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Probing the subglass relaxation behavior in model heterocyclic polymer networks
by dielectric spectroscopy
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The subglass relaxation~b! in model heterocyclic polymer networks~HPNs! with a controlled ratio of
trimerized mono- and diisocyanates was characterized by dielectric spectroscopy in the frequency domain. The
b relaxation in the investigated HPNs follows the Arrhenius law with unusually low values of the preexpo-
nential factor (10217,tb0,10215 s). However, little influence of the local environment, as characterized by
the network density, on the apparent activation energiesDEb is observed. This fact, combined with their fairly
low absolute values~50.4–58.3 kJ/mol!, were considered as typical of a noncooperative relaxation in loosely
packed regions of a glassy quasilattice. Both the intensity and dielectric strength of theb relaxation in HPNs
increase with increasing apparent network density~i.e., with lower ratios of linear and network structures in the
system,L/N!. This effect was explained by a model assuming that the total, composition-invariant, free
volume available was distributed between densely packed domains comprising linear, two-arm isocyanurate
heterocycles~ISHs! and loosely packed, three-arm ISHs, which form continuous, three-dimensional network
structures. The experimental data for HPNs confirm Ngai’s correlation between the logarithm of the secondary
b-relaxation time and the Kohlrausch-Williams-Watts stretching exponent for the primarya relaxation. It is
suggested that the absence of conjugated bonds within isocyanurate heterocycles makes them sufficiently
flexible to allow for specific conformational transitions, like the ‘‘chair-boat-chair’’ transition in the structur-
ally similar cyclohexyl ring.

DOI: 10.1103/PhysRevE.64.051802 PACS number~s!: 61.41.1e, 64.70.Pf
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I. INTRODUCTION

The glass transition temperatureTg is commonly consid-
ered as the physical boundary between the equilibrium liq
state and the nonequilibrium metastable glassy state. In
former there exists an essentially unrestricted translatio
mobility of relevant units, molecules for ‘‘monomeric’’ liq
uids and chain segments for polymers. In the glassy s
mobility is arrested except for oscillations of kinetic un
around fixed sites of a disordered quasilattice. The multip
ity of relaxations belowTg @1–3# is experimental evidence
for the existence of other kinds of thermal motion in t
glassy state of polymers. It seems reasonable to associat
lowermost subglass relaxations with the onset of mobility
the smallest kinetic units~e.g., end-chain or/and side-cha
groups! in the loosely packed ‘‘pockets’’ of a quasilattice
The uppermost subglass relaxation, usually referred to as
b relaxation, has sometimes been associated with a mi
heterogeneous structure of glasses consisting in a ran
distribution of densely packed domains of quasicrystall
order within a loosely packed matrix@4–6#, although its na-
ture is still a matter of debate@7–9#. Nevertheless, the cur
rent view of the most probable scenario of relaxations
glass-forming liquids implies the bifurcation of a single r
laxation in the equilibrium liquid range~i.e., atT@Tg! into a
slow ~main ora! and a faster~secondary orb! relaxation on
the approach toTg @6,10–12#. The Arrhenius-like tempera
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ture dependence of the relaxation timestb follows

tb5tb0 exp~DEb /RT! ~1!

with a fairly low activation energyDEb , suggesting that the
fast process belongs to the category of simple, noncoop
tive transitions.

In contrast, the non-Arrhenius pattern of the temperat
dependence of relaxation timesta of the slow process is
expressed by the empirical Vogel-Tamman-Fulcher~VTF!
equation

ta5ta0 exp@B/~T2T0!#, ~2!

whereta0 , B, andT0 are characteristic constants. The no
exponential pattern of the relaxation process is expresse
the empirical Kohlrausch-Williams-Watts~KWW! function

f~ t !5exp@2~ t/t!KWW
b #, ~3!

where the noninteger stretching exponentbKWW serves as a
phenomenological measure of the width of the continuo
relaxation time spectrum. Both equations are assumed t
‘‘canonical’’ features of complex, cooperative relaxatio
@13#.

