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Abstract. To obtain physical insight into the slowing of the molecular dynamics when a
macromolecule grows as a result of polymerization, (i) the dielectric relaxation spectra, and
(ii) the heat evolved during the growth of a linear chain structure by means of the reaction
of diepoxide with a monoamine have been measured simultaneously and continuously over
time, at a fixed temperature of 314.2 K, during fixed-rate heating to 341.5 K and thereafter
cooling from this temperature. An instrument was designed for the purpose. The studies yield
information, almost simultaneously, on the changes in the dc conductivity, on the static and
dynamic behaviours of the dipolar relaxation, and on the number of covalent bonds,n, in the
states of the structures formed by irreversible polymerization. The dc conductivity decreases
with increase inn, but this decrease cannot be attributed entirely to the increase in viscosity. The
decrease in the ion population has a significant effect on the change in dc conductivity. Both the
equilibrium permittivity and the limiting high-frequency permittivity decrease on polymerization.
This decrease is attributed mainly to a decrease in the dipolar orientational correlation factor in
the former case, and to a predominant increase in the phonon frequencies in the latter case. It
is found that the slowing of the molecular dynamics that occurs here on increase inn is more
than compensated by the acceleration of the dynamics on increase in the thermal energy. This
effect is interpreted in terms of the changes in the configurational entropy,Sconf , which leads
to relations expressing the dependence ofSconf on n, as well as on the temperature. A faster
molecular dynamics of the Johari–Goldstein relaxation evolves asn increases. This dynamics
does not depend on the decrease inSconf with decrease inn, but depends only on the change in
Sconf with temperature. The dielectric behaviour of the completely polymerized state obtained
after repeated thermal cycling of the initially molecular liquid has been studied, and the results
are related to the molecular dynamics observed during the growth of the macromolecules.

1. Introduction

During the process of polymerization, molecules in the initially molecular state of a liquid
chemically combine to form bigger molecules. The product, which is obviously bigger
in size than the reactants, diffuses at a slower rate than either one of the reactants. This
causes the rate of chemical combination to become slower. Hence, any further chemical
combination that occurs is affected by this slower rate, and, after the combination has
occurred, the product is a yet bigger macromolecule, which diffuses even more slowly.
This continues until both the diffusion and the chemical combination rate, after slowing
each other progressively more, become too slow to be experimentally observable. At this
instant, the process seems to come to a virtual halt, within the timescale of one’s observation.
When the liquid’s viscosity has reached a certain high value and the diffusion coefficient
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a certain low value, the liquid is said to have vitrified, almost isothermally. This process
of a negative feedback [1] between the chemical combination that increases the molecular
size and the diffusion, which slows the rate of the very process that causes this increase
in size, is usually studied as a function of time, and explained in the reaction time domain
[1–12]. To gain physical insight into the molecular dynamics of such processes, more recent
studies [13–17] have attempted to change the manner in which the process is viewed, by
interpreting it in terms of the number of covalent bonds formed; these bonds increase the
configurational restrictions on molecular diffusion. If this is done, the molecular dynamics
of the process can be related to an intrinsic property of the structure of the liquid, rather
than to an extrinsic property such as the time allowed for chemical combination. To gain
further insight into the physics of the process in which a negative feedback between the
chemical combination and the molecular dynamics is predominant, we have made a detailed
study of a linear chain macromolecule during the course of its formation and growth by
polymerization, which is reported here.

The growth of a macromolecule over time has been studied by a variety of techniques,
namely, those of ultrasonic relaxation [4–6], dynamic heat capacity [18], density [8, 9],
calorimetry [19, 20], vibrational spectroscopy [4, 7], viscosity [3] and dielectric relaxation
[1, 2, 9, 10]. Amongst these, the dielectric spectroscopy technique appears to be the most
sensitive and easily adaptable one. But, as in all studies of this type, it has not been possible
to measure simultaneously the dielectric spectra and thermal behaviour of the same sample
continuously over time. Therefore, to study the physical aspects of this process, it was
necessary to develop a measurement assembly for the purpose. This is also briefly reported
here. In the main, this paper describes a study of how the molecular dynamics in a liquid
changes when macromolecular growth occurs in it, or the number of covalent bonds formed
in its continuously changing structure increases spontaneously over time. The study also
reveals how new relaxation processes evolve, and how the increase in the thermal energy
of the system effectively compensates for the configurational restrictions imposed by the
growing molecular size. Finally, we provide a dielectric study of the polymerized product
ultimately formed, and of its relationship with the processes that led to the formation of this
product. Although restricted to one system, the physics described here is likely to be useful
generally, for all processes in which the slowing of the molecular dynamics is caused by
the spontaneous growth of macromolecules.

2. Experimental methods

The polymerization was achieved in a liquid mixture containing a diepoxide and a
monoamine mixed in equimolar amounts. The reaction between the two leads to the
formation of mainly a linear chain polymer. Cyclohexylamine (99% purity) was purchased
from Aldrich Chemicals, and diglycidyl ether of bisphenol-A (DGEBA) was obtained from
Shell Chemicals. The latter had the trade name of EPON 828 EL. Its number average
molecular weight is 380 Dalton, the average number of repeat units in the molecule is
0.14, which indicates that the size of any oligomers is negligibly small, its glass transition
temperature is 259 K, and its functionality (the number of reacting terminal groups) is
2.0. The sample contains NaCl as an impurity in an unknown, extremely small amount
that persists after the commercial purification treatment has been carried out following
the synthesis from epichlorohydrin. There may also be minute amounts of unreacted
epichlorohydrin and related organic molecules as impurities, and some moisture, but their
concentrations are not known. These impurities, including any hydroxyl groups, may cause
errors in the assessment of the number of covalent bonds formed, but these errors are not
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likely to exceed 2–3%, which is comparable to the size of the errors in our estimate of
the number of covalent bonds formed from thermal measurements. Both chemicals were
used on this understanding. Accurately weighed amounts of the two components were
mechanically mixed inside a glass container for 2–3 minutes at 298 K, and immediately
transferred to the dielectric cell of the measurement assembly. Homogeneous, transparent
liquids were thus obtained.

