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ABSTRACT: Measurements of differential scanning calorimetry, dynamic mechanical analysis, and
dilatometry have been performed in heterocyclic polymer networks (HPNs), whose effective network density
has been gradually varied keeping the overall chemical structure essentially unchanged. Evidence of a
growing intermolecular cooperativity for a local relaxation motion is offered by the investigation of the
subglass mechanical f-relaxation, whose frequency factor and apparent activation energy strongly increase
with increasing cross-linking density from about 10'° s ™! and 44.2 kJ/mol to about 10" s~ ' and 69.8 kJ/mol.
The analysis of the characteristics of the mechanical f-relaxation suggests the existence of cooperative
transitions of consecutive relaxing units, mainly driven by the crank-shaft motion of the network junctions
between the isocyanurate heterocycles building up the structure. Comparison with previous results concern-
ing the dielectric S-relaxation evidence a less cooperative character and a different microscopic origin for the
conformational transitions driving the dielectric process. Moreover, a decrease in the thermodynamic
fragility with increasing network density has been revealed, which contrasts with the increasing dynamic

fragility, as measured by dielectric and mechanical probes.

Introduction

Polymers show anelastic relaxations in the glassy state, which
are due to local conformational transitions of some groups
building up the main chain. In most cases, the relaxations and
the related anomalies in the mechanical spectra are broader than
those arising from a single relaxation time as a consequence of
random deviations in the local arrangements of the relaxors.
These types of motions are thermally activated and induce
relaxational losses as well as associated dispersions in the mecha-
nical behaviors of polymers. The local conformational motion
of chain groups is a consequence of residual degrees of freedom,
sometimes associated with a residual excess volume that is
available to perform changes of conformation. As a rule, subglass
relaxations can be distinguished as simple and complex depend-
ing on their respective degree of cooperativity.' Simple relaxa-
tions are characterized by usual characteristic frequencies w,
near 10"*s™"in an Arrhenius plot, which imply small or negligible
variations of the activation entropy associated with the specific
local motion. Quite differently, complex relaxations exhibit large
characteristic frequencies associated with a significant activation
entropy, which can be related to a high degree of intra- or
intermolecular cooperativity between the local relaxors.'

To explore the puzzling aspect of complexity concerning the
secondary relaxations, we have performed a study of dynamic
mechanical analysis in model polymer systems where the density
of cross-links between the molecular units can be changed with-
out altering the chemical structure. In a class of heterocyclic
polymer networks (HPNs) based on isocyanurate rings,”* in fact,
it is possible to change the ratio of bifunctional to monofunc-
tional monomers in the reaction mixture giving rise to systematic

*Corresponding author. E-mail: carini@unime.it.

pubs.acs.org/Macromolecules Published on Web 04/21/2010

changes of the effective network density and keeping their overall
chemical structure essentially unchanged. The gradual variation
of the cross-link density is expected to enhance the degree of
intermolecular cooperativity between the locally mobile molecu-
lar units, resulting in a progressive and substantial increase in the
activation entropy. In fact, increasing values of the characteristic
frequency, wg, and the apparent activation energy, E,, char-
acterizing the subglass mechanical S-relaxation have been obser-
ved with increasing network density. This increase has been
associated with an activation entropy marking the growing
cooperative character of the underlying conformational motion
of the relaxing molecular groups.

A further important subject in amorphous polymers concerns
their classification in the context of “fragility”, a concept intro-
duced by Angell>” to classify glass-forming liquids according to
their cooperative relaxation dynamics through the glass-transition
region. In particular, contrasting behaviors have been observed
for the “thermodynamic” and “dynamic” fragility of polymers,
and doubts have been raised about the extension of the strong/
fragile classification scheme to these systems.*’ The relation
between thermodynamic fragility, given by the change in heat
capacity at the glass-transition temperature, T, and the dynamic
fragility, determined by dielectric and mechanical experiments
probing the structural rearrangements of glass-forming liquids
when T}, is approached, has been explored in HPNs showing that
an increasing network density depresses the former while enhanc-
ing the latter.

