass transition is connected to the increasing
polydispersity of the system. We quantify this polydispersity by the varianceσ of the cluster size distribution or
by the steepnessa of the distribution tail, and we find, over a wide range of these parameters, that the low-
frequency power-law exponentm of the relaxation function is linear vs loga and logσ.

A. Introduction
Structural arrest related to the glass transition is a topic of

great interest in material science. Glasses can be formed by
many routes,1 the more traditional being reducing the temper-
ature or increasing the pressure of a viscous fluid, fast enough
to avoid crystallization. Other technologically relevant paths to
glass formation include vapor deposition, concentration increase
in colloidal suspensions, solvent evaporation, and liquid po-
lymerization reactions. Finding a common paradigm for such a
wide class of structural arrest phenomena is an actual challenge.
In this direction, even though we are far from a comprehensive
description of the dynamics of liquids from the onset of the
structural relaxation to the structural arrest, cooperativity
studies2-7 in conjunction with the Adam-Gibbs entropy model8

suggest that growing up of particle clusters may be at the core
of glass formation.

Epoxy systems show a great potential to test ideas related to
glass formation, as they easily form glasses via thermal or
pressure paths or can be isothermally isobarically vitrified via
step polymerization if cured with hardener agents like amines.
Their temperature9-15 and pressure16-20 behavior has long been
studied, using different experimental methods. A number of
techniques, including calorimetry,21-30 ultrasound31-33 and shear
measurements,34,35infrared,35-39 light scattering,30,31,36,40-42 and
dielectric spectroscopy,17,29,36,43-53 can also be used to investigate
the dynamics and thermodynamics of epoxy-based systems
during polymerization reaction. The comparison of results
obtained by different spectroscopic techniques is of fundamental
importance to distinguish features which are genuine manifesta-
tions of the glass transition from those which are related to
molecular details or to the technical probe.

Epoxy-based step polymers, in particular, can serve as an
excellent model for studying the clustering process and its
connection with the structural arrest. Differently from the case
of liquids undergoing thermal and pressure-induced vitrification,
in fact, an unambiguous definition of cluster can be given for
systems undergoing step polymerization, as a set of permanently
bonded monomers present in the system at a certain extent of
the polymerization reaction. The extent of polymerization is
quantified by the epoxy conversionR, i.e., the fraction of epoxy
groups reacted, which can be measured by calorimetry21-30 or
infrared spectroscopy experiments.35-39 At any value ofR, the
distribution of clusters is known in many cases from well-
established statistical models.54,55 From this information a
connection between structural relaxation properties near the glass
transition and properties of the growing clusters can be traced.
An example is provided by the relationship between increase
of the average cluster size and increase of the structural
relaxation time recently derived for a series of epoxy-amine
formulations on the basis of results from photon correlation
spectroscopy (PCS).56 On intuitive grounds, one also expects a
relationship between the shape of the cluster distribution and
the shape of the structural relaxation. Within a heterogeneous
picture of relaxation, in particular, a broader distribution of
clusters is expected to give rise to a broader relaxation function.
It should be noted, however, that despite that a mechanism of
broadening related to spatial heterogeneities has been invoked
by different authors,36,57,58it is not demonstrated experimentally
stringent investigations being generally prevented by the absence
of direct access to properties of these heterogeneities to be
compared with measured relaxation properties on the same
system.

In this paper we report new broadband dielectric spectroscopy
(DS) measurements on four different formulations of an epoxy-
amine mixture, undergoing step polymerization.59 The reaction

* Corresponding author. E-mail: corezzi@fisica.unipg.it.
† Universitàdi Perugia.
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proceeds via random formation of covalent bonds between
the amino hydrogen and epoxy group. On increasing the number
of bonds in the system, the growing clusters of momomers
progressively slow down, while their size becomes widely
distributed and the spatial heterogeneity in the system increases.
Focusing on the structural relaxation process, we analyze the
changes in relaxation time and spectral shape during the
polymerization reaction and study how they correlate with the
attendant variation of the distribution of clusters in the system.
In particular, we compare in section D1 the behavior of the
relaxation time as a function ofR with the corresponding
variation of the average cluster size and with related predictions
of the entropy model.60 Changes in shape of the relaxation
function are considered in section D2, in connection with
the broadening of the cluster size distribution. By changing
the molar ratio of the monomer constituents, we investigate
systems characterized by different reaction kinetics, leading
to different cluster size distributions, and different gelation
and glass transition points. The present results are discussed
in comparison with those obtained by PCS on the same
systems.

B. Experimental Section

The epoxy compound diglycidyl ether of bisphenol A (DGEBA,
molecular weight 348) and the curing agent diethylenetriamine
(DETA, g99%) were used as received by Aldrich. We studied
four DGEBA-DETA formulations, with the molar ratioNe:Na

between epoxy and amino reagent equal to 10:3, 5:2, 5:2,8, and
10:9. Since DGEBA bears two epoxy functional groups and DETA
five amino functional groups per molecule, our mixtures realize
the condition of an excess of epoxy groups, the stoichiometric
balance of functional groups, and an excess of amino groups. Each
mixture was prepared by mixing for 2-3 min at room temperature
and then transferred into the measurement cell, kept at a fixed
temperature.