Although theb relaxation has been extensively studi
for linear polymers, not so much attention has been devo
to polymer networks. Secondary relaxations in epoxyam
polymer networks were studied in detail by Johari and
workers @14–20# using dielectric spectroscopy~DS!. Here,
theb relaxation was first thought to have a molecular orig
This was attributed either to the localized motions of m
©2001 The American Physical Society02-1
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eties containing secondary hydroxyls, or to the restricted
tation of fragments adjacent to the oxygen bridges of
diglycidyl ether of bisphenolA. The intensity of theb pro-
cess was expected to correlate with the increasing conce
tion of secondary hydroxyls in the course of the curing re
tion @15,16#. However, the assumption of a quantitati
correlation between the concentration of any functio
group and the intensity of theb relaxation was later aban
doned, in favor of a more general scenario that links t
process to the noncooperative motion of chain fragment
loosely packed regions of a glassy quasilattice@19,20#. In
many polymer networks the true impact of the chemical n
work density is obscured by side effects including morph
logical heterogeneity and strong physical interactions@21#,
incomplete chemical conversion@22#, or anomalous chain
flexibility of network strands@23# among others. Some o
these side effects can be minimized by controlled prepara
of model polymer networks with well defined molecular a
chitecture.

In our previous DS studies of model heterocyclic polym
networks ~HPNs! @24# the main issue of concern was th
influence of cross-link density on the segmental dynamic
the vicinity of thea relaxation. This study was accomplishe
through analysis of the VTF and KWW behavior~Table I!.
In agreement with the coupling model@25,26# it was shown
that increasing cross-link density enhances the dynam
constrains of thea relaxation, increasing the degree of inte
molecular coupling@24#. The unique feature of these HPN
was a broad variation of network junction concentratio
keeping essentially invariant the concentration of dielec
cally active dipoles. Thus, the network topology turns out
be the dominant aspect affecting the salient features of
relevant relaxation processes. The aim of this work is
extend the previous study to the subglass relaxations in o
to reveal both the influence of the cross-link density on thb
relaxation and its origin.

II. EXPERIMENT

The details of preparation of the model polymer netwo
based on hexamethylene diisocyanate and hexyl isocya
with different ratios and cure conditions were described e

TABLE I. Selected parameters of the studied systems.L/N ratio
of linear to network content;Mc , average molecular weight o
chain strands between cross links;P, content of polar NCO groups
T* temperature at which average relaxation time for thea relax-
ation equals 102 s; bKWW , Kohlrausch-Williams-Watts stretching
exponent for thea relaxation@24#.

L/N Mc ~g/mol! P ~%! T* ~K! bKWW

100/0 →` 42.7 291.6 0.43
75/25 1137.0 44.3 311.9 0.39
60/40 694.5 45.4 322.3 0.37
43/57 473.3 46.6 333.0 0.37
0/100 252.0 50.0 351.3 0.29
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where @24#. By this procedure a regularly cross-linked c
polymer is obtained with precise molar fractions of thre
arm ~cross-linked! and two-arm~linear! segments~Fig. 1!.
Assuming a full conversion of the reacting groups and f
mation of a defect-free network structure some relev
structural parameters can be calculated~Table I!. Here,L/N
refers to the ratio of linear to network structure~Fig. 1!, Mc
is the average molecular weight of a chain segment enclo
between two cross links, andP is the molar content of NCO
groups in the copolymers. An important feature of these s
tems is an almost invariant concentration of dielectrica
active components in spite of the significant topology var
tion. The complex dielectric permittivity«* 5«82 i«9 was
measured in the frequency range 1021,F,105 Hz by using
a Standford lock-in amplifier SR830 with a dielectric inte
face and control temperature unit from Novocontrol.

FIG. 1. Generalized chemical scheme of heterocyclic polym
networks.

FIG. 2. Dielectric loss~a! and dielectric constant~b! as func-
tions of temperature at 1 kHz for networks with differentL/N ra-
tios: line 1, 100/0; line 2, 75/25; line 3, 60/40; line 4, 43/57; line
0/100. Insets show the same data for the region ofb relaxation.
2-2
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III. RESULTS

As can be seen from the representative isochronalF
51 kHz) temperature dependencies of the imaginary («9)
and real («8) parts of the complex dielectric permittivity o
HPNs with differentL/N ratios ~Fig. 2!, the most intensea
relaxation in the interval 330–400 K shifts to higher tem
peratures, whereas its intensity decreases, for higher app
network densities. In contrast, the position of the subglasb
relaxation in the interval 170–270 K remains essentially
variant, independent of theL/N ratio. Moreover, its intensity
increases with increasing apparent network density. Fo
more detailed assessment of the features ofb relaxation, the
temperaturesTmax at the peak maxima of the loss factor, th
corresponding peak intensities«9, as well as the increment
of the storage factor atTmax,D«8, were evaluated over the
entire interval of measurement frequencies~Table II!.