Experimental Details

HPNs were obtained by simultaneous trimerization reaction of
1,6-hexamethylene diisocyanate (HDI), hexyl isocyanate (HI),
and hexabutyl distannum oxide (HBDSO, catalyst) purchased
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from Aldrich Co. and used as received. The method of HPN
synthesis, described elsewhere,® produced a regularly cross-
linked copolymer with controlled molar fractions of two-arm
(linear, L) and three-arm (cross-linked, N) segments, whose
chemical schemes are shown in Figure 1. Table 1 reports some
structural parameters concerning HPNs and evaluated by as-
suming a full conversion of the reacting groups: L/N refers to
relative ratio between linear and network structure, < Mz > is
the molecular weight of the monomer unit, and < M_> is the
mean molar mass of chain strands between network junctions.
In the following, the acronyms L100, L60, L43, and L0 will be
used to indicate the ratios L/N =100/0, 60/40, 43/57 and 0/100,
respectively, the latter concentration referring to a wholly cross-
linked structure or a full network. To avoid undesirable effects
due to contamination from absorbed water moisture, the sam-
ples were dried at room temperature under vacuum of 10~*
mbar for ~12 h before each run of measurements and then
analyzed by maintaining the experimental chamber under a
controlled atmosphere of nitrogen. Dynamic mechanical ther-
mal properties (storage modulus £ and loss modulus E) were
investigated in tensile mode between 120 and 450 K at heating
rate of 1 K/min using a dynamic mechanical thermal analyzer
(DMTA) from Polymer Laboratories. The frequency interval
ranges between 0.3 and 30 Hz.

The glass-transition temperatures, T, were determined over
the temperature interval between 220 and 450 K by thermograms
performed with a heating rate of 20 K/min by a Perkin-Elmer
Pyris1 differential scanning calorimeter (DSC) calibrated with
indium and zinc standards. The specific heat capacities, C,, were
determined using a standard sapphire sample as a reference.

Thermal expansion measurements were made from 100 to
350 K using a Netzsch Industries silica pushrod LVDT horizontal
dilatometer with a heating rate of 2 K/min.

1000

800

600

P

C (JimolK)

400

200

250 300 350 400
T(K)

Figure 1. Temperature dependences of heat capacities through the
glass-transition region for HPN: (O), L100; (&), L60; (a), L43; (@),
L0. The generalized chemical schemes of linear (L100) and fully cross-
linked (L0) heterocyclic polymer networks are also included.
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Results

A. Thermal Transitions. Sudden C, jumps in the glass-
transition intervals are observed on heating HPNs above
220 K (Figure 1). Step-like features are also observed in all
of the samples around 270 K, whose nature is at present
unclear. Further exploration of such samples is in progress to
analyze thoroughly these small humps, whose possible ori-
gin, however, has any relevance for the discussion concern-
ing the fragility of HPN. The complete absence of melting
endotherms in this temperature interval and the increase in
T, from 291 K for L100 to 318 K for L60 and 335 K for L43
and to 392 K for L0 indicate that the HPNs can be regarded
as homogeneous amorphous systems. Increasing network or
cross-link density shifts the glass transition to higher tem-
peratures and reduces the change in the heat capacity AC,
(= C,y1—C,,) at T, where C,,; and C, , represent the heat
capacities evaluated in the liquid and glassy states, respec-
tively. In the context of “fragility” proposed by Angell,” the
changes in the heat capacity at 7, define the “thermody-
namic” fragility. It is usually assessed by AC,, or by the ratio
C,1/C,. o, fragile glass-formers exhibiting large changes in the
heat capacity at T, as opposite to small variations character-
1zing strong systems.

B. Mechanical Transitions. To better illustrate the effects
of cross-linking density on the relaxation dynamics of
HPNS, the experimental results for the loss tangent tan 6
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Figure 2. Temperature dependences of (a) the loss tangent tan 0 and
(b) the tension dynamic modulus E' in HPNs at a frequency of 3 Hz:
L100 (a); L43 (A); LO(O). The continuous lines are only guides for eyes.
The inset shows the effect of driving frequency on the temperature
dependence of tan ¢ in LO.