Cure reaction of DGEBA with DETA proceeds via stepwise
polyaddition of the amino hydrogen to the epoxy group. Thus,
a convenient measure of the extent of reaction is the epoxy
conversionR, i.e., the fraction of epoxy groups that have reacted
since the beginning of the reaction. To determineR, we measured
via differential scanning calorimetry the heat release associated
with chemical bond formation. At any reaction timet, R(t) was
calculated by the ratio∆H(t)/∆Htot (per gram of mixture), where
∆H(t) is the heat released up to the timet and ∆Htot is the
heat release associated with the total consumption of epoxy
functional groups. For more details see ref 30. From repeated
measurements we estimate the accuracy of our conversion data to
be 1.5%.

Because of the presence of a multifunctional reagent, the cure
of DGEBA with DETA grows branched molecules and finally
yields a network polymer. Before a solid glass, the system develops
into a gel, which is a system able to sustain shear stress due to the
presence of a network of bonded particles spanning a macroscopic
portion of the sample. The extent of reaction at the gel point,
according to the classical theory of Flory,61 is Rgel ) 0.43, 0.50,
0.59, and 0.75 for our four mixtures.

Dielectric spectroscopy measurements were carried out in the
frequency range 10-1-106 Hz by means of an Alpha Novocontrol
analyzer, employing a parallel plates measurement cell. The reaction
temperature was fixed at 32, 28, 26, and 22°C for the mixtures
DGEBA-DETA 10:3, 5:2, 5:2,8, and 10:9, respectively. At these
temperatures the polymerization reaction typically takes 6-7 h to
reach completion. As the acquisition of each dielectric spectrum
only takes 3-4 min, the advancement of reaction over a single
relaxation measurement can be considered negligible, and the
dielectric evolution of the system is monitored by a succession of
quasi-equilibrium states, each associated with a certain value of
epoxy conversionR.

C. Results

Figure 1 shows typical dielectric loss spectraε′′ for the
reactive systems DGEBA-DETA 10:3 and DGEBA-DETA
5:2, acquired at different reaction times during cure under
isothermal conditions. The evolution of the spectra strictly
reflects the glass transition process that occurs as a result of
the polymerization reaction. On increasing the number of bonds
between monomers, i.e.,R, the movements that permit the
molecules to change their positions become increasingly slow;
correspondingly, the structural process moves toward lower
frequencies. When the characteristic time for the structural
rearrangements becomes longer than the duration of a typical
experiment (∼102 s), the system appears to be arrested and then
enters the glassy state. Approximately at the same time, diffusion
at a molecular level is blocked up and polymerization stops.
Since the structural relaxation process dominates the spectra,
its evolution can roughly be described through the frequency
νmax of maximumε′′, which is taken by visual inspection of
the spectra and converted into a relaxation timeτ* ) (2πνmax

)-1, reported in Figures 4a-7a as a function ofR. Unfortunately,
at least two other features in the spectra are able to perturb the
detection of the structural relaxation time: a steep∼ω-1 increase
of ε′′ with decreasing frequency, related to ionic conductivity,
which contributes less on increasingR, and a secondary
relaxation process at higher frequencies, more evident in the
final stage of the reaction, when the structural relaxation has
shifted to the low-frequency side of the spectral window. This
complex scenario can make the frequency of maximum struc-
tural dielectric loss be different from the frequency of maximum
total dielectric loss and may alter its dependence onR. To
remove this effect, we separate the contribution to the spectra

Figure 1. Dielectric loss spectra of DGEBA-DETA 10:3 and
DGEBA-DETA 5:2 reactive mixtures, cured at 32 and 28°C,
respectively. In the direction of the dashed arrow, the spectra are
acquired at increasing times of reaction, thus corresponding to increasing
values of epoxy conversionR. Bold segments are drawn to highlight
the power-law behavior of the structural relaxation function at low
(∼ωm) and high frequencies (∼ω-n): a continuous decrease ofm and
an almost constant behavior ofn are clearly seen.
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of the structural relaxation through a full-spectrum analysis
performed by modeling the complex dielectric functionε* )
ε′ - iε′′ as the sum of a conductivity term and two Havriliak-
Negami (HN) terms

where ω ) 2πν is the angular frequency,ε∞ is the high-
frequency limit ofε′(ω), ε0 is the vacuum permittivity,σ is the
dc conductivity,∆, τHN, a, andb are the amplitude, characteristic
time, and shape parameters of the structural relaxation process,
and the parameters with index s refer to the secondary relaxation.
The use of the phenomenological HN function to model the
relaxation processes is motivated by the direct evidence inε′′
(see Figure 1) of power law behaviors for the high (∼ω-n) and
low-frequency limit (∼ωm) of the structural relaxation and for
the low-frequency limit of the secondary process. The HN
function properly describes these power law behaviors, withm
) a andn ) ab.