The frequency dependencies of both«9 and «8 at fixed
temperature were fitted~Fig. 3! to the Havriliak-Negami
~HN! function, Eq.~4!, to derive the broadening paramete
b and the dielectric strengthD« ~Table III!. It is pertinent to
remark at this point that in the majority of cases the best
were obtained assumingc51 ~i.e., the distribution of relax-
ation times of theb relaxation is described by the symmetr
Cole-Cole function!. The Havriliak-Negami function reads

FIG. 3. Dielectric loss«9 ~a! and dielectric constant«8 ~b! for
HPN networks with varyingL/N ratios as functions of frequency a
223 K. The dashed lines represent the best fits to the HN funct
Symbols the same as in Fig. 2.
2-3
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TABLE III. Cole-Cole and Havriliak-Negami parametersb andc, and dielectric strength.

T ~K!

L/N

100/0 75/25 60/40 43/57 0/100
b D« b D« b/ca D« b/ca D« b/ca D«

208 0.303 0.131 0.408/
0.673

0.126 0.425/
0.724

0.185 0.540/
0.257

0.482

213 0.327 0.101 0.324 0.123 0.351 0.127 0.392 0.188 0.440/0.363 0
218 0.287 0.115 0.316 0.126 0.340 0.130 0.388 0.188 0.363/

0.548
0.500

223 0.281 0.117 0.332 0.120 0.332 0.133 0.361 0.209 0.312/
0.846

0.498

228 0.321 0.104 0.338 0.118 0.346 0.129 0.311 0.216 0.290 0
233 0.303 0.110 0.345 0.116 0.353 0.126 0.286 0.229 0.279 0
238 0.312 0.107 0.367 0.111 0.339 0.133 0.252 0.252 0.265 0

aFor samples with higher cross-link densities and/or at relatively low temperatures the best fit was ob
with the Havriliak-Negami function withcÞ1.
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wherev52pF, «0 and«` are the relaxed (v50) and un-
relaxed (v5`) dielectric constant values,t is the central
relaxation time of the relaxation time distribution functio
andb andc are shape parameters that describe the symm
and asymmetric broadening of the relaxation time distri
tion function, respectively@27#.

IV. DISCUSSION

A. Activation energy of the b relaxation

Figure 4 shows the relaxation map for both thea and b
processes. The values corresponding to thea relaxation, de-
scribed in an earlier publication@24#, are represented fo
completeness. In the region ofb relaxation it is seen from
the Arrhenius log10tmaxvsf (1/T) plots @where tmax
51/(2pFmax), and Fmax is the frequency at the«9 maxi-
mum# that the data for all HPNs studied fall nearly on t
same straight line. However, one can still notice a small

FIG. 4. Arrhenius plot oftmax as a function of reciprocal tem
perature. Symbols the same as in Fig. 2.
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definite trend for the composition dependence of both fitt
parameters in the Arrhenius Eq.~1!, tb0 and DEb ~Table
IV !. In fact, one observes a typical ‘‘compensation effec
consisting in an increase ofDEb concomitant with a de-
crease of log10tb0 with higherL/N ratio.

Judging by the unexpectedly low values of the preex
nential factor (10217,tb0,10215s), the b relaxations in
the HPNs studied do not exactly fit Starkweather’s definit
@28# of ‘‘simple’’ relaxations with zero activation entropie
~even though the values ofDEb do correlate withTmax!.
Nevertheless, the small influence of the local environme
characterized by the network density, on the activation en
gies DEb , combined with their fairly low absolute value
~Table IV! are the typical features of a noncooperative rela
ation in loosely packed regions of a glassy quasilattice.