Table 1. Parameters of the Studied HPNs Having a Relative Ratio L/N of Linear to Network Content”

L/N p (kg/m?) T, (K) < M¢> neor (g/mol) <Myg> (g/mol) Eqei (kJ/mol) (O
100/0 1148 291 o 295 442 493 % 10"
60/40 1188 318 695 278

43/57 1200 335 473 270 56.0 2.14 % 10'*
0/100 1238 392 252 252 69.8 3.68 x 10"

“p is the density at room temperature, 7, is the glass-transition temperature, <M_.> is the average molecular weight between cross-links,
and < My > is the molecular weight of monomers. The values of the apparent activation energy, E,. and the characteristic frequency, 7, ', have been

determined by the Arrhenius plot of Figure 4.
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Figure 3. (a) Comparison of the f(-relaxation losses in HPNs at a
frequency of 3 Hz: L100 (O); L43 (4); L0, (<); dashed lines represent
the fitting curves obtained by eq 2. (b) Low temperature tan 6 of L43 at
selected frequencies: 0.3 (O), 3 (+), and 30 Hz (<). (c) Temperature
dependence of the thermal expansion coefficient in HPNs: L100, solid
line; 143, dashed line; L0, dashed-dotted line.

(= E'(D)/E(T), where E"” and E' represent the loss and
storage moduli, respectively) at a mechanical frequency of
3 Hz for the samples L100, L43 and LO are compared in
Figure 2a. As the temperature is increased from 120 K, tan 0
exhibits the S-relaxation peak, and above 250 K, it exhibits
the large a-relaxation peak typical of the glas-to-rubber
transition. The modulus £’ exhibits a significant inflection
in the same temperature region where the S-peak is observed,
Figure 2b. With increasing temperature above this region, a
linear decrease in E', followed by sharp drops of about two
orders of magnitude, is observed, which mark the large
softening of the system associated with the cooperative
segmental motion at the glass transition. With increasing
network density, the a-loss peak moves to higher tempera-
tures and exhibits a decreasing strength, as weighed by the
magnitude of the loss peak, the latter feature being in clear
contrast with the behavior observed for the f-relaxation
(Figure 3a). The a-loss peaks shift to higher temperatures
as the mechanical driving frequency is increased (inset of
Figure 2a).

As the temperature is increased from 120 to 250 K, the
mechanical loss of HPNs is mainly regulated by the j-
relaxation, whose contribution to tan ¢ is depicted by using
a more expanded scale in Figure 3. The strength and the
temperature of S-loss peak increase with increasing network
density (Figure 3a), the latter shifting from ~167 K in L100
through 179 K in L43 to 210 K in LO (at 3 Hz). All S-loss
peaks shift to higher temperatures as the mechanical driving
frequency is increased (Figure 3b), as a clear indication of
the thermally activated nature of the underlying process.
Over the same temperature range, the storage modulus, £,
(Figure 2b) exhibits corresponding inflections, which evi-
dence the same characteristics described above for the 5-loss
peaks. These observations indicate that cross-linking has a
strong impact on f-relaxation strength, which is enhanced by
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Figure 4. (a) Arrhenius plots of the mechanical (solid symbols) and
dielectric (open symbols) S-loss peaks for HPNs: L100 (@); L43 (®);
L0 (A). The temperatures, Tpeax, of the f-peak maxima have been taken
from E"(T) curves; the dielectric data are from &’ (T) behaviors reported
in ref 4. (b) Peak temperatures of mechanical (solid symbols) and
dielectric (open symbols) S-relaxations for HPNs as a function of 1/M,
at selected frequencies: 1 (), 10 (v) and 100 Hz (O).

more than a factor of 2 by going from the apparently linear
heterocyclic polymer (L100) to the wholly cross-linked
HPN (L0).