To test the robustness of our fit results, the dielectric loss
curvesε′′(ω) are also converted into retardation time spectra
L(ln τ) and analyzed according to the procedure explained in
refs 65 and 66. Retardation spectra calculated for the system
DGEBA-DETA 10:3 at different values of conversion are
shown in Figure 2, together with the corresponding dipolar
relaxation spectra obtained by subtracting the conductivity
contribution to the dielectric loss. Deconvolution of the structural
and secondary contributions is carried out by describing the
retardation spectrum as the sum of two terms, each correspond-
ing to a HN function in the frequency domain65,66

where the parameterθ can be written asθ ) arctanx + (1 -
x/|x|)π/2, with x ) sin (πa)/[(τ/τHN)a + cos(πa)]. As an example,
the overall retardation spectrum and the deconvoluted structural
and secondary contributions are shown in Figure 3 for the
system DGEBA-DETA 10:3 at conversionR ) 0.42. The
parameters obtained from the fit of the retardation spectra using
eq 2 always agree within the error with those obtained from
the fit of ε′′(ω) using eq 1.62 The quality of the fit is quite
comparable as the relative errors plotted in the insets of Figure
3 demonstrate.

The presence of secondary relaxations and their interrelation
with the structural one in both neat and polymerizing epoxy
systems has recently been studied by Beiner et al.,63 and
information on secondary relaxations in glassy DGEBA-DETA
networks can be found in ref 64. In this work, as the secondary
relaxation at any time of reaction results to be partially out of
the spectral window investigated, we focus on the evolution of
the structural relaxation only. The structural parameters obtained
from a least-squares fit of eq 1 to the experimental data are
reported in Figures 4-7, together with the relaxation timeτmax

calculated from the reciprocal frequency of maximum structural
dielectric loss. It can be seen thatτmax coincides withτ* at high
conversion values, while it progressively departs in the low
conversion region due to the influence of the secondary
relaxation. Moreover, a comparison ofτmax(R) andτHN(R) shows
that the two are not parallel, since the shape of the relaxation
function is changing during the polymerization reaction, as
discussed in the next section.

A fit with eq 1 allows us to analyze the high- and low-
frequency shape of the structural relaxation separately. Panels
b of Figures 4-7 show thatn does not change appreciably in
a relatively wide region ofR. Correspondingly,m markedly
decreases and then levels off. This behavior can also be directly
observed in Figure 1. The same figure indicates that a decrease
of maffects the spectra from the beginning of the polymerization
reaction. To trace the value ofm back to the early stage of
reaction, we have interpolated, for low values ofR, the dielectric
loss spectra around the minimum between the conductivity and
the structural relaxation with only the conductivity term and a
HN function with fixedn and∆. From this, we have estimated
them values shown in panels b with half-open symbols, whose
behavior continues that of the points obtained from the full-
spectrum fit.

Figure 2. (a) Dielectric loss without the ionic conductivity contribution
and (b) the corresponding retardation spectra for the system DGEBA-
DETA 10:3 at the indicated values of conversion.

ε*(ω) - ε∞ ) σ
iωε0

+ ∆
[1 + (iωτHN)a]b

+
∆s

[1 + (iωτs)
as]bs

(1)

LHN (ln τ) ) ∆
π

(τ/τHN)ab sin(bθ)

[(τ/τHN)2a + 2(τ/τHN)a cos(πa) + 1]b/2

(2)

Figure 3. (a) Dielectric loss without the ionic conductivity contribution,
for the system DGEBA-DETA 10:3 at conversionR ) 0.42. The
circles and the solid line represent respectively the experimental data
and the fit with eq 1. Dashed lines indicate the contributions of the
structural and secondary relaxations. (b) Deconvolution of the calculated
retardation spectrum (circles) for the system DGEBA-DETA 10:3 at
conversion R ) 0.42 into contributions from the structural and
secondary relaxations (dash lines). In the insets, the relative error is
shown.

3452 Volponi et al. Macromolecules, Vol. 40, No. 9, 2007



D. Discussion

1. Relaxation Time.A qualitative inspection of the variation
with R of the relaxation time of the four samples investigated
shows the signature of incipient structural arrest of the systems,
i.e., a rapidly increasing and apparently diverging relaxation
time at sufficiently high conversions. The finally arrested
material is a glassy solid. Some of our measurements extend
across the gel point, but there is no observable event associated
with the gelation process. Indeed, dielectric spectroscopy is blind
to gelation.

The progressive slowdown of the dynamics manifests in a
strongly nonlinear behavior of logτ vs R, which closely
resembles the classical behavior of logτ in supercooled and
overcompressed liquids, well described by Vogel-Fulcher-
Tamman like (VFT) equations as a function of temperature12,13,68

and pressure.16,19,67Analogously, we find theτ(R) data (withτ
≡ τmax or τHN) well represented byτ ) τ0 exp[D/(R0 - R)],
with τ0, D, and R0 constant parameters dependent on the
polymerization reaction. In particular, the conversionR0 of
apparent divergence ofτ moves to higher values for increasing
values of the molar ratioNa/Ne between the amino and epoxy
components. Previous workers have successfully interpreted
their data for thermosetting materials (in particular, epoxy resins)
in terms of an empirical law equivalent to that of the present
analysis.35,50,51Others have questioned such law24,26 and pro-
posed a nonsingular three-parameter relationship betweenτ and

R of the formτ ) τ0 exp(SRp), with τ0, S, andp polymerization-
dependent constants. Moving from a mere phenomenological
approach, we now assess the merits of the fit with a VFT
equation by examining its ability to describe the physics
underlying the process.