B. Relaxation strength

As already mentioned above~see Fig. 1 and Tables II an
III !, both the intensity and dielectric strength of theb relax-
ations in HPNs increase with lowerL/N ratio. This is in
striking contrast to the case of the maina relaxation in poly-
mer networks in general@29# and in HPNs in particular@24#.
Here, the exactly opposite dependence was explained
steric constraints from network junctions on the segmen
motion of network strands@24#. The same arguments wer
also invoked to explain the increase ofTg ~or, equivalently,
Ta! with increasing apparent network density as expres
through theL/N ratio.

TABLE IV. Activation energies and preexponential factors
the secondary relaxation.

L/N DEb ~kJ mol21! tb0 ~s!

100/0 54.060.8 2.95310216

75/25 55.360.5 1.66310216

60/40 55.260.5 1.77310216

43/57 57.460.4 4.68310217

0/100 58.360.3 3.39310217
2-4
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It can be easily verified using the data from Table I th
the kinetic free volume fractions at the respectiveTg values
calculated through the VTF equation~2! as @30#

f g
K5~Tg2T0!/B5@ ln~tg /ta0!#21 ~5!

are essentially composition invariant and close to the ‘‘u
versal’’ Williams-Landel-Ferry~WLF! value f g50.025@31#.
One can argue, however, that different patterns of free
ume distribution may be possible for HPNs with the sa
average value of̂f g

K& frozen in at the correspondingTg val-
ues. It seems reasonable to assume that the total free vo
available will be distributed between the densely packed
mains, characterized by a deficit of local free volume fract
compared tô f g

K&, and the remaining loosely packed matr
where the local free volume fraction will be excess of^ f g

K&.
Taking into consideration that the inherent crystallizability
monomeric aliphatic isocyanurates@32,33# is lost once they
are incorporated into the network, it is likely that the dens
packed domains in the HPNs studied comprise linear, t
arm isocyanurate heterocycles~ISHs!, while it is the loosely
packed, three-arm ISHs that form the continuous, thr
dimensional network structures. In terms of this model,
condition ^ f g

K&5const for all studied HPNs implies that th
fraction of loosely packed network junctions will increa
~i.e., the local free volume fraction in the densely pack
domains will decrease with respect to^ f g

K&! with increasing
apparent network density. Thus, these qualitative consi
ations permit us to explain the observed composition dep
dence of the intensity ofb relaxation by weaker interaction
~couplings! in the network junction sites of HPNs with lowe
L/N ratios.

The same arguments may be invoked to explain the c
position dependencies of the best-fit values of shape pa
eters in the HN equation~4! ~cf. Fig. 3 and Table III!, as well

FIG. 5. Dielectric strength~a! and reduced dielectric strength~b!
of the secondary relaxation as a function of 1/Mc . Error bars take
account of the temperature dependence of parameters.
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as of the dielectric strength and the fraction of active dipo
~Fig. 5! calculated by the Fro¨elich-Kirkwood equation~6!
@34#:

f ~«0!5
~«02«`!~2«01«`!

«0~«`12!2 5
4prNa

9kTM
gm2, ~6!

wherer is the density,m is the dipole moment of the relax
ing unit,M is the molecular weight of the repeating unit,g is
the correlation factor,Na is Avogadro’s number, andk is the
Boltzmann constant.

As can be seen from Fig. 5, bothD« and f («0) decrease
linearly with increasing reciprocal apparent molar mass
chain strands between the network junctions,^Mc&, down to
D«'0 for the linear structure at^Mc&→`. This result sug-
gests that it is the effective network junctions formed by t
three-arm ISHs and not the linear two-arm ISHs that ma
the major contribution to theb relaxation in HPNs at high
network densities with lowL/N ratios.

C. Mechanism of b-relaxation mobility

It seems pertinent to emphasize once again that all p
groups available in the HPNs studied are located in the IS
hence the same dipoles will be responsible for the dielec
response regardless of the relaxation mode. In this resp
these systems should be appropriate for testing the pre
tions of the coupling model~CM! @35,36#.