The explored frequency range enables us to evaluate the
apparent activation energy, E,., and the characteristic fre-
quency, 7, ', of the f-relaxation process. The Arrhenius plot
of the frequencies versus the reciprocal temperatures of the
mechanical loss maxima is shown in Figure 4a and gives the
values of E,erand 75! reported in Table 1. Because the peaks
in tan 0 can be significantly shifted because of difference in
the value of E'(T),'° the temperatures Tpeak of the B-peak
maxima have been taken from E"(T) curves. This allows us
for a more consistent comparison with the results of previous
dielectric measurements on the same polymers,® which
are also included in the same Figure. The latter disclosed
values of the activation energy associated with the dielectric
p-relaxation ranging in the most restricted interval between
50.4 (L100) and 58.3 kJ/mol (LO0). It is worth noting that the
frequency factors exhibit unusually large values that vary
from ~10"° (L100) to 10" s~ (L0), the interval of variation
resulting, also, in this case, much more wide than that
assessed by dielectric measurements (from 3.4 x 10'° (L100)
t02.9x10'% s (L0)*). As it will be explained and extensively
discussed in the following, the discrepancy between mechan-
ical and dielectric data probably takes its origin from differ-
ent kinds of local molecular motion probed by the two
techniques.

Discussion

A. Mechanical Subglass Relaxations. The relaxation dy-
namics of these HPNs, governed by single a- and j-relaxa-
tions, suggests that the chain connectivity enhanced by cross-
linking gives rise to single phase networks with a high degree
of homogeneity and isotropic properties. Now, the mechan-
ical, such as the dielectric, spectroscopy probes the relaxation
processes that impose their length scales in the experiment.
The relevant length scale (i.e., the size of the relaxing
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molecular groups involved) for the -relaxation is clearly of
local nature, implying that both of the probes are sensitive to
local motion within the polymer network.

Figure 4b shows the temperatures, Tpeax, of the S-peak
maxima revealed in ¢’(T) and E'(T) over the 1—100 Hz
frequency range by dielectric* and mechanical probes as a
function of the inverse of M, thatis, with increasing network
density. Dielectric and mechanical Tj,i values exhibit dif-
ferent behaviors: the dielectric Tpeac remains essentially
invariant, whereas a variation of ~40 K is observed for the
mechanical Tpea by going from the linear (L100) to the
cross-linked HPN (L0). The different network density de-
pendence of S-relaxations can be considered to be a strong
indication of the fact that dielectric and mechanical spec-
troscopy probe different, even if correlated, kinds of local
motion. The coupling between dielectrically and mecha-
nically active motions is proved by comparable time scales,
activation energies (Table 1; Table 4 of ref 4), and similar
behaviors of the relaxation strength with increasing network
density.

Dielectric spectroscopy (DS) tests the motion of dielectri-
cally active dipoles, the polar NCO or isocyanurate hetero-
cycle (ISH) rings, whose concentration changes slightly by
increasing network density.* It has been suggested that
conformational transitions of ISHs, distributed in loosely
packed regions of the polymer network, drive the dielectric
p-relaxation. The fraction of these regions is believed to
increase markedly by going from the densely packed struc-
ture of L100, based on linear chains of two-arm ISHs, to the
loosely packed network of LO mainly built on three-arm
ISHs, giving rise to the observed large enhancement of the
p-relaxation strength. Following the structural similarity
between isocyanurate and cyclohexyl rings, the conforma-
tional motion of ISHs is assumed to be like the “chair—
boat—chair” transitions of cyclohexyl rings.* Now, it has
been shown that the local motion of cyclohexyl rings is
independent of the local intermolecular packing:'' mixtures
of polycyclohexylmethacrylate (PCHMA) and an additive
(pentachlorobiphenyl) do not reveal the suppression of the
[-relaxation, this effect being usually due to a remarkable
sensitivity of the molecular rearrangements to the local
volume fluctuations. This means that the discussed variation
in the local packing of HPNs cannot be considered to be
causing the increase in the S-relaxation strength. Moreover,
the density of HPNs (see Table 1) shows a well definite
increase with increasing cross-linking. Following these con-
siderations, we will examine more exhaustively the dielectric
and mechanical results concerning the subglass relaxation
process in HPNs to suggest a molecular motion mechanism
accounting for the differences revealed by the two probes. It
is worth noting that the mechanical 3-relaxation is associated
with a pronounced increase in the thermal expansion, a,,
which is smeared out over the same temperature interval
(Figure 3c). The existence of a distinct correlation between
subglass relaxations and a sudden variation of oy, implies
that the conformational transitions driving the mechanical
[-relaxation require a relevant fraction of swept-out volume.
This observation strongly supports the collective crank-shaft
motion of several segments within the C¢H;; nonbridging
groups and the (CH,)s arms linking the ISHs as possible a
origin for the relaxation.'*”'> The value of 44.2 kJ/mol
determined for the apparent E,. in L100, the linear HPN,
is slightly higher but quite close to the value of 39 kJ/mol
characterizing the crank-shaft motion in the linear high
density polyethylene (HDPE).'® Possible motivation for this
difference is that the highly polar ISH rings, whose local
motions in L100 originate the dielectric S-relaxation at a
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Figure 5. Apparent activation energies, E,, versus the peak tempera-
tures, Tpeak 1, Of dielectric (O) and mechanical (A) S-relaxation at 1 Hz.
The behaviors given by eq 1 for AS* = 0 (the noncooperative limit) and
AS* = 83.68 J/Kmol are reported as solid and dotted lines, respectively.