Figure 4. (a) Dependence onR of the structural relaxation time during
reaction of the DGEBA-DETA 10:3 mixture. Open circles refer toτ*
evaluated from the reciprocal frequency of maximumtotal dielectric
loss, open squares areτHN values obtained from a fit using eq 1, and
closed cicles refer toτmax evaluated from the reciprocal frequency of
maximumstructuraldielectric loss. Solid and dashed lines are the best
fit using eq 3. The inset shows theR dependence of the dielectric
amplitude4. (b) Dependence onR of the low- and high-frequency
shape parameters,m (circles) andn (diamonds), of the structural
relaxation process. The value ofn for 0.12< R < 0.28 was kept fixed
in the fit. Closed and open symbols indicate data from a full-spectrum
fit using eq 1, and half-open symbols indicate data from a simplified
fit procedure as explained in the text.

Figure 5. Same quantities as explained in Figure 4, for the DGEBA-
DETA 5:2 reaction. The value ofn for 0.08 < R < 0.30 was kept
fixed in the fit.

Figure 6. Same quantities as explained in Figure 4, for the DGEBA-
DETA 10:9 reaction. The value ofn for 0.20 < R < 0.40 was kept
fixed in the fit.
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Within an extended picture60 of the Adam-Gibbs theory8 of
vitrification, the increase ofτ during step polymerization can
be explained in terms of configurational entropy changes that
follow from chemical bond formation. Step polymerization
produces growing covalently bonded particle clusters in the
sample, whose average sizexn is predicted to vary withR as
xn(R) ) 1/(1- fhR).59,61Here,fh is the average epoxy functionality
of the system, i.e., the average number of epoxy groups per
monomer initially present in the mixturesin our case,fh ) 2Ne/
(Ne + Na). The clusters formed during the reaction are not big
on average,xn being of the order of 3-5 in the whole range
investigated. Thus, it is reasonable that during a structural
rearrangement a monomer takes the other bonded monomers
along, so that all monomers in a cluster are involved in a
cooperative motion. Accordingly, the size of the cooperatively
rearranging regions8 in the system increases proportionally to
xn, or equivalently, the configurational entropySc reduces as
Sc(R) ∝ 1/xn(R), with a consequent increase of the structural
relaxation time according toτ ) τ0 exp(C/TSc), with τ0 andC
constant. Hence, the relationship betweenτ andR reads

with τ0 constant andB only dependent onT. Notice that a VFT
form now emerges within a physical picture of the glass
transition process. According to eq 3, theτ(R) data should appear
to diverge forR approaching 1/fh ) (1 + Na/Ne)/2, therefore,
whenxn diverges. For each reaction, we fitted the data ofτmax

for the structural relaxation with eq 3, using 1/fh ) R0, B, andτ0

as adjustable parameters. The fit curves are drawn with solid
lines in Figures 4a-7a, and the corresponding values of the
parameters are listed in Table 1. The agreement between the
values ofR0 obtained from the fit and the values 1/fh calculated

from the molar ratio of the monomer constituents is very good.
Equation 3 also fits the data ofτHN with values ofR0 very close
to those expected. This indicates that the result is robust with
respect to the definition of the relaxation time chosen to describe
the structural dynamics of the system. These findings constitute
a positive test of the entropy theory for the structural arrest of
model systems undergoing step polymerization, and state a
connection between the relaxation time and an average property
of the distribution of particle clusters in the system. A similar
test was recently performed on the same reactive systems by
means of depolarized PCS,56 probing optical anisotropy fluctua-
tions, which arrest at the glass transition. Also in that case a
very good agreement betweenR0 and calculated values of 1/fh
was found. One of the main results of the present work is that
this agreement is independent of the experimental technique used
to probe the structural arrest of the system.

2. Shape Parameters.The evolution of the shape parameters
in the course of reaction and the comparison with values
obtained from different spectroscopic techniques deserves a
separate and careful discussion. Different techniques, in fact,
like DS and PCS, are sensitive to the motion of different parts
of a molecule: the former to the motion of permanent electric
dipoles (e.g., epoxy groups) and the latter to the motion of
optically anisotropic parts (e.g., phenyl rings). Moreover,
dielectric spectra are taken in the frequency domain while photon
correlation spectra in the time domain, so that a Fourier
transform is required before a comparison of the spectral shape.
Nevertheless, one expects the shape of the structural relaxation
function to be connected with features of the cooperative
motions which are the same even if revealed through different
physical observables.