The CM approach assumes the existence of
temperature-insensitive crossover timetc separating the re-
gime of faster~‘‘primitive’’ ! pure Debye-like mobility of
kinetic units att,tc where Eq.~1! holds from the regime of
slower, constrained mobility att.tc which sets in due to the
increase of interactions~‘‘couplings’’ ! between kinetic units
and is characterized by Eqs.~2! and ~3!. Thus, having iden-
tified the faster and the slower mobility regimes as theb and
a relaxations, respectively, the condition of continuity
f(t) at tc implies the following relationship@37#:

ta~Tg!5@ tc~bKWW21!t0~Tg!#KWW
1/b . ~7!

According to Ngai’s view, from a comparison of the e
perimentaltb(Tg) values with those oft0(Tg) calculated
from the previous equation assumingtc52310212s and
ta(Tg)5102 s, a linear relationship betweentB(Tg) and
bKWW is expected@37#. The validity of the above relation
can be tested in our case by considering a reference temp
ture T* such thatta(T* )5102 s and thebKWW values pre-
viously reported~Table I!. As can be seen from Fig. 6, ou
experimental data fortb at T* are in reasonable agreeme
with the theoretical prediction as shown by the dashed line
Fig. 6 calculated with Eq.~7!.

The correlation between the quantities characterizingb
anda relaxations as expressed through Eq.~7! lends further
support to the basic concept that there are identical kin
units, either individual molecules for simple organic liquid
or statistical chain segments for polymers, involved in bo
processes@38#. The major difference is in the mechanisms
their mobility, which should be noncooperative with low a
parent activation energies for theb relaxation, and coopera
2-5
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tive with high apparent activation energies for thea relax-
ation. In both cases, the onset of mobility at each relaxa
implies conformational rearrangements within the relev
kinetic units. It seems obvious that, in contrast to stiff a
matic heterocycles like cyanurates@23#, the absence of con
jugated bonds within ISHs makes the latter sufficiently fle
ible to allow for specific conformational transitions wit
deviation from the planar structure of the isocyanurate, l
the ‘‘chair-boat-chair’’ transition in the structurally simila
cyclohexyl ring @39#. The assumed similarity between co
formational transitions in the cyclohexyl ring and in the IS
is qualitatively consistent with the proximities of their su
glass relaxation temperatures~180–193 K at 1 Hz for the
former @39#, and 188–195 K for the latter!. Additionally, the
corresponding apparent activation energies~a slightly higher
value for ISH of 50.4–58.3 kJ/mol, compared to the theor
ical estimate of 45 kJ/mol for the cyclohexyl@39#! may be
explained by the mobility constraints from couplings b

FIG. 6. log10@tb(Tg)# vs bKWW plot. The solid lines were cal-
culated from the coupling model, Eq.~7! @37# according to values
of ta(Tg)5104 s ~top line! and 102 s ~bottom line!. The dashed line
represents the approximate straight line for experimental value
o
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tween the dipoles in neighboring ISHs and from the netw
architecture of the HPN system. More work is obvious
needed to clarify this issue.

V. CONCLUSIONS

~1! The b relaxations in the HPNs investigated obey t
Arrhenius law reasonably well with unusually low values
the preexponential factor of 10217,tb0

,10215s. Neverthe-
less, the small influence of the local environment charac
ized by the network density on the apparent activation en
gies DEb and their fairly low absolute values~50.4–58.3
kJ/mol! are the typical features of a noncooperative rela
ation in loosely packed regions of a glassy quasilattice.

~2! Both the intensity and dielectric strength ofb relax-
ations in HPNs increase with higher apparent network d
sity ~i.e., with lowerL/N ratio!. This effect is explained by
the model assuming that the total, composition-invariant f
volume available is distributed between densely packed
mains comprising linear, two-arm isocyanurate heterocyc
and loosely packed, three-arm ISHs which form the conti
ous, three-dimensional network structures.

~3! The experimental data for HPNs confirms Ngai’s co
relation between the logarithm of the secondaryb-relaxation
time and the KWW stretching exponent for the primarya
relaxation.

~4! It is suggested that the absence of conjugated bo
within isocyanurate heterocycles makes them sufficien
flexible to allow for specific conformational transitions wit
deviation from the planar structure of the isocyanurate, l
the ‘‘chair-boat-chair’’ transition in the structurally simila
cyclohexyl ring.
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