higher temperature than the mechanical one (Figure 4b), give
rise to substantial interchain interactions, and impose me-
chanical constraints on the crankshaft segments. This is
demonstrated by the increase in E,. with increasing cross-
linking from 44.2 kJ mol ™" in L100 to 69.8 kJ mol ™" in L0.
The low value of E,. observed in L100 accounts for the
crankshaft motions of two (CH,)s bridging arms and one
CeH 3 nonbridging group, the conformational transitions of
the latter being surely characterized by smaller potential
barriers. By increasing network density, all side groups are
increasingly transformed in bridging arms between the polar
rings and experience constraints that rise the potential
barriers between the conformations explored by the crank-
shaft motion.

The crank-shaft motion of (CH,)g arms linking the ISHs
exhibit the characteristics of an intermolecularly cooperative
relaxation. The unusually high values of the frequency factor
(Table 1) do not fit Starkweather’s definition of “simple”
relaxations with zero activation entropy.' They point to the
existence of a “complexity” of the relaxation process, which
involves cooperative motion of neighboring molecules. The
main point is that all samples exhibit $-loss peaks that are
unexplainable in terms of a single relaxation time. The exis-
tence of a distribution of relaxation times for the -process
observed in HPN implies a distribution of activation ener-
gies, activation entropies, or both and complicates the
analysis of the experimental data. Tentatively, the Eyring’s
equation from the theory of absolute reaction rate

_ kT — AH*/RT .AS*/R
f= ﬁe ¢

has been applied to relate the apparent activation energies,
E,, determined by the Arrhenius plots to the activation
enthalpy, AH*, of the relaxation process. In the equation
above, AS*, the activation entropy and the other symbols
have the usual meaning. The relationship between E,. and
AH*, E,..= AH* + RT, can be rearranged to derive the
following equation, which links E,. and the temperature,

Tpeak.1, of the mechanical loss maxima at f'= 1 HZ!

k Tea
1+1H(M)

Eyi = RTpeak,l oxh

+ Tpeak, 1AS* (1)

The plot of E,¢ versus Ty, 1 reported in Figure 5 reveals
increasingly higher values by going from L100 to L0, which
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Table 2. Values of the Parameters E,,, Ey, 7o !, and Nyz for the B-relaxation in HPNs*

L/N E (GPa) D) E,, (kJ/mol) Eqy (kJ/mol) Ny> (1072 PP m™?) y (eV)

100/0 1.78 6.0 10™ 443 5.4 1.60 0.12

43/57 2.28 7.3 % 101 52.9 10.3 9.68 0.29

0/100 2.87 5.1x 10" 66.7 14.2 25.26 0.47
“Values of the storage modulus, £, are taken at 200 K.

are paralleled by a well definite increase in the activation 35

entropy, AS*, from ~53.6 to 123.5 J/Kmol. Data obtained

from dielectric measurements* are also included in the same 100r-Q

plot: they exhibit a more narrow range of variation with 30r ¢

increasing cross-linking in the network, showing activation 0

entropies that range from 34 J/Kmol for L100 to 64.6 J/Kmol 60 Q.

for LO. These results imply a growing cooperative character 251

of both the mechanical and dielectric fS-relaxations with 2 " 14cp‘/cpg * h

increasing network density, a larger degree of cooperativity ol o

being associated with the local motion explored by the O 20r

mechanical probe. A possible explanation is that the motion -

of the conformers, that is, the units of (CH,)s arms experien- T

cing the crankshaft conformational change, extends its 151 . /.//

correlation range from two (in L100) to three arms (in LO0) L

following the conversion of the linear segments in fully cross- T

linked units, whereas the dielectric response is limited to the 1-00~8 . 0'9 1'0 1'1 1'2

motion of ISH rings, whose moves become severely affected ' '

by the enhanced long-range segmental motion of the arms. T,

The above considerations about the mechanical S-relaxa-
tion emphasize the existence of a significant degree of
cooperativity characterizing the underlying local motion.
Therefore, its description in terms of a parallel relaxation,
that is, an independent site model, could be not appropriate
to investigate the microscopic mechanisms regulating this
kind of local motion fully. In the following, however, we will
assume a localized site model as a useful first approximation
to estimate the relaxation strengths and to perform a com-
parison between them. The symmetric double-well potential
(SDWP) model schematizes the locally mobile relaxing
particles in terms of SDWPs having a broad distribution of
the barrier height, £, which accounts for random variations
in the local environments of particles due to the topological
disorder. The relaxation loss is given by'®!7

4 _(E—Ey)’ wt(E)
tan 0 = ?/ exp( 252 > X7 +02(E) (2)
where
N 2
T T 3)
4E' kg 27E,

The relaxation time, 7, is given by the usual Arrhenius
: _ ElkgT
expression, T =Ty . E, and E, represent the most prob-
able activation energy and the width of the distribution, N is
the number of relaxing molecular groups, y is an average
deformation potential describing the coupling between the
mechanical stress and the relaxing centers, £’ is the storage
modulus, and the other symbols have the usual meanings.
Numerical evaluation of the experimental curves by eq 2
gave the values for the relaxation parameters reported in
Table 2 and the curves shown by dashed lines in Figure 3. The
results show that (i) the values of the mean activation energy,
E,,, are in close agreement with those of E,. and (ii) both E,,
and the product Ny” increase with inclusion of cross-links.
The increase in Ny with increasing network connecti-
vity must be mainly determined by the deformation poten-
tial, y, because the number, N, of relaxors, as given in the

Figure 6. Changes of the heat capacities at T, plotted as C,;/C,,
versus T/T,, for heterocyclic polymer networks (HPN): L100 (solid
line), L60 (dotted line), L43 (dashed-dotted line), and LO (dashed line).
The inset shows the behavior of the dynamic fragility, m, versus the
thermodynamic fragility, C,;/C, ¢ the dotted line is a guide for eyes
only.

proposed model by the total concentration of bridg-
ing (C¢H1,) and nonbridging (C¢H,3) arms, decreases only
slightly (~5%) by going from the linear (L100) to the fully
cross-linked (L0O) HPN. Evaluation of the coupling constant,
y, gives the values included in Table 2: y increases with
increasing glass-transition temperature, 7T,, disclosing a
roughly positive linear correlation. This finding is in agree-
ment with the behaviors generally observed over a wide
range of amorphous materials for both of the deformation
potentials describing the coupling with longitudinal and
transverse sound waves'®'” and supports the association
between the mechanical f-relaxation and the crankshaft
motion of both bridging and nonbridging arms of ISH rings.
Inclusion of cross-links increases the number of (CH,)q
bridging arms, which should be characterized by a stronger
coupling to the mechanical stress than C¢H 3 nonbridging
groups.

B. Thermodynamic versus Dynamic Fragility. The beha-
viors of C,,,/C, , versus T/T, are reported in Figure 6 and
reveal a well-defined decrease in the thermodynamic fragility
with increasing cross-link density in the network. In parti-
cular, the ratio C,;/C,, decreases about linearly with de-
creasing mean molar mass, < M. >, between network junc-
tions. This observation could be discussed in a wider context
including the “dynamic” fragility of a glass-forming liquid.
The fragility, which has been initially defined by the para-
meter m = [(d log n)/(d(Ty/T))]7- 7, defining the limiting
slope of the viscosity curves at the glass-transition tempera-
ture, T, permits to place glass-forming liquids in the interval
between the two extremes “fragile” and “strong”, corres-
ponding to the highest and the lowest value of m, respec-
tively. “Fragile” liquids, such as hydrated Ca(NOs), and
o-terphenyl, are substances with nondirectional interatomic
or intermolecular bonds that permit drastic changes in local
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order at the glass transition leading to pronounced devia-
tions from the Arrhenius behavior for the viscosity. By
contrast, “strong” liquids (such as SiO, or GeO»), character-
ized by strong covalent bonds, which preserve the main
structural characteristics over broad ranges of temperature,
exhibit an Arrhenius dependence of the viscosity. Besides
considering the temperature dependence of the viscosity as a
manifestation of the fragility, m, the link between different
measures of m obtained by various techniques operating in a
linear response regime, such as dielectric and mechanical
spectroscopy, has also been explored.® In this case, the
fragility is defined by m = [(d log <7>)/(d(T/T)]r-1,
where the average relaxation time <t7> of the primary
process is determined by dynamic experiments that probe
the structural rearrangements experienced by the glass-form-
ing liquid when the glass-transition temperature, T, is
approached. The temperature behavior of <7> is usually
expressed by the Vogel—Fulcher—Tamman (VFT) equa-
tion.”” Within a general context including a wide number
of inorganic and organic glass-forming liquids, the values of
the “dynamic” fragility, m, given by different techniques
appear to agree with each other.®

A close relation between dynamic behaviors and thermo-
dynamic properties of glass-forming liquids near the glass
transition has been proposed by a number of models'** and
also within the context of fragility.” The Adam—Gibbs
approach®! establishes a direct link between viscosity and
excess configurational entropy, S., of the system; the tem-
perature behavior of the relaxation time is expressed by an
exponential relation that contains S, in the argument. The
relaxation expression qualitatively accounts for most of the
phenomenology of liquid glass-formers including the strong/
fragile liquid pattern.’ The most recent Di Marzio—Yang
model®® proposes a kinetic theory of glasses where the zero
frequency viscosity is mainly determined by the free energy
of the system. This approach is based on an equilibrium
theory and provides for a connection between specific heat
and relaxation behavior over the glass-transition region.
Angell and coworkers’ suggest a correlation based on the
energy landscape model that predicts a close link between the
temperature evolution of the thermodynamic states of a
system and its relaxation properties over the glass-transition
region. This means that fragile liquids, when heated through
T,, readily experience transitions over a wide range of
configurational states, which drive the corresponding varia-
tions in the relaxation times. All models discussed above lead
to the prediction that glasses with small specific heat changes
at the glass transition exhibit little curvature on log 5 or log t
versus 1/T plots, whereas glasses with large specific heat
changes are characterized by a significant positive curvature.

At variance with the expectations of the models, accu-
rate examinations of fragility data over a wide range of
polymers®? revealed that an increase in the dynamic fragility,
m, is paralleled by a decrease in the thermodynamic fragility,
evaluated by AC,, or C,,1/C, .

The puzzling aspect concerning polymer fragility also
regards HPN. Growing network or cross-link density de-
presses both the dielectric’ and mechanical® primary relaxa-
tions, but gives rise to an enhancement of the dynamic
fragility, m. In clear contrast with this observation, the
thermodynamic fragility decreases with increasing network
density, and a plot of m versus C,/C, , discloses a negative
slope (inset of Figure 6). These contrasting evaluations of
fragility in HPN surely reflect differences in the coupling
between the various experimental probes and the internal
degrees of freedom driving the structural rearrangements of
large molecular groups. The main question is that, as already
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emphasized,®’ these observations raise doubts about the
application of the cited models to polymers. The energy
landscape model surely offers a substantial tool for the
exploration of the connection existing between transport
and thermodynamic properties of glass-forming liquids,
but it may be that some important factors determining the
mobility of the polymer systems have not been taken into
due consideration. A very recent study of light scattering on
some polymers>* reveals that the sensitivity of the fast dyna-
mics to pressure varies in relation to the different tempera-
ture regions explored by the system: the volume contribution
dominates the fast relaxation behavior in the liquid state,
whereas the thermal energy becomes more important in the
glassy state. This can imply that polymer could have an
energy landscape sensitive to thermal and volume effects, the
latter being completely neglected in the models discussed
above.

The increase in m with increasing cross-linking in HPNs
can be explained by a different vision of the fragility concept,
which is more suitable for polymers. In fact, the term
“fragility” describes the inability of glass-former liquids to
preserve the short- and medium-range order against the
thermal degradation. Polymers are not expected to show
modifications of the chain structure in the temperature
region above T, so it is believed® that the concept of
“cooperativity” better reflects the physical behaviors of these
glass-formers. Considering the cooperativity as a measure of
the number of molecular units or chain segments that are
involved in some kind of collective motion, it is clear that the
presence of cross-links increases this number, giving rise to
an enhancement of cooperativity in the system. In this
context, the growing amount of cross-links in HPN increases
the scale of the long-range correlations in the segmental
motions within the network and, at the same time, causes a
reduction of the configurational degrees of freedom of short-
er network chains: the decreasing jumps AC,, of the specific
heat capacity observed at T, with increasing network density
should be associated with decreasing variations of the con-
figurational entropy. The revealed discrepancies in the fra-
gility behaviors indicate that the description of cooperative
relaxations in polymers within the fragility framework needs
to be more deeply explored before discussing the relaxation
dynamics within a more general context including inorganic
glass-forming liquids. Clarification of this question requires
extensive wide ranging studies of polymer systems.

Summary

Measurements of dynamic mechanical analysis have been
performed to investigate the relaxation dynamics of HPNs over
the temperature range below and above T, revealing a subglass
p-process and the primary o-relaxation. By systematically trans-
forming the basic structural units, the ISHs, from two- to three-
arm rings linked by (CH,)s bridging groups, it has been shown
that growing a connectivity between the molecular units leads
to restrictions of the cooperative segmental dynamics. Con-
straints due to cross-links shift the glass—rubber transition to
higher temperatures and reduce the strength of the mechanical
o-relaxation, as a clear indication of a growing hindrance ex-
perienced by the long-range segmental motion. In clear contrast
with this evidence, the behavior of the secondary mechanical
p-relaxation with increasing network density reveals a systematic
enhancement of the relaxation strength, the local segmental
mobility being enhanced by the increasing number of network
junctions. The mechanical -relaxation follows an Arrhenius-like
law with increasingly higher frequency factors and activation
energies from ~10"° s~ and 44.2 kJ/mol in linear HPN to ~10'"
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s ' and 69.8 kJ/mol in fully cross-linked HPN. Following an
analysis proposed by Starkweather, these unusually high values
of wy have been discussed in terms of an increasing intermolecular
cooperativity of the conformational transitions underlying the
p-relaxation arising from the growing inclusion of (CH,)g arms
bridging between the ISH rings. Also accounting for the marked
variation of the thermal expansion observed over the same
temperature range of the S-relaxation, the crankshaft motion of
the arms, whose correlated moves lead to the significant value of
activation entropy characterizing the process in fully cross-linked
HPN, has been suggested as its possible origin. Comparison with
previous data concerning the dielectric S-relaxation in the same
HPNs discloses significant differences that indicate a less coop-
erative character and a different microscopic origin for the
conformational transitions driving the dielectric process.

Finally, the observed decrease in the thermodynamic fragility
with increasing cross-linking has been interpreted in terms of
a heterocyclic network whose morphology is characterized
by decreasing degrees of freedom originating a decrease in the
configurational entropy of the system. The decrease in the
thermodynamic fragility is paralleled by an increasing dynamic
fragility, as measured by dielectric and mechanical spectroscopy.
This contrasting behavior for the thermodynamic and dynamic
measures of fragility strictly follows the trend already evidenced
in a wide class of polymers.
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