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Probing the subglass relaxation behavior in model heterocyclic polymer networks
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The subglass relaxatiofB) in model heterocyclic polymer network$lPNs 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 (10%'<753,<10 '°s). However, little influence of the local environment, as characterized by
the network density, on the apparent activation enerf§jigg is observed. This fact, combined with their fairly
low absolute value$50.4—-58.3 kJ/m9] were considered as typical of a noncooperative relaxation in loosely
packed regions of a glassy quasilattice. Both the intensity and dielectric strength @f¢kexation in HPNs
increase with increasing apparent network dersigy, 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
heterocyclegISHs) 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 primaglaxation. 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.
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I. INTRODUCTION ture dependence of the relaxation timgsfollows
The glass transition temperatufg is commonly consid- 7= Tpo XN AEL/RT) @)

ered as the physical boundary between the equilibrium I|qU|qNith a fairly low activation energp\E,;, suggesting that the

state and the nonequilibrium metastable glassy state. In t st process belongs to the category of simple, noncoopera-
former there exists an essentially unrestricted translationatVe transitions '

mobility of relevant units, molecules for “monomeric” lid- | contrast, the non-Arrhenius pattern of the temperature
uids and chain segments for polymers. In the glassy stat§ependence of relaxation times, of the slow process is

mobility is arrested except for oscillations of kinetic units expressed by the empirical Vogel-Tamman-FulchéTF)
around fixed sites of a disordered quasilattice. The multipliczquation

ity of relaxations belowT, [1-3] is experimental evidence
for the existence of other kinds of thermal motion in the To=Tao €XAB/(T—Ty)], 2
glassy state of polymers. It seems reasonable to associate the

lowermost subglass relaxations with the onset of mobility ofVN€ré a0, B, andT, are characteristic constants. The non-
the smallest kinetic unitée.g., end-chain or/and side-chain €XPonential pattern of the relaxation process is expressed by
groups in the loosely packed “pockets” of a quasilattice. the empirical Kohlrausch-Williams-Wat(&«WW) function

The uppe_rmost subglass_ relaxation, usual!y referr_ed to as the ¢>(t):eXIC[—(t/T)@ww], &)
B relaxation, has sometimes been associated with a micro-

heterogeneous structure of glasses consisting in a randofhere the noninteger stretching expongaiyy Serves as a
distribution of densely packed domains of quasicrystallinephenomenological measure of the width of the continuous
order within a loosely packed matrj¥—6], although its na- relaxation time spectrum. Both equations are assumed to be
ture is still a matter of debater—9]. Nevertheless, the cur- “canonical” features of complex, cooperative relaxations
rent view of the most probable scenario of relaxations in13].
glass-forming liquids implies the bifurcation of a single re-  Although the 8 relaxation has been extensively studied
laxation in the equilibrium liquid rang@.e., atT>T,) intoa  for linear polymers, not so much attention has been devoted
slow (main ora) and a fastefsecondary op) relaxation on  to polymer networks. Secondary relaxations in epoxyamine
the approach td@y [6,10-13. The Arrhenius-like tempera- polymer networks were studied in detail by Johari and co-
workers[14—2Q using dielectric spectroscop{DS). Here,
the B relaxation was first thought to have a molecular origin.
*Email address: imte155@iem.cfmac.csic.es This was attributed either to the localized motions of moi-
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TABLE |. Selected parameters of the studied systdmill ratio r 0 1
of linear to network contentM., average molecular weight of —(CH)s ICI (CH2)s —|—]| ~ 8\ (CH2)s —
chain strands between cross links;content of polar NCO groups; |- \N/ \11( I\ll/ ITI/
T* temperature at which average relaxation time for sheelax- I
! . ) C
ation equals 19s; Bxww. Kohlrausch-Williams-Watts stretching O¢C\N/ 0 O//C\Ilq/r\\o
exponent for thex relaxation[24]. |
p [24] L (CI|-12)6 CsHiz .
N L ]
L/N M. (g/mol) P (%) T (K) Brww
100/0 e 427 291.6 0.43 netsvl(?ri(sl. Generalized chemical scheme of heterocyclic polymer
75125 1137.0 44.3 311.9 0.39 '
607'0 694.5 454 322.3 0.37 where[24]. By this procedure a regularly cross-linked co-
4sf57 4733 46.6 333.0 0.37 polymer is obtained with precise molar fractions of three-
0/100 252.0 50.0 351.3 0.29