In the epoxy-amine systems investigated, the dielectric
spectra exhibit an almost constant behavior during polymeri-
zation of the high-frequency shape paramentern and an
impressive decrease of the low-frequency parameterm. In the
same sytems, PCS measurements performed in the time domain
give a Kohlrausch-Williams-Watt stretching parameterâK

almost constant, i.e., a time-conversion superposition of the
correlation functions.30,56These findings are mutually consistent
indeed due to the different sensitivity of the two techniques to
the high- and low-frequency parts of the relaxation function.
While DS ensures a good sensitivity to both parts, the shape of
PCS spectra is mainly determined by the short time (high
frequency) portion of the relaxation function. An unusual
sensitivity of at least 3 decades in amplitude of the PCS signal
is required to distinguish between single-power-law and double-
power-law response.69 Most PCS measurements have a good
statistics in the short-time limit only, and so the stretching
parameterâK is the only information on the shape that can be
extracted from the spectra.70

A further confirmation of the fact that a constant value ofâK

can approximately interpolate spectra with a constantn and
varying m comes from the results of a different approach
commonly used to facilitate a comparison of DS with PCS
spectra, consisting of fitting the dielectric spectra with the
Fourier transform of the KWW function. Such an approach was
used by Fitz et al.36 in a previous investigation of a mixture
DGEBA-DETA 5:2 (using DGEBA withMn ) 374) isother-
mally cured at 50°C. A valueâK ) 0.28 ( 0.02 was found,
almost constant in the conversion range 0.32< R < 0.56, in
perfect agreement with PCS results.36,56 It should be noted,
however, that this procedure allows to describe the shape of
the dielectric spectra by means of a single parameter in a narrow
region around the maximum ofε′′, but it remains largely

Figure 7. Same quantities as explained in Figure 4, for the DGEBA-
DETA 5:2,8 reaction. The value ofn for 0.15 < R < 0.35 was kept
fixed in the fit.

τ(R) ) τ0 exp(Bxn) ) τ0 exp( B

1 - fhR) (3)
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insensitive to the low-frequency shape of the dielectric func-
tion.71

Figure 8a compares the values of the high-frequency shape
parametern and the stretching parameterâK in different mixtures
DGEBA-DETA Ne:Na, including the limit case of neat
DGEBA, and shows that these parameters are directly related.
In the mixtures they both depend on the molar ratioNe:Na, the
relaxation function being more stretched the higher the fraction
of epoxy reagent (Figure 8b). However, neat DGEBA (n ) 0.43
( 0.02, âK ) 0.55 ( 0.02)15 does not conform to this plot,
suggesting a role of local inhomogeneities in the broadening of
the high-frequency side of the relaxation function.

We now concentrate on the behavior ofm, whose marked
decrease on increasingR, common to all the reactions inves-
tigated here, was previously observed in different epoxy-based
curing systems.17,47The origin of this behavior has not yet been
established definitely. A qualitative interpretation could be given
in terms of models that relate a departure from 1 ofm andn to
long and short-range correlation of molecular motions, respec-
tively controlled by inter- and intramolecular interactions.72-76

In support of these models, a correlation between the value of
m and interparticle interactions has indeed been reported for
many high-molecular-weight polymers.76 A change fromm )
1 to m < 1 when passing from a monoepoxide to a diepoxide
system has also been verified,69 and broader dielectric relaxation
functions have been found on increasing cross-link density in
poly(vinylethylene).58 On the other hand, there is indication that
increase of long-range correlations may be not sufficient to fully

explain the low-frequency broadening of the relaxation function
close to the glass transition. Indication comes from the observa-
tion that broadening may be associated with a steeper cooper-
ativity plot, i.e., with a higher apparent activation energy close
to the glass transition,58 but also be associated with the opposite
effect of a reduction of apparent activation energy nearTg.47,53

To interpret the behavior ofm, we here consider the role of
spatial heterogeneities, which we have shown in the previous
section to have a control role in the slowdown of the dynamics.
In particular, we demonstrate in the following that the decrease
of m may have a heterogeneous nature connected to the
molecular polydispersity that develops during the polymerization
process.

To quantify this polydispersity, we calculate first the distribu-
tion of molecular species in the system at any extent of reaction
from the theory of Stockmayer for nonlinear step polymers.54

To this purpose, we specialize the general formula to the case
of a two-component mixture, consisting ofNe moles of
monomers bearingfe epoxy functional groups, together withNa

moles of monomers bearingfa amino functional groups. When
the system has polymerized until a fractionRe of the epoxy
groups and a fractionRa of the amino groups have reacted, it
has become partitioned into clusters of bonded monomers having
different sizes. The numberN(x) of moles of molecular species
consisting ofx monomers (divided intoxe epoxy monomers and
xa amino monomers) is given by54

where

It is important to stress that the theory basic assumptions of
equal reactivity of all functional groups of a given kind and no
occurrence of ring formation in molecular species of finite size
are reasonably verified in DGEBA-DETA mixtures. Also, note
that because the addition of epoxy with amino groups is the
only type of reaction, the conversionRe of epoxy groups and
the conversionRa of amino groups are related to each other via
Ra ) RefeNe/(faNa), so the expression in eq 4 can be calculated
as a function of the epoxy conversion only, previously and
hereafter denoted in this article withR. The total numberN of
moles of clusters in the system is given by the sumN )
∑x)1

xmaxN(x), where the sizexmax of the largest possible cluster is
defined by the condition∑x)1

xmaxxN(x) ) Ne + Na. The normal-

Table 1. Best-Fit Parameters Obtained by Using Eq 3a

system logτ0 [s] B R0 R0
/ 1/fh

DGEBA-DETA 10:3 -10.41( 0.06 5.37( 0.09 0.67( 0.02 0.66( 0.02 0.65
DGEBA-DETA 5:2 -9.2( 0.3 4.3( 0.7 0.72( 0.02 0.72( 0.02 0.70
DGEBA-DETA 10:9 -12.5( 0.2 8.1( 0.3 0.92( 0.02 0.94( 0.02 0.95
DGEBA-DETA 5:2,8 -12.1( 0.3 7.9( 0.6 0.79( 0.02 0.78( 0.02 0.78

a τ0, B, andR0 are obtained from the fit ofτmax; R0
/ is obtained from the fit ofτHN. The last column gives 1/fh ) (1 + Na/Ne)/2 calculated from the molar

ratio of the reagents.

Figure 8. High-frequency HN shape parametern for different mixtures
DGEBA-DETA Ne:Na and KWW stretching parameterâK obtained
for the same systems by PCS. The solid circle in (a) refers to neat
DGEBA.

N(x) )

K ∑
xe,xag0
xe+xa)x
fexe+1gx
faxa+1gx

(fexe - xe)!(faxa - xa)!

(fexe - xe - xa + 1)!(faxa - xa - xe + 1)!

Yxe

xe!

Zxa

xa!

(4)

Y ) Ra(1 - Re)
fe-1/(1 - Ra)

Z ) Re(1 - Ra)
fa-1/(1 - Re)

K ) feNe(1 - Re)(1 - Ra)/Ra
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ized distributionP(x) ) N(x)/N represents the probability of
finding a cluster with sizex. As an illustration, the distribution
P(x) for the system DGEBA-DETA 10:3 (fe ) 2, fa ) 5) is
plotted in Figure 9, with the epoxy conversionR as a parameter
for the different curves. At fixedR, the molecules in the system
are distributed with an average sizexn. Stoichiometric consid-
erations lead to the formulaxn ) 1/(1 - fhR), already mentioned
in section D1. The same result is numerically obtained according
to xn ) ∑xxP(x), which affords a check on the distribution
formula in eq 4. The dispersion in size around the average value
xn is quantified by the varianceσ of the probability distribution,
defined byσ2 ) ∑x(x - xn)2P(x).

We now demonstrate that characteristics do exist ofP(x)
which are strictly related to each other and to the low-frequency
power law exponentm of the HN function. For a fixedR, P(x)
is a monotonically decreasing function tending to the simple
form of a power law limited by an exponential cutoff, i.e.,P(x)
∼ x-5/2 exp(-ax) for large x, as in percolation theory.77 The
parametera represents the reciprocal of a cutoff cluster size; it
will be denoted hereafter as the steepness of the distribution as
it defines, in a logarithmic plot, the slope of the exponential
tail of P(x), as illustrated in Figure 9. Instead, the varianceσ of
P(x) measures the spread of molecular sizes when a fractionR
of the chemical bonds has formed. The advancement of reaction
systematically flattens and broadens the molecular distribution;
hence, the steepness decreases and the variance increases with
increasingR, in a strictly correlated manner intrinsic toP(x).
Figure 10a,b displays the behavior ofa andσ for the mixtures
DGEBA-DETA investigated. (Data which fall out of theR
range of our dielectric measurement have been excluded.) Figure
10c points out that in the range that concerns this study the
analytic correlation between these two features of the molecular
size distribution is well represented by a power law. Qualita-
tively, a comparison of Figure 10a and Figure 11 shows that
the behavior of the steepness data closely resembles that ofm(R).
Quantitatively, a semilogarithmic plot ofm vs a (Figure 12a)
indeed reveals a linear behavior and therefore a logarithmic
increase of the HN shape parameterm with the steepness
parametera. As flattening and broadening ofP(x) correlate,
reduction in the exponentm and increase ofσ will also result
to be associated via a logarithmic relationship, as shown in
Figure 12b. It should be noted that the comparison with
experimental data extends over a considerable range of variation
of m, although it is restricted to the pregel region since

calculations using eq 4 may be affected by error close and after
the gel point.

We stress that Figure 12 demonstrates the existence of a strict
correlation between the decrease ofm and the development of
molecular polydispersity in the system. In particular, a loga-

Figure 9. Normalized cluster size distributionP(x) ) N(x)/N for the
system DGEBA-DETA 10:3, calculated from eq 4. The different
curves, from left to right, correspond to increasing values of epoxy
conversionR, from 10-4 to 0.4. On increasingR from 0, the average
cluster sizexn starts to depart from 1, and a progressively higher fraction
of clusters can be found with a size far fromxn (the variance,σ, of the
distribution increases), distributed according to a progressively less steep
probability tail (the steepness,a, decreases).

Figure 10. Variation during reaction of the parameters that characterize
the normalized cluster size distributionP(x) ) N(x)/N: (a) dependence
on R of the steepness,a; (b) dependence onR of the variance,σ; (c)
a vs σ on a bilogarithmic plot and the best fit (solid lines) to a power
law. Data are for the mixtures DGEBA-DETA 10:3 (0), DGEBA-
DETA 5:2 (b), DGEBA-DETA 5:2.8 (O), DGEBA-DETA 10:9 (f).

Figure 11. Dependence onR of the low-frequency HN shape parameter
m for the mixtures DGEBA-DETA 10:3 (0), DGEBA-DETA 5:2
(b), DGEBA-DETA 5:2.8 (O), and DGEBA-DETA 10:9 (f).
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rithmic dependence ofm on σ (anda) is inferred. On the other
hand, the almost constant behavior ofn as a function ofR
indicates that the high-frequency tail of the relaxation function
is marginally affected by polydispersity.

It is now interesting to note that our results also establish a
nontrivial link between molecular polydispersity and broadening
of the dielectric function, a quantity frequenly discussed in the
literature in connection with the glass transition. More specif-
ically, it is possible to show that the present results can be turned
into a relationship between the varianceσ and the dielectric
broadening toward low frequenciesWlf , which is the broadening
most controlled by the shape parameterm. We quantifyWlf

through the width at half-height (in decades) ofε′′(ω), measured
from the peak frequency to the lowest frequency. In order to
identify howWlf andσ relate to each other, we first determine
how Wlf depends on the shape of the HN function. We chart in
Figure 13 the results for this property of the HN function, by
reportingm vs Wlf for fixed values ofn. In the range ofm and
n which is relevant to the present paper the data for eachn are
described by a power law (straight lines), with exponent ranging
from -1.10 forn ) 0.2 to-0.92 forn ) 0.5. In particular, the
points corresponding to the pairs (m,n) measured in the course
of the reactions DGEBA-DETA here investigated are repre-
sented bym∼ Wlf

-1.04(0.01. This means that in the present case
an inverse proportionality well approximates our natural un-
derstanding that the lowerm, the broader the low-frequency
dielectric loss. Usingm ∼ Wlf

-1.04 allows us to put the data in
Figure 12b in a manner that a quantitative link becomes apparent
for all DGEBA-DETA mixtures between the broadeningσ of
the cluster size distribution and the low-frequency broadening
Wlf of the dielectric response (Figure 14).

The nontrivial observation of a quantitative link between the
low-frequency shape of the relaxation function and parameters
that characterize the molecular polydispersity is confirmed by
the analysis of literature data for other epoxy-based reactions.17,47

The results are summarized in Figures 15-17. The data

presently available include network and linear polymer-forming
formulations, with stoichiometric balance and imbalance of the
reagents. Figure 15 reports data for DGEBA cured with a
tetrafunctional amine, ethylenediamine (EDA), in the nonsto-
ichiometric ratio of 1:1. Dielectric fit parameters in the course
of reaction were taken from ref 17 and used to calculateWlf ,
from which m ∼ Wlf

-0.96(0.02. The variance of the molecular
size distribution was calculated at any degree of conversion from
eq 4 and put into relation with the corresponding values ofm
andWlf (Figure 15). Also in this case we find thatmandWlf

-0.96

Figure 12. Variation during reaction of the HN shape parameterm vs
(a) the steepnessa and vs (b) the varianceσ of the normalized cluster
size distribution. Solid lines are best fits to a logarithmic law. Symbols
are as in Figure 10.

Figure 13. HN shape parameterm vs the low-frequency width of
ε′′(ω), Wlf. For fixed values ofn, the data follow straight lines. Symbols
(the same as in Figure 10) mark points corresponding to measured pairs
(m, n) in the course of the reactions DGEBA-DETA investigated;
overall, they are represented by the indicated power law.

Figure 14. Variation during reaction of the low-frequency width of
ε′′(ω), Wlf , vs the corresponding broadening of the cluster size
distribution,σ. Symbols are as in Figure 10. Straight lines are best fits
to a logarithmic law.

Figure 15. HN shape parameterm (O) and low-frequency widthWlf

(!) of the dielectric loss in the reactive system DGEBA-EDA 1:1
(dielectric data from ref 17), plotted vs the varianceσ of the cluster
size distribution, along with the best fit to a logarithmic decay.
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decay logarithmically withσ. As shown in Figure 16, similar
relationships fit experimental data for DGEBA cured with the
stoichiometric amount of a bifunctional amine, butylamine
(BAM), yielding linear chain products. (In both DGEBA-EDA
1:1 and DGEBA-BAM 1:1 systems a dynamic change is
documented atR ∼ 0.36;17 we therefore restricted attention to
higherR values.)

The data in Figure 17 refer to the network-forming formula-
tion consisting of DGEBA and methylenedianiline (MDA) in
the stoichiometric ratio of 2:1. They were calculated from the
dielectric parametersm andn reported in Table 2 of ref 47 and
using eq 4 withfe ) 2 and fa ) 4. Differently from the
DGEBA-DETA mixtures investigated in the present paper and
from the DGEBA-EDA and DGEBA-BAM formulations
previously examined, the high-frequency dielectric parameter
n is reported to vary from 0.50 to 0.33 in the course of reaction.
Thus, the measured pairs (m,n) belong to different constant-n
lines in Figure 13; nevertheless, we still findm to scale with
Wlf, with a scaling exponent of-0.85( 0.01. Moreover, despite
some scattering of themdata, these are in reasonable agreement
with a logarithmic decay withσ, over almost 3 decades of
variation ofσ. Dielectric parameters with a pronounced variation
of n, from 0.42 to 0.22, are also reported in ref 47 for the
reaction of triglycidyl ether ofp-aminophenol (TGEPA,fe )
3) with MDA (fa ) 4), in the 4:3 molar ratio. Also for this
system the dielectric shape evolves in the course of reaction in
a manner thatmscales withWlf

-0.98(0.01. The few available data
of m for TGEPA-MDA 4:3 in the pregel region (R < 0.4) are
shown as a function ofσ in Figure 18. A logarithmic decay is
suggested but not established definitively by these data.

A final remark concerns the comparison of the present
findings with a previously proposed methodology to correlate
dipole dynamics to the kinetics of network formation,47 involv-
ing the analysis of dielectric broadening. The method is based
on the observation that a relative change in the width at half-
heigth of the loss peak (W) for the stoichiometric formulations
of DGEBA-MDA and TGEPA-MDA was in agreement with
the extent of polymerization determined by near-infrared
spectroscopy. As shown in Figure 19, we rather find in all
DGEBA-DETA mixtures a nonlinear dependence onR of the
width at half-height of the dielectric loss. These findings are
not contradicting those presented in ref 47; rather, we simply
conclude that the dielectric width cannot be generally used to
monitor the rate of formation of a thermoset network.

E. Concluding Remarks

Unveiling the molecular processes at the basis of the
slowdown and broadening of the structural relaxation holds the
key to understanding the origin of the dynamical arrest of
disordered states of matter. Here we have studied how the
evolution of the structural relaxation function is connected to
the development of particle clusters in DGEBA-DETA mix-
tures undergoing step polymerization, in which approaching the
glassy state is accompanied by a marked decrease of the low-
frequency shape parameter. We find that the slowdown of the
dynamics is controlled by the average cluster size, whereas the
low-frequency broadening of the relaxation function is associ-

Figure 16. HN shape parameterm (O) and low-frequency widthWlf

(!) of the dielectric loss in the reactive system DGEBA-BAM 1:1
(dielectric data from ref 17), plotted vs the varianceσ of the cluster
size distribution, along with the best fit to a logarithmic decay.

Figure 17. HN shape parameterm (O) and low-frequency widthWlf

(!) of the dielectric loss in the reactive system DGEBA-MDA 2:1
(dielectric data from ref 47), plotted vs the varianceσ of the cluster
size distribution along with the best fit to a logarithmic decay.

Figure 18. HN shape parameterm (O) and low-frequency widthWlf

(!) of the dielectric loss in the reactive system TGEPA-MDA 4:3
(dielectric data from ref 47) plotted vs the varianceσ of the cluster
size distribution along with the best fit to a logaritmic decay.

Figure 19. Dependence on conversion,R, of the total width at half-
height of ε′′(ω), W, for the reactive mixtures DGEBA-DETA 10:3
(0), DGEBA-DETA 5:2 (b), DGEBA-DETA 5:2.8 (O), and
DGEBA-DETA 10:9 (f). Notice that the total width also includes
the high-frequency contribution to the broadening of the dielectric loss
spectra (W > Wlf).
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ated with increasing polydispersity and consequently more
spatial heterogeneity.

Results reported in this work for the relaxation time confirm
the existence of general characteristics of the liquid-to-glass
transition induced by polymerization in common to the vitrifica-
tion process observed in supercooled and overcompressed liquids
and in many different systems. Indeed, we find that the increase
of the relaxation time in the advanced stage of the molecular
slowdown can be successfully explained within an entropy
model, similar to what is found in molecular liquids.17,18,78-81

A recent paper82 showed that the similarity between polymer-
ization-induced and ordinary glass transition also concerns the
early stage of the molecular slowdown, where the nonergodicity
factor of DGEBA-DETA mixtures conforms to the cusplike
behavior of the mode coupling theory prediction. From the fact
that the concept of growing clusters, herein considered in
polymer-forming systems, often recurs in connection with the
evolution of the dynamic properties of systems without chemical
bonding,2-7,83-86 it is tempting to suggest that further similarity
may exist. In this scenario, results presented in this work
stimulate experimental and numerical studies to understand how
the shape of the structural relaxation function in other classes
of systems undergoing glass transition is influenced by the
characteristics of the distribution of clusters identified near the
transition.
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