The chemical reactions between the amine and the diepoxide are addition reactions,
with no other product except one, larger molecule. The cyclic, terminal epoxide group
opens, and its oxygen atom accepts a proton from the amine’s NH2 group to form an –OH
group, and the terminal carbon atom forms a covalent bond with the N atom of the amine.
This leads to a linkage between one end of the diepoxide molecule and the primary amine,
which becomes a secondary amine, e.g., R′–CH(OH)–CH2–N(C6H11)H, where R′ denotes
the remaining part of the DGEBA molecule which contains the second terminal epoxide
group, and C6H11 denotes the cyclohexyl group. The proton of the secondary amine is
accepted by the oxygen atom of the epoxide group of another diepoxide molecule, which
bonds with the N atom, producing R′–CH(OH)–CH2–N(C6H11)–CH2–CH(OH)–R′. The
next reaction of a second amine molecule is with the epoxide contained in the R′ group.
The process ultimately produces mainly a linear chain structure, with C6H11 groups as
pendants to a chain of the type –A–B–A–B–, where A is the [–CH2–CH(OH)–(bisphenol)–
CH(OH)–CH2–] group of the DGEBA molecule and B the [–N(C6H11)–] group of the
cyclohexylamine molecule.

The calorimetric data were needed to calculate the number of covalent bonds formed
during the course of polymerization of a liquid, and, for the sake of accuracy, it was
also important that these data and the dielectric spectra be obtained for the same sample.
This was done continuously over time, and almost simultaneously, either at a constant
temperature or at temperatures decreasing or increasing at a controlled rate, by means of an
instrument designed for the purpose and referred to here as the simultaneous impedance and
thermal analyser (SITA). It was used here to measure at any instant and in a continuous-
time manner two properties: (i) the dielectric permittivity and loss spectra, and (ii) the
rate of heat evolution or absorption in a physical or chemical process. The spectra are
measured over the frequency range 45 Hz to 0.5 MHz, and the time taken to collect
the capacitance and conductance data in this range is 70 s. Briefly, SITA consists of
a concentric electrode assembly of nominal geometric capacitance 14 pF, which is filled
with the liquid at room temperature. The assembly is then inserted in a thermal bath
maintained at a desired temperature. The temperature of this bath can be changed at a
controlled rate. The electrical impedance measurement part of SITA was built by computer
interfacing a Precision RLC Meter, Model 7400, manufactured by Quadtech of the GenRad
Corporation. The heat evolved as a result of the polymerization reaction is measured
simultaneously by means of a calorimetric cell into which the dielectric cell is inserted.
The calorimetric cell is based on a design published before [21]. The total volume of the
liquid required for the experiment is 1 ml. The stray capacitance of the dielectric cell is
zero or negligible.

Before beginning the measurements on a polymerizing liquid, both the dielectric and
calorimetric parts of SITA were calibrated for the capacitance and conductance, and the
heat and temperature measurements. Data were obtained for the empty cell, and these
data served as a base-line for the processing of the data on the liquid or solid sample.
Although the temperature during the measurement period, which was as long as 24 h in
some cases, was controlled to within 20 mK, the heat evolved during the polymerization
reaction caused the temperature to rise. This rise was maximum when the polymerization
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rate was highest, and was by at most 0.2 K. Thus the measurements reported here during
the course of polymerization varied within±0.1 K of the reported temperature. For all of
the other measurements, this variation was within 20 mK.

Figure 1. (A) The time–temperature conditions during the course of the dielectric and heat
measurements. (B) The rate of heat release during the polymerization of the cyclohexylamine–
DGEBA mixture is plotted against the time for which the polymerization has been proceeding,
at 314.2 K. The regions identified as a, b, c, etc, refer to the regions in which the data are shown
in subsequent figures.

Figure 2. (A) The rate of heat release during the polymerization on heating from 314.2 K to
331.5 K at the rate of 10 K h−1 is plotted against the temperature. (B) The number of covalent
bonds formed,n, and the extent of the reaction,α (right-hand scale), are plotted against the time
for which the reaction has been proceeding. These values were calculated from the data shown
in figure 1 and figure 2(A).

3. Results

The conditions of temperature and time for which the polymerization of the equimolar
cyclohexylamine–DGEBA mixture was carried out, and studied by dielectric spectroscopy
and calorimetry, are shown in figure 1(A). The mixture was kept isothermally at 314.2 K
for 18.7 h (67.2 ks) during which both the rate of heat evolvement,(dH/dt)T , as a result of
covalent bond formations, and the dielectric spectra were measured. Figure 1(B) shows the
rate of heat evolvement as a function of time. After isothermal polymerization for 18.7 h,
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Figure 3. The dielectric permittivity and the conductivity spectra for different states of
polymerization of the cyclohexylamine–DGEBA mixture at 314.2 K containing different
numbers of covalent bonds. The notation refers to the number of bonds,n, divided by 1023, as
indicated. The region covered is part a in figure 1(A).

the sample was heated to 341.5 K at the rateq = 10 K h−1, during which the heat evolved
(dH/dt)q , was continuously measured as a function of temperature. These data are plotted
in figure 2(A). The total heat evolved is equal to the integrated area of the curve in figure
1(B) and that in figure 2(B) plus all other heat evolved during repeated heating to 341.5 K
and to 394 K, and isothermally maintaining these two temperatures. This total heat,1H 0,
is the heat of reaction for the 314.2–394 K range. On the assumption that1H 0, which is
111 kJ per mole of the total molecular content of the mixture, is almost independent of the
temperature in this range, the extent of the reaction,α, was calculated. It is numerically
equal to the heat evolved at a timet , as determined from the integrated area up to timet

divided by1H 0. This quantity was determined for polymerization at 314.2 K, i.e., over
the first isothermal region of 18.7 h in figure 1(A), and is plotted againstt , the duration of
the reaction, in figure 2(B).

To convert these data into the number of bonds formed,n, we proceeded as follows:
since one cyclohexylamine molecule forms two covalent bonds with two DGEBA molecules,
one of which in turns forms two covalent bonds with two cyclohexylamine molecules, a
linear chain structure of the type –A–B–A–B–, with cyclohexyl groups as pendants to the
chain, is formed. This chain grows on further reaction. On the assumption that the number
of oligomers formed is small or negligible, the total number of covalent bonds formed in
this case will be equal to the total number of molecules present initially, i.e. the Avogadro
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Figure 4. The permittivity and loss spectra obtained during the course of polymerization of
the cyclohexylamine–DGEBA mixture at 314.2 K are shown for different numbers of bonds
formed. The notation refers to the number of bonds,n, divided by 1023, as indicated. The
spectra show the shift of theα-relaxation process towards a lower frequency as the number of
bonds increased. The region covered is part b in figure 1(A).

number,NA, per mole of the total molecular content of the mixture. Thus the heat evolved
per covalent bond formation is equal to1H 0/NA which is 18.4×10−20 J/bond. This leads
to n = αNA, which is also plotted againstt in figure 2(B). The sigmoid-shaped curve thus
obtained was then used to convertt into n, so the equilibrium dielectric behaviour and the
dynamics of dipolar diffusion may be discussed in terms of a liquid structural property,n,
and not the duration of the reaction.

For the convenience of the discussion, the total period of isothermal polymerization
at 314.2 K has been divided into three regions: a, b, and c, as shown in figure 1(A),
because different aspects of the dielectric properties and of their changes become evident,
and even dominate in these regions. The permittivity,ε′, and conductivity,σ , spectra for
the first region, a, are shown in figure 3. The plot for the lowestn shows a small step
decrease inε′, as well as a rise toward a plateau-like feature inσ . In this region, the
interfacial polarization seems to contribute significantly to bothε′ andσ in the early period
of polymerization. After about 1 ks(n = 0.5× 1023), this contribution vanishes, and only
the low-frequency, plateau-like features ofε′ and σ are observed. These correspond to
the static permittivity,εs , and the dc conductivity,σ0. As polymerization continues, andn
increases, bothε′ andσ show dependence on the frequency,ε′ decreasing towards a limiting
value andσ increasing towards its limiting value before reaching the corresponding infrared
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Figure 5. The permittivity and loss spectra obtained during the course of polymerization of the
cyclohexylamine–DGEBA mixture at 314.2 K are shown for different numbers of bonds formed.
The notation refers to the number of bonds,n, divided by 1023, as indicated. The spectra show
the evolution of a new relaxation process at higher frequencies. The region covered is part c in
figure 1(A).

permittivity and conductivity values. These effects are remarkably similar to those observed
when a chemically stable liquid or solid is cooled.

The dielectric permittivity,ε′, and loss,ε′′, spectra obtained for the conditions in region
b of figure 1 are shown in figure 4. These show clearly anε′′-peak, which shifts towards the
low-frequency side asn increases on polymerization irreversibly, in a manner remarkably
similar to that observed for a liquid or a solid on cooling. Theε′- and ε′′-spectra for the
conditions in region c of figure 1 are shown in figure 5. Here the peak has moved out of
the frequency range, and a new relaxation process becomes evident, i.e.ε′ shows a small,
new dispersion andε′′ an approach towards a peak value. The high-frequency part of this
peak cannot be discerned even whenn has increased from 4.7× 1023 to 5.3× 1023. This is
partly due to the decrease in the height of the peak itself, but mainly due to the insensitivity
of this relaxation process to increase inn, as recently observed from measurements at GHz
frequencies, and discussed elsewhere [22].

The ε′- and ε′′-spectra measured during the course of heating from 314.2 to 341.5 K
at 10 K h−1 are shown in figure 6. AsT increases in this experiment, the polymerization
becomes faster, andn increases initially at a faster rate. These spectra, for whichT andn
are given in figure 6, show that starting from 314.3 K, an increase inT andn causesε′′
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Figure 6. The permittivity and loss spectra obtained during the course of heating from 314.2
to 331.5 K at 10 K h−1 are shown for selected temperatures and values ofn, the number of
covalent bonds formed at the instant at which the spectra were obtained. It is divided by 1023.
The region covered is part d in figure 1(A).

to decrease first and then to increase, andε′ to increase. The initial decrease is a reflection
of the shift of the low-frequency relaxation peak towards still lower frequencies, and the
increase is a reflection of the shift of this peak towards higher frequencies, although the
peak has not appeared in the spectral range of figure 6. This, as will be discussed later
here, is a consequence of compensatory effects of the increase inn, that decreases the rate
of relaxation, and the increase inT , that increases it.

4. Discussion

The general pattern of the evolution of the molecular dynamics during the course of
macromolecular growth as a result of polymerization, as observed here, is remarkably
similar to that observed for liquids and solids during isobaric cooling or during isothermal
compression. There are also of course several other aspects in which the equilibrium and
dynamic behaviours differ from those observed on cooling and compression, which need to
be discussed. For this purpose we begin the discussion of each aspect at first isolated from
the others, and then we combine them into a general picture that emerges from this study.
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4.1. The interfacial polarization and the dc conductivity

It is well recognized that the dielectric permittivity,ε′, and loss,ε′′, of a material, as
measured in a dielectric cell, are the sums of four effects generally: the interfacial
polarization, the dc conductivity, the orientational polarization, and the vibrational and
the optical polarizations [23–26]:

ε′ = ε′int + ε′dip + ε∞ (1)

ε′′ = ε′′dc − ε′′int + ε′′dip (2)

where

ε′int = Z0 sin(mπ/2)[{(σdc + σdip)2C0}/ε2
0]ω−(m+1) (3)

and

ε′′int = Z0 cos(mπ/2)[{(σdc + σdip)2C0}/ε2
0]ω−(m+1) (4)

whereZ0 andm are characteristics of the electrode/material interface in theε′- and ε′′-
equations for complex impedance,Z∗el = Z0(iω)−m,C0 refers to the geometric capacitance
of the empty dielectric cell, andω refers to the angular frequency(ω = 2πf (Hz)). ε0 is
the permittivity of vacuum (8.8514 pF m−1). Cole and co-workers [23, 24] have found that
m = 0.5, which corresponds to the Warburg impedance. The measured conductivity is

σ = σdc + σint + σdip (5)

where

σint = Z0[cos(mπ/2)]{(σdc + σdip)2C0/ε0}ωm. (6)

According to equations (3)–(6), the interfacial contribution is largest for the lowest
value ofω of one’s measurements, whereσdip approaches zero, and decreases rapidly asω

is increased. For a fixedω it is also large whenσdc is large. We analyse the low-frequency
data in the spectrum forn = 0 to 0.11×1023, in the same manner as before [26], and obtain
the valuesZ0 = 0.265 M� m−1, andm = 0.5. By deducting the interfacial contribution
from the measured values of bothσ and ε′ for the conditions where 0< n < 1.2× 1023,
we obtainεs and σdc. For n between 1.2× 1023 and 3.78× 1023, εs and σdc are readily
obtained from the plateau values of the curves, as is seen from the spectra in figure 3.

For n > 3.78× 1023, σdc was determined from an analysis of theε′′-data for the low-
frequency part of the spectrum. This was done by subtracting an estimated magnitude ofσ ,
which did not give negative values ofε′′ at any frequency of the spectra, and the remaining
value ofε′′ consistently increased from the lowestω towards the peak value. This estimate
of σ was taken as equal toσdc. All of the values ofσdc determined in this manner are
plotted againstt andn in figure 7.

It should be noted that these are the first set of studies in whichσdc has been determined
appropriately from the dielectric spectra. For determiningσdc in all earlier studies [1, 6,
27], the electrical modulus formalism was used, with the reasonable approximation that dc
conduction involves a single Maxwell relaxation time. Furthermore, the procedure used
in the earlier studies also failed to yield an accurate value ofσdc at smalln, where the
contribution toσ from interfacial polarization is significant, and at largen, where the
contribution toσ from dipolar reorientation becomes significant. With the more accurate
data available now, it seems pertinent to discuss the reasons for the decrease inσdc with the
increase int andn. The equations with which we attempted to fit the data are [1, 27, 28]

σdc = Aσ exp[Bσ/(t0− t)] (7)

σdc = σdc(n = 0)[(nx − n)/nx ]p (8)
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Figure 7. The dc conductivity determined from the data in figure 3 is plotted against (A) the
time for which the polymerization reaction has been proceeding, and (B) the number of covalent
bonds formed during the polymerization.

wheret0 andnx are the respective values oft andn at whichσdc formally approaches zero,
andp is an empirical parameter. Neither of the above two equations was found to fit the
data satisfactorily, which shows that the mechanism by whichσdc decreases witht andn
for the growth of linear chain macromolecules differs fundamentally from the mechanism
by which it decreases for the growth of a network macromolecule.

It is conceivable that the linear chains formed on polymerization become long enough
to entangle, and that the number of such entanglements becomes high enough to lead to
the formation of a gelled structure, as is for example the case for ordinary water-based
gelatin gel. But the dc conductivity in this mechanism does not change significantly after
the gelatin sol has become a gel. Here the bond percolation concept [29] is not applicable
in the same manner as for the cross-linking polymerization, where the gelation time could
be determined [1, 6, 27, 28].

One of the more significant aspects of the study which is evident in figure 7(B), but
which was not observed before, is the somewhat inverted sigmoid shape of the plot ofσdc
againstn. This shape implies that there is a single underlying mechanism according to
which σdc changes, such that the rate of change is maximum at a certain value ofn, and
thereafterσdc reaches its limiting value asn → NA. This mechanism is likely to be the
one that is dominated by the translational diffusion of ions formed on ionization of NaCl,
H2O, and other impurities whose population decreases towards a limiting value as a result
of the decrease in the equilibrium permittivity,εs , towards a limiting value, according to
the equation for the ion↔ ion-pair equilibria [33]:

KA =
(

Cion−pair

CcationCanion

)
= 4πN3

A

3000
exp

[
z1z2e

2

aεskBT

]
(9)

whereC refers to the concentration of the entity written as the subscript,KA is the ion-pair
association constant,NA the Avogadro number,z1 andz2 the electronic charges on the ions,
e the magnitude of the electronic charge,a the ion-size parameter, andkB the Boltzmann
constant.

Alternatively, the shape of the plot ofσdc againstn in figure 7(B) can be seen as a
consequence of at least two sets of effects, namely:

(I) a decrease inσdc when:
(i) the charge carrier’s mobility (that of Na+, Cl−, H+, OH−, or other impurity ions)

decreases with the increase in the viscosity asn increases; and
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(ii) the populations of the same ions decrease asεs decreases with the increase inn;
and

(iii) any H-bonded network structure through which the amine protons can translocate
is gradually depleted; and

(II) an increase inσdc from zero towards a limiting value atn→ NA as a new H-bond
network structure involving the –OH groups forms on reaction, and thereby a new path for
translocation of protons develops with the increase inn.

The last effect requires a near-neighbour H-bond formation leading to the connection of
molecules by H bonds. Evidence for the formation of H bonds in the reactive epoxy–amine
mixture has been obtained by near-ir spectroscopy studies [34], since the suggestion was
made that the conduction mechanism may also be partly due to the proton translocation
through the near neighbours [35]. Thus mechanism (II) is supported by experiments.

It seems that the decrease ofσdc involves both the decrease in the populations of impurity
ions as charge-carrying entities, and translocation of protons along the H bonds towards a
limiting value asεs approaches a limiting value on polymerization, and the compensatory
effects of I and II. Equations for the approach ofσdc towards a singularity according to the
bond-percolation theory [28] for gel formation are not relevant here because a cross-linked
structure does not form on polymerization. It is noteworthy that the limited data onσdc
available in the earlier studies [1, 2, 6, 27, 31, 33] had masked this compensatory effect.

4.2. The equilibrium polarization and polymerization

The equilibrium dielectric permittivity,εs , which corresponds to the sum of all of the
molecular polarizations, is plotted againstn in figure 8. It decreases with increase inn,
according to the equation

εs = 6.53+ 1.09/[1+ exp{(n/1023)− 2.3}] (10)

which gives an inverse sigmoid shape for the plot ofεs againstn. As the molecular mixture
polymerizes,εs changes for several reasons, namely:

(i) the mixture’s density increases;
(ii) certain dipoles associated with the epoxide and amine groups vanish, and others

such as those associated with the –OH and –CH2–N(C6H11)–CH2– form;
(iii) the dipolar orientational correlation factor changes, as the dipolar alignment of the

linear chains becomes distributed differently, and chains fold on themselves, and possibly
entangle with each other such that the interchain interactions change; and

(iv) the limiting high-frequency permittivity,ε∞, changes, because both the optical
refractive index and the infrared polarization change.

So, it is remarkable that the net effect observed here is thatεs decreases, because
densification of the liquid alone would be expected to raise it. A polymer’s density of
course increases as its molecular weight orn increases, and in some cases the values of
εs are also found to decrease—as for example,εs for propylene glycol decreases from
about 50 to about 5 when it is polymerized to poly(propylene glycol), of average molecular
weight 4000 [36]. Rationalization of such a decrease in terms of the consumption of
some dipoles and production of others has been difficult in chemical terms, mainly because
of the multiplicity of the dipolar groups and molecules that exist during the course of
polymerization. Nevertheless, such observations are rationalized in general physical terms
in molecular dielectric theories, as follows.
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Figure 8. εs , ε∞, andβ are plotted against the number of bonds formed during the polymer-
ization reaction at 314.2 K.

Strictly interpreted in terms of the formalism of statistical dielectrics theory developed
by Onsager [37], Kirkwood [38], and Fröhlich [39],

εs = ε∞ +
[(

ε∞ + 2

3

)2(
εs

2ε + ε∞

)]
4πNdgµ2

0

kBT
(11)

whereNd is the number density of the dipoles,g is the dipolar orientational correlation
factor, as defined by Kirkwood,µ0 is the vapour-phase dipole moment, and all other terms
have the same meaning as before. According to equation (11), a decrease inεs at constant
T means thatgµ2

0 decreases on polymerization, or that the increase in bothεs and inε∞ due
to an increase inNd is dominated by the decrease ingµ2

0 asn increases on polymerization.
The rate of decrease inεs with increase inn, i.e., the magnitude of(dεs/dn)T , as

determined from figure 8, varies withn itself, and the curve has an inverted sigmoid shape.
Its maximum value is−1.1 per Avogadro number of bonds formed. The rate of this decrease
is obtained by differentiating equation (11):

∂εs

∂n
= ∂ε∞

∂n
+ yµ0

(
∂Nd

∂n
gµ0+ ∂g

∂n
Ndµ0+ ∂µ0

∂n
2Ndg

)
+ ∂y
∂n

4πNdgµ2
0

kBT
(12)

wherey represents the entire term enclosed in the square brackets in equation (11). The
limiting high frequency of all orientation polarizations (i.e., including that of the faster
process after it has separated),ε∞, is also plotted againstn in figure 8. It too decreases
with increase inn. From its maximum slope, we obtain that dε∞/dn is equal to−0.2 per
mole of bonds formed. Since the volume decreases at most by 10–15%, the term dNd/dn
in equation (12) is expected to be about 0.11molecules per molar volume per Avogadro
number of bonds formed. It is not known whether the overall value ofµ0 of the polymer
chain here is greater than the average weighted sum of the values ofµ0 of the original
monomer molecules in the liquid, but in most cases dµ0/dn decreases on polymerization.
The first two terms in the large brackets in equation (12) are negligibly small for the
magnitudes ofεs andε∞ observed in figure 8, and the last term in these brackets is negative.
Hence, as dNd/dn is positive, dµ0/dn is expected to be negative. So, either dg/dn is also
negative, or it is positive with a magnitude such that the absolute value of the sum of
the (dNd/dn)gµ0 and (dg/dn)Ndg terms is less than that of the(dµ0/dn)2Ndg term in
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equation (12). Resolution of these terms is possible by means of further experiments on the
dipole moment of the partially polymerized states of the initially monomeric liquid.

The decrease ofεα on increase inn (densification), as seen in figure 8, is also
remarkable, because it is expected to increase on densification as the optical refractive
index increases according to the Lorenz–Lorentz equation. This increase was expected only
when1εvib, the contribution to the polarization from the vibrational polarization, remained
constant, and Johari–Goldstein relaxations were absent at higher frequencies. It is generally
recognized that densification raises the frequency of the vibrational modes, and since1εvib
is directly proportional to the integrated absorptivity of that mode and the inverse square
of its frequency, it follows that the increase in the vibrational frequencies on densification
will lower 1εvib, provided that any increase in the absorptivity is small and that there is
no contribution from the Johari–Goldstein relaxation. A resolution of these contributions
requires a study in the future of the refractive index, far-ir spectra, and the GHz frequency
spectra during the course of polymerization.

Figure 9. The characteristic and average relaxation times of the liquid in the various states of
its polymerization are plotted against (A) time, and (B) the number of covalent bonds formed.
Circles represent the values calculated from the data obtained with the frequency fixed at 1 kHz
using the earlier-described procedure of Johari [1].

4.3. The relaxation time and its distribution

As is done generally for determining the relaxation time and its distribution, we use the
normalized relaxation function,8 = exp[−(t ′/τ0)

β ], as originally given by Debye for
β = 1, or a single relaxation time. Heret ′ refers to the period of observation for a dipolar
relaxation, t0 is the characteristic relaxation time, andβ is now known as the stretched
exponential parameter; its value, between 0 and 1, is a measure of the broadness of the
distribution of relaxation times. The mean relaxation time is〈τ 〉 = (τ0/β)0(1/β), where
0 refers to the gamma function. The permittivity and loss spectra obtained for different
values ofn shown in figure 4 were analysed in terms of this relaxation function, and the
values ofβ andτ0 were determined. The values ofβ and〈τ 〉 calculated fromτ0 are plotted
againstn in figures 8 and 9(A), respectively, and〈τ 〉 is also plotted against logarithmict
in figure 9(B).

Over the range 2.3× 1023 < n < 4.4× 1023, β remains constant at 0.39± 0.01, as
is seen in figure 8. But for lower values ofn, it is likely to be higher, and to have a
decreasing value [14]. Since, forn = 0, there is only one relaxation process in the GHz
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frequency range, for whichβ is considerably more than 0.4 [22], and theα-relaxation has
not yet separated from the Johari–Goldstein relaxation in the low-viscosity, liquid state,
it seems inappropriate to compare the values ofβ for the GHz frequency relaxation with
that observed here. It is worth noting that the value ofβ of 0.39 observed here is much
less than that for other polymers and glass-forming liquids, but is comparable to that for
polymers formed with diglycidyl ether of bisphenol-A (DGEBA) which is also used here,
irrespective of whether a linear chain structure or a network structure is formed. It appears
that a low value ofβ, or equivalently a broader distribution of relaxation times found
generally in the DGEBA-containing polymers, is a reflection of the large, repeat units in
the polymer’s structure. A survey of the earlier studies showed that when the repeat unit in
a polymer is relatively small, as for example it is in poly(vinyl chloride) and poly(methyl
methacrylates), the distribution is relatively small,β is higher than 0.5, and the dielectric
spectra are relatively narrow [40]. In contrast, for proteins and DNA, where the repeat units
are relatively large,β becomes much less, and the spectrum of relaxation times becomes
extremely broad [41–43].

We now consider the increase in the characteristic relaxation time,τ0, during the
macromolecular growth as a result of polymerization. As is seen in figure 9,τ0 increases
with increase inn as well as with increase int . But the manner in which it increases
with increase inn differs from the manner in which it increases with increase int . This
is obviously due to the fact thatn and t are not related linearly, as is evident from figure
2(B). Nevertheless, a remarkable difference between the shapes of the two plots in figure
9(A) and 9(B) is expected on the basis of two observations:

(i) n increases witht according to a sigmoid-shaped curve, as seen in figure 2(B); and
(ii) sincet continues to increase naturally, even whenn andτ0 have reached their limiting

values, measurements extended beyond the value oft whenτ0 has reached a limiting value
will yield a horizontal curve ofτ0 againstt at long times. This will distort the plot ofτ0

againstt to produce a sigmoid shape, but not the plot ofτ0 againstn.

In our earlier studies [15, 31, 32], a relation betweenτ0 and the extent of the reaction
α was found to describe the relaxation dynamics during polymerization:

τ0 = τ0(α = 0) exp[Sαp] (13)

or

τ0 = τ0(n = 0) exp[S(n/NA)
p] (14)

where S is equal to the normalized value ofτ0 at the polymerization temperature, i.e.,
S = ln[τ0(n = NA)/τ0(n = 0)], and p is an empirical parameter, characteristic of a
polymerization reaction. Althoughτ0-values forn < 2.3 × 1023 are not available here,
equation (14) may still be fitted to theτ0-data. This yieldsτ0(n = 0) = 6.7 ns, p = 3.57,
andS = 169.8× 1020. The curve calculated from these parameters is shown in figure 9,
which confirms our earlier finding that a relationship betweenτ0 andn can be written in the
form of equations (13) and (14). The quantityS is of course a material parameter, and is
temperature dependent. A comparison of thep-values for various polymerization reactions
shows that its value is also a characteristic of the polymerizing material.

There is one more issue that deserves further examination. In their earlier studies,
Johari and co-workers [1, 6, 27] have determined the relaxation time,τ0, by analysing
the permittivity and loss data that they had measured for a single fixed frequency, usually
1 kHz, during the course of isothermal polymerization. For convenience, they simplified
the normalized relaxation function,8 = exp[−(t ′/τ0)

β ], to 8(t) = exp[−(t ′/τ0(t))
β(t ′)], or
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equivalently,8(n) = exp[−(t/τ0(n))
β(n)], where8 andβ also vary witht andn. On the

assumption thatb, εs , andε∞ are much less sensitive tot andn than τ0, and to simplify
the calculations and reduce the number of experiments needed to determineτ0 from the
dielectric spectra, they replacedβ(t) or β(n) by a fixed,t- andn-independent, parameter
γ , and called it the reaction parameter. Their procedure has been criticized recently [44],
and an objection raised to its use.

To examine the validity of the procedure of Johari and co-workers [1, 6, 27], and the
merits of the recent objection [44] to its use for obtainingτ0 during the growth of a macro-
molecule, we analysed our data by means of their procedure. For this purpose we used the
ε′- andε′′-data only for one fixed frequency, 1 kHz. This analysis gaveγ = 0.35± 0.01,
and a set ofτ0-values for differentn, which are shown by circles in figure 9. Evidently,
their procedure yields a value forγ equal to that ofβ, as determined from the exact
procedure using the spectra here. It also gives the same values forτ0 at differentn, within
the experimental errors. We conclude that the criticism of the procedure of Johari and
co-workers, which uses measurements for a single, fixed frequency, remains unjustified, as
has been concluded by several other workers [13, 15, 16, 30] from experiments and from
calculations [45]. It must, however, be stressed again that a Fourier transform of the Debye
relaxation function into the approximate equation that Johari and co-workers used is not
possible. Although the two procedures yield the same distribution parameter andτ0, within
experimental error, the two equations used in the procedure do not commute, as has been
pointed out before [1, 5, 18, 27].

4.4. Configurational entropy and polymerization

As polymerization occurs, the viscosity increases, the diffusion coefficient decreases, and
the configurational entropy of the system decreases. The absolute configurational entropy
is related to the relaxation time according to the Adam–Gibbs formalism [46]:

τ(T ) = τ(T →∞) exp

(
1µs∗c
Sconf kBT

)
(15)

where1µ is the potential energy hindering the cooperative rearrangement of the molecule
per repeat unit or monomer,s∗c is the critical entropy,Sconf is the configurational entropy,
and kB is the Boltzmann constant.τ(T → ∞) is the relaxation time whenT Sconf = ∞.
In their interpretation of various polymeric and nonpolymeric liquid relaxations, Adam and
Gibbs noted that1µs∗c is a constant for a material. We assume therefore that1µs∗c
remains constant as the size of the macromolecule grows on polymerization, or that1µs∗c
is independent ofn. Thus equations (14) and (15) may be combined to obtain

Sconf = 1µs∗c
/[[

kBT

{
ln

[
τ(n = 0, T )

τ (T →∞, n) + S(T )
(
n

NA

)p]}]]
(16)

whereτ0(n = 0, T ) is the value forn = 0 at the given temperatureT , andτ0(T →∞, n)
is the value asT → ∞ for a given value ofn. S andp are as defined earlier, and it is
assumed that1µs∗c does not change on polymerization. WhenT is constant, the two terms
within the square brackets in equation (16) increase during the course of polymerization,
and whenn is constant these same two terms change implicitly with explicit change inT .
Thus it seems possible to find conditions for which an increase inn on polymerization can
bring the material’s structural state to the same value oft0 to which a decrease inT of
a different (chemical) structural state of the material with the same components will bring
it. Thus a decrease inn at a certain temperature becomes equivalent to a decrease inkBT
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in terms of the molecular kinetics, not of the structure. Superficially, this seems to have
a parallel in the effect of pressure, where the same value ofτ0 can be achieved under a
variety of conditions ofT and pressure, but without a change in the chemical structure. It
also needs to be recalled that the achieving of the sameτ0-value here involves the loss of
predominance of the van der Waals interaction to the directionally restricted interaction of
covalent bonds.

The conditions for whichτ0 can be brought to the same value by using different
procedures can be obtained by differentiating equation (14):

(d lnτ0/dn)T = SpNp−1 (17)

in which the change inτ0 with n is irreversible, i.e.,(d lnτ0/dn)T is always positive for
polymerization (it will become negative for polymer degradation), and(

∂ ln τ

∂T

)
n

= −1µs∗c
[
T

(
∂Sconf

∂T

)
+ Sconf

]/
kBT

2S2
conf . (18)

By combining equations (17) and (18), we obtain the equivalence betweenn andT , as(
∂n

∂T

)
τ

= 1µs∗c
SpkB

[{
T

(
∂Sconf

∂T

)
+ Sconf

}/{
T 2S2

conf

(
n

NA

)p−1}]
. (19)

According to equation (19), this equivalence itself depends uponn, T , and Sconf . Exp-
eriments alone can determine these conditions, since no independent manner of determining
Sconf is currently available.

It is significant to note that whenn and T increase together, bothε′ and ε′′ at high
frequencies increase, as is seen in theε′- and ε′′-spectra in figure 6. For example,ε′′

increases from 0.08 to 0.12 at a frequency of 0.45 MHz, whenn increases from 5.31×1023

at 314.3 K to 5.55× 1023 at 341.5 K. A similar increase inε′′ occurs also at the low-
frequency end of the spectra, from which information on the change in the relaxation rates
can be deduced.

Since the spectra in figure 6 cover only the high-frequency side of the largeε′′-peak
of the slower dynamics relaxation process, for which the condition is thatω2τ 2

0 � 1,
the increase inε′′ from 0.007 to 0.095 at the lowest frequency with increase inn and T
is a consequence of theε′′-peak of the slower relaxation process moving towards higher
frequencies. Hence we conclude that the dynamics of the slower process and that of the
new, faster relaxation process that has emerged tend to approach close to each other within
their characteristic relaxation time.

4.5. The evolution of a faster relaxation process

The presence of a minima inε′′ at frequencies below 10 kHz in the spectra in figures 5 and
6 shows clearly that a new high-frequency relaxation process with a peak in the MHz region
emerges, particularly asn increases from 4.5× 1023 to 5.3× 1023 at 314.2 K in figure 5.
That such a high-frequency or faster relaxation process does exist has been established
indirectly from a variety of dielectric studies [1, 15, 30, 31] and directly from the MHz-to-
GHz frequency measurements [14], and from the kHz frequency measurements of its glassy,
partially polymerized state at low temperatures [47]. Although only the low-frequency side
of the peak of this faster relaxation is observed, it is evident that an increase inn does not
provide evidence for the complete peak. This implies that the position of this relaxation
peak did not change with increase inn. This is remarkable evidence for a process whose
dynamics is relatively insensitive to the increase in the macroscopic viscosity or decrease in
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the configurational entropy on polymerization. Such configurational-entropy-independent
relaxations have been attributed to localized rotational and/or translational diffusion of
molecules in the low-density and high-density defect sites in the nonhomogeneous structure
of an amorphous solid, for which mathematical treatments have been possible [48].

Earlier studies [14, 15, 22, 33] have shown that before polymerization begins at a
relatively high temperature, there is only one relaxation process whoseε′′-peak appears
in the GHz frequency range: its height rapidly decreases to a vanishingly small value on
isothermal polymerization or with increase inn, but its characteristic time does not change
[14, 22]. When the same molecular(n = 0) liquid state is cooled and vitrified, it shows
an ε′′-peak due to the fastest relaxation process at 143.5 K for a fixed frequency of 1 kHz,
and another in the liquid state at 243.2 K [17], above its glass transition temperature,
Tg. The height of theε′′-peak of the faster, low-temperature relaxation decreases and
becomes vanishingly small with increase inn, but its rate does not change. With increase
in n, a new relaxation peak appears in the 250 K region still in the vitrified state of the
partially polymerized liquid. The height of itsε′′-peak increases with increase inn, and
the peak’s position in a temperature plane shifts marginally towards a higher temperature.
When measurements are made at a fixed temperature, such that the rates of the fastest
and the intermediate relaxations are close to each other, the contribution toε′′ from the
fastest relaxation continues to decrease, while that from the intermediate relaxation process
increases only slowly untiln has reached a certain low value, as seen in figure 2 in reference
[17], with the net effect thatε′′ at frequencies approaching the peak frequency decreases
initially and thereafter increases. This is observed at frequencies above 10 kHz in theε′′-
spectra in figures 5 and 6. Direct evidence for the ultimate increase inε′′-peak height comes
from the spectra forn = 6.02×1023 shown in figure 10 (to be discussed in the next section),
where theε′′-peak height of 0.13 is considerably more than that of 0.08 forn = 5.25×1023

at 314.2 K, as seen in figure 5, or 0.07 forn = 5.3× 1023 at 315.6 K, as seen in figure 6.
We conclude that the dynamics of the relaxation process whose peak is expected to appear
in the MHz frequency range at 314.2 K in figures 5 and 6 is a combination of the two—
the faster and the intermediate-rate—relaxation processes. Forn = 6.02× 1023, only the
intermediate-rate relaxation process remains, and its peak shifts to 10 kHz on decreasing
the temperature to 299.8 K, as seen in figure 10.

4.6. Dielectric changes on further polymerization

Generally speaking, polymerization processes do not reach completion under isothermal
conditions, or the limiting value ofn is not reached. The incompletely polymerized material
needs to be heated to a higher temperature and then kept at that temperature to achieve the
limiting value of n. Therefore, after the isothermal experiments at 314.2 K and heating to
341.5 K, the liquid was kept at 341.5 K for 5.3 h (19 ks), cooled to 314.2 K, and kept at
that temperature for 1.8 h (6.6 ks). It was then heated back to 341.5 K, and then kept at
341.5 K for 5.5 h (19.8 ks), cooled to 314.2 K, and then kept at 314.2 K for 2.6 h (9.3 ks).
Thereafter it was heated to 394 K, kept at 394 K for 3.5 h (12.7 ks), cooled to 296 K, kept
at 296 K for 3.4 h (12.1 ks), and heated back to 394 K, and finally cooled to 296 K, after
thermal cycling between 296 K and 394 K. In all of the segments of this thermal treatment,
the heating and cooling rates were 10 K h−1. The ε′- and ε′′-spectra of the polymerized
final state thus obtained were then measured at different temperatures, and these spectra are
shown in figure 10.

A remarkable aspect of these spectra is the development of new relaxation features with
increase inn. For the spectrum at 299.6 K in figure 10, there is only one relaxation peak,
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Figure 10. The permittivity and loss spectra of the completely polymerized form of the initially
molecular mixture. The thermal treatment of the sample by means of which this state was
achieved is described in the text, and in figure 1(A).

of heightε′′ = 0.13, at frequency 0.1 MHz. This is the typical Johari–Goldstein relaxation
process (we use this term here to maintain a distinction between this process and the sub-Tg
relaxation process of the mode-coupling theory, as suggested and utilized in several review
papers [49–52]), which shifts towards a higher frequency on heating the polymer, and a
new, slower,α-relaxation process becomes evident at a lower frequency. Its peak also shifts
towards a higher frequency on heating to 394 K. (Note that the two data sets at 393.7 K and
394.0 K, shown in figure 10, indicate the reproducibility of the data, and the sensitivity of
the SITA assembly.) The low-temperature plateau value ofε′, or εs for the Johari–Goldstein
relaxation, is 3.66 at 299.6 K, and its spectra are too broad to allow determination of the
correspondingε∞, whose value should be 2.6 or less, i.e., equal to the square of the infrared
refractive index.εs for this process increases from 3.66 at 299.6 K to 4.5 at 351.0 K, and
seems to increase further with increase in the temperature, as shown by theε′-spectra at
subsequently higher temperatures, where an approach towards a plateau-like value forεs is
interrupted by the contribution toε′ from theα-relaxation process whose peak is moved out
of the spectral window.

This indicates that the strength of the Johari–Goldstein relaxation process increases
on heating and that of theα-relaxation process decreases until the magnitude of the latter
becomes vanishingly small. At that temperature the two become just one relaxation process,
and at higher temperatures the dynamics is that of the Johari–Goldstein relaxation process.
A variety of earlier studies [52–54] have also shown that at high temperatures there is only
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Figure 11. The equilibrium permittivity andβ for the completely polymerized state are plotted
against the reciprocal temperature in the top half, and the average dielectric relaxation time of
this state(n = 6.02×1023) is plotted against the reciprocal temperature in the bottom half. For
comparison, the data for certain values ofn measured at 314.2 K here, and for the same values
of n but measured at 299.8 K (unpublished study) are included. The numbers next to the data
points are the values ofn/1023. Vertical arrows indicate the direction of change in the property
with increase inn. Horizontal arrows point towards the labelling on the axis that relates to that
property.

one relaxation process in liquids.
Theε′- andε′′-spectra of figure 10 were analysed to obtain the values ofεs , β, andτ0 at

different temperatures in the same manner as in section 4.3. These values are plotted against
the reciprocal temperature in figure 11. Also plotted are the corresponding values ofεs, β,
andτ0 for values ofn < 6.02×1023, as obtained from this study and at 299.8 K from another
of our studies. It is remarkable that the value ofβ of 0.39 is about the same(β = 0.38)
as for the partially polymerized samples, as given in table 1. This shows that aftern has
reached a value of 2.24× 1023, a further increase inn does not change the distribution of
relaxation times. The distribution of the molecular environment, which seems to determine
the value ofβ, remains effectively unchanged when the number of covalent bonds increases
by as much as by a factor of 3. The characteristic relaxation time decreases with increase
in the temperature in the manner described by the Vogel–Fulcher–Tammann equation, as is
seen in figure 11. Because of the limited number of data available now, the parameters of
this equation cannot be unambiguously determined.
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5. Conclusion

When considered in terms of the number of covalent bonds in the structure of the
macromolecules formed by polymerization of a liquid, the decrease in the configurational
entropy, or equivalently the number of configurations accessible to the molecules, slows the
dynamics of molecular diffusion, both translational and rotational, differently at different
temperatures. An increase in temperature can restore the rate of this dynamics, but only
when the structure is different, as characterized by the number of covalent bonds in it. The
equilibrium behaviour, as indicated by the changes in the dipolar orientational correlation,
and in the phonon frequencies, cannot be restored in the same manner.

The dc conductivity, which is initially determined by the viscosity of the polymerizing
liquid, is ultimately controlled by the decrease in the population of ions, on decrease in
the equilibrium permittivity. A new faster relaxation process, which is a reflection of the
development of localized modes of motions in the otherwise rigid structure, evolves as
polymerization continues. The dynamics of this relaxation does not change with further
polymerization, but its strength increases towards a limiting value, and its distribution of
relaxation times seems to remain constant.
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