arm (cross-linkedl and two-arm(linean segmentgFig. 1).
Assuming a full conversion of the reacting groups and for-
mation of a defect-free network structure some relevant
structural parameters can be calculatédble ). Here,L/N

eties containing secondary hydroxyls, or to the restricted rotefers to the ratio of linear to network structuig. 1), M.
tation of fragments adjacent to the oxygen bridges of thdS the average molepular we|ght of a chain segment enclosed
diglycidy! ether of bisphenoh. The intensity of the3 pro- betvveer_1 two cross links, arRilg the molar content of NCO
cess was expected to correlate with the increasing concentr§[0UPS in the copolymers. An important feature of these sys-
tion of secondary hydroxyls in the course of the curing reac{®Ms is an almost invariant concentration of dielectrically
tion [15,16. However, the assumption of a quantitative qctwe components in splte. of the §|gnlf|cant top_ology varia-
correlation between the concentration of any functionafion. The complex dielectric permittivitg* =&'—is" was
group and the intensity of thg relaxation was later aban- Measured in the frequency range 16:F <10° Hz by using
doned, in favor of a more general scenario that links this® Standford lock-in amplifier SR§330 with a dielectric inter-
process to the noncooperative motion of chain fragments ifgce and control temperature unit from Novocontrol.
loosely packed regions of a glassy quasilatfit®,20d. In
many polymer networks the true impact of the chemical net- 2.5
work density is obscured by side effects including morpho- 006
logical heterogeneity and strong physical interactip2s|, 20
incomplete chemical conversidr22], or anomalous chain 0.04
flexibility of network strandg23] among others. Some of
these side effects can be minimized by controlled preparation » - 0.02 -
of model polymer networks with well defined molecular ar- o
chitecture. 1.0 A, 1
In our previous DS studies of model heterocyclic polymer
networks (HPN9g [24] the main issue of concern was the 0.5 +
influence of cross-link density on the segmental dynamics in .
the vicinity of thea relaxation. This study was accomplished 0.0 — s : R T T
through analysis of the VTF and KWW behavi@rable ). 38 o] b)
In agreement with the coupling modgl5,26 it was shown 8 A
that increasing cross-link density enhances the dynamical
constrains of ther relaxation, increasing the degree of inter- 341 B
molecular couplind24]. The unique feature of these HPNs ,
was a broad variation of network junction concentration, g6 7
keeping essentially invariant the concentration of dielectri-
cally active dipoles. Thus, the network topology turns out to
be the dominant aspect affecting the salient features of the 4
relevant relaxation processes. The aim of this work is to
extend the previous study to the subglass relaxations in order ?
to reveal both the influence of the cross-link density onghe ' ' ' ‘ ' ‘ ‘

relaxation and its origin. 150 200 250 300 350 400 450
T(K)

FIG. 2. Dielectric losga) and dielectric constan) as func-
The details of preparation of the model polymer networkstions of temperature at 1 kHz for networks with differéniN ra-
based on hexamethylene diisocyanate and hexyl isocyanaies: line 1, 100/0; line 2, 75/25; line 3, 60/40; line 4, 43/57; line 5,
with different ratios and cure conditions were described elseg/100. Insets show the same data for the regiog olaxation.
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Il. EXPERIMENT
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TABLE Il. Parameters of the secondary relaxation of HPNs. Temperalyfgsy at the peak maxima of the loss factor. Peak intensities and increments of the storage fagiep@iie’.
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FIG. 3. Dielectric los"” (a) and dielectric constant’ (b) for
HPN networks with varyind./N ratios as functions of frequency at
223 K. The dashed lines represent the best fits to the HN function.
Symbols the same as in Fig. 2.

IIl. RESULTS

As can be seen from the representative isochrofal (
=1 kHz) temperature dependencies of the imaginari) (
and real €') parts of the complex dielectric permittivity of
HPNs with differentL/N ratios (Fig. 2), the most intense
relaxation in the interval 330—400 K shifts to higher tem-
peratures, whereas its intensity decreases, for higher apparent
network densities. In contrast, the position of the subgfass
relaxation in the interval 170—270 K remains essentially in-
variant, independent of tHe/N ratio. Moreover, its intensity
increases with increasing apparent network density. For a
more detailed assessment of the featureg oflaxation, the
temperatured . at the peak maxima of the loss factor, the
corresponding peak intensitie$, as well as the increments
of the storage factor arf,,,,Ae’, were evaluated over the
entire interval of measurement frequenci&able II).

The frequency dependencies of bath and ¢’ at fixed
temperature were fittedFig. 3) to the Havriliak-Negami
(HN) function, Eq.(4), to derive the broadening parameters
b and the dielectric strengthe (Table Ill). It is pertinent to
remark at this point that in the majority of cases the best fits
were obtained assuming=1 (i.e., the distribution of relax-
ation times of theB relaxation is described by the symmetric
Cole-Cole function The Havriliak-Negami function reads
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TABLE lll. Cole-Cole and Havriliak-Negami parametdssandc, and dielectric strength.

L/N
100/0 75125 60/40 43/57 0/100
T (K) b Ae b Ae b/c? Ae b/c? Ae b/c? Ae
208 0.303 0.131 0.408/ 0.126 0.425/ 0.185 0.540/ 0.482
0.673 0.724 0.257
213 0.327 0.101 0.324 0.123 0351 0.127 0.392 0.188 0.440/0.363 0.500
218 0.287 0.115 0.316 0.126 0340 0.130 0.388 0.188 0.363/ 0.500
0.548
223 0.281 0.117 0.332 0.120 0.332 0.133 0.361 0.209 0.312/ 0.498
0.846
228 0.321 0.104 0.338 0.118 0.346 0.129 0.311 0.216 0.290 0.512
233 0.303 0.110 0.345 0.116 0353 0.126 0.286 0.229 0.279 0.536
238 0.312 0.107 0.367 0.111 0.339 0.133 0.252 0.252 0.265 0.571

3 or samples with higher cross-link densities and/or at relatively low temperatures the best fit was obtained

with the Havriliak-Negami function wittt# 1.

(80_800)
RN e (PEL @
wherew=27F, g7 ande,, are the relaxed¢=0) and un-
relaxed w=00) dielectric constant values; is the central
relaxation time of the relaxation time distribution function,
andb andc are shape parameters that describe the symmetr
and asymmetric broadening of the relaxation time distribu
tion function, respectively27].

IV. DISCUSSION
A. Activation energy of the B relaxation

Figure 4 shows the relaxation map for both ihend 8
processes. The values corresponding todhelaxation, de-
scribed in an earlier publicatiof24], are represented for
completeness. In the region @frelaxation it is seen from
the Arrhenius logyrmavsf (1/T) plots [where 7.
=1/(27F 120, and F 4 is the frequency at the” maxi-
mum]| that the data for all HPNs studied fall nearly on the
same straight line. However, one can still notice a small bu

0 éﬁ»
Z 2-
g &
WS 453’@
= &
i:n -4 — a B %g»
&
é@”
-6 T T T
2.0 3.0 4.0 5.0
1000/T (K™

FIG. 4. Arrhenius plot ofr,,, as a function of reciprocal tem-
perature. Symbols the same as in Fig. 2.

definite trend for the composition dependence of both fitting
parameters in the Arrhenius E@l), 750 and AE; (Table
IV). In fact, one observes a typical “compensation effect”
consisting in an increase afE; concomitant with a de-
crease of logyro With higherL/N ratio.

Judging by the unexpectedly low values of the preexpo-
nential factor (10'<7z,<10 *°s), the 8 relaxations in
fhe HPNs studied do not exactly fit Starkweather’s definition

128] of “simple” relaxations with zero activation entropies

(even though the values ifE; do correlate withT ).
Nevertheless, the small influence of the local environment,
characterized by the network density, on the activation ener-
gies AE;, combined with their fairly low absolute values
(Table 1V) are the typical features of a noncooperative relax-
ation in loosely packed regions of a glassy quasilattice.

B. Relaxation strength

As already mentioned aboysee Fig. 1 and Tables Il and
III'), both the intensity and dielectric strength of {Beelax-
ations in HPNs increase with loweér/N ratio. This is in
striking contrast to the case of the maimrelaxation in poly-
mer networks in gener@R9] and in HPNs in particulafr24].
Here, the exactly opposite dependence was explained by
steric constraints from network junctions on the segmental
motion of network strandf24]. The same arguments were
also invoked to explain the increase Tf (or, equivalently,

T,) with increasing apparent network density as expressed
through thel/N ratio.

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

L/N AEg (kImolY) Tgo (9)
100/0 54.0-0.8 2.95¢10 16
75/25 55.3-0.5 1.66<10° 16
60/40 55.2-0.5 1.77% 10716
43/57 57.4-0.4 4.68<10° Y7
0/100 58.3-0.3 3.3% 107
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0.6 as of the dielectric strength and the fraction of active dipoles
0.5 (Fig. 5 calculated by the Fedich-Kirkwood equation(6)
0.4 [34]
Ag
0.3 (e0—€x)(280+ex) 4mpN,
02 1 M= 722 ~oktm I ©
: a) wherep is the densityu is the dipole moment of the relax-

O.OOg ing unit, M is the molecular weight of the repeating umjtis
the correlation factomN, is Avogadro’s number, anklis the
0.05 7 Boltzmann constant.
- 0.04 As can be seen from Fig. 5, botte andf(e,) decrease
fe) 003 - linearly with increasing reciprocal apparent molar mass of
0.02 chain strands between the network junctiafid,), down to
: Py Ae~0 for the linear structure &M )—<. This result sug-
0.01 1 b) gests that it is the effective network junctions formed by the
0.00 | | three-arm ISHs and not the linear two-arm ISHs that make
00 15 30 45 the major contribution to theg8 relaxation in HPNs at high
network densities with low./N ratios.
1000/M,
FIG. 5. Dielectric strengtka) and reduced dielectric strengh) C. Mechanism of g-relaxation mobility
of the secondary relaxation as a function dfil/ Error bars take It seems pertinent to emphasize once again that all polar
account of the temperature dependence of parameters. groups available in the HPNs studied are located in the ISHSs;

) » i hence the same dipoles will be responsible for the dielectric
It can be easily verified using the data from Table | thatyesponse regardless of the relaxation mode. In this respect,
the kinetic free volume fractions at the respectivgvalues  these systems should be appropriate for testing the predic-
calculated through the VTF equati¢®) as[30] tions of the coupling modelCM) [35,36].
_ The CM approach assumes the existence of a
K_ _ _ 1
fg=(Tg=To)/B=[In(7g/720)] ®) temperature-insensitive crossover timeseparating the re-

are essentially composition invariant and close to the “uni-9ime of faster(“primitive” ) pure Debye-like mobility of
versal” Williams-Landel-FerrfWLF) valuefg=0.025[31]. Kinetic units alt_<tc wher(_e_ Eq.1) hOId.S from the regime of
One can argue, however, that different patterns of free V0|__slower, cons_tralned.moblhty a1 which sets n dug to the
ume distribution may be possible for HPNs with the samencrease of interactions'couplings”) between kinetic units
average value 0¢ng) frozen in at the corresponding, val- and is characterized by Eq®) and (3). Thus, having iden-

ues. It seems reasonable to assume that the total free volurHQEd the faster and the slower mobility regimes as frend

available will be distributed between the densely packed do% relaxations, respectively, the condition of continuity of

mains, characterized by a deficit of local free volume fraction¢(t) att, implies the following relationship37]:
compared tc(fS}, and the remainilng Iogsely packed matrix, To(Tg) = [tel Brow— 1)7'0(Tg)]¥\'?vw- 7)
where the local free volume fraction will be excess bg).
Taking into consideration that the inherent crystallizability of ~ According to Ngai’'s view, from a comparison of the ex-
monomeric aliphatic isocyanuratg32,33 is lost once they perimental 74(T4) values with those ofry(T,) calculated
are incorporated into the network, it is likely that the denselyfrom the previous equation assuming=2 X 10 25 and
packed domains in the HPNs studied comprise linear, twovra(Tg)zlo2 s, a linear relationship betweery(T,) and
arm isocyanurate heterocycld$Hs), while it is the loosely g,y is expected37]. The validity of the above relation
packed, three-arm ISHs that form the continuous, threecan be tested in our case by considering a reference tempera-
dimensional network structures. In terms of this model, theure T* such thatr,(T*)=10’s and theB,ww values pre-
condition(fg>=const for all studied HPNs implies that the viously reported(Table ). As can be seen from Fig. 6, our
fraction of loosely packed network junctions will increase experimental data for; at T* are in reasonable agreement
(i.e., the local free volume fraction in the densely packedwith the theoretical prediction as shown by the dashed line in
domains will decrease with respect(tﬁ;)) with increasing  Fig. 6 calculated with Eq(7).
apparent network density. Thus, these qualitative consider- The correlation between the quantities characterizing
ations permit us to explain the observed composition deperand « relaxations as expressed through Ef).lends further
dence of the intensity g8 relaxation by weaker interactions support to the basic concept that there are identical kinetic
(couplings in the network junction sites of HPNs with lower units, either individual molecules for simple organic liquids
L/N ratios. or statistical chain segments for polymers, involved in both
The same arguments may be invoked to explain the conprocessef38]. The major difference is in the mechanisms of
position dependencies of the best-fit values of shape parantheir mobility, which should be noncooperative with low ap-
eters in the HN equatiof#) (cf. Fig. 3 and Table Ill, as well  parent activation energies for thgerelaxation, and coopera-
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-4 tween the dipoles in neighboring ISHs and from the network
s architecture of the HPN system. More work is obviously
) needed to clarify this issue.

V. CONCLUSIONS

(1) The B relaxations in the HPNs investigated obey the
Arrhenius law reasonably well with unusually low values of
the preexponential factor of 16’< 75 <10~ '°s. Neverthe-

less, the small influence of the local environment character-
ized by the network density on the apparent activation ener-
gies AE; and their fairly low absolute value&0.4-58.3
kJ/mo) are the typical features of a noncooperative relax-
0.24 0.28 0.32 0.36 0.40 0.44 ation in loosely packed regions of a glassy quasilattice.

(2) Both the intensity and dielectric strength Bfrelax-
ations in HPNs increase with higher apparent network den-
FIG. 6. logd 75(T4)] VS Bww Plot. The solid lines were cal- sity (i.e., with lowerL/N ratio). This effect is explained by
culated from the coupling model, E(7) [37] according to values the model assuming that the total, composition-invariant free
of 7,(T4)=10" s (top line) and 16 s (bottom ling. The dashed line  volume available is distributed between densely packed do-
represents the approximate straight line for experimental values. mains comprising linear, two-arm isocyanurate heterocycles,

and loosely packed, three-arm ISHs which form the continu-
tive with high apparent activation energies for theelax-  0uUs, three-dimensional network structures. _
ation. In both cases, the onset of mobility at each relaxation (3) The experimental data for HPNs confirms Ngai's cor-
implies conformational rearrangements within the relevanfélation between the logarithm of the second@melaxation
kinetic units. It seems obvious that, in contrast to stiff aro_?eTaex:trilgnthe KWW stretching exponent for the primary
matic heterocycles like cyanuratg3], the absence of con- L .
jugated bondsywithin ISH)g makes the latter sufficiently flex- . (4) It is suggested that the absence of conjugateql _bonds
ible to allow for specific conformational transitions with W'th_'n Isocyanurate hetg_rocycles ma_kes them__sufﬂue_ntly
deviation from the planar structure of the isocyanurate, Iikeﬂex'.bk.a to allow for specific conformatlona[ transitions W't.h
the “chair-boat-chair” transition in the structurally similar d€viation from the planar structure of the isocyanurate, like
cyclohexyl ring[39]. The assumed similarity between con- the chalr-bpat—chalr transition in the structurally similar
formational transitions in the cyclohexyl ring and in the ISH cyclohexyl ring.
is qualitatively consistent with the proximities of their sub-
glass relaxation temperatur¢$80-193 K at 1 Hz for the
former[39], and 188-195 K for the latterAdditionally, the V.Y.K. and V.P. thank Professor F. J. BalGalleja for
corresponding apparent activation enerdeslightly higher  hospitality and encouragement at the Instituto de Estructura
value for ISH of 50.4-58.3 kJ/mol, compared to the theoretde la Materia, CSIC. The authors are indebted to MCYT
ical estimate of 45 kJ/mol for the cyclohexj89]) may be (Grant No. FPA2000-0950 Spain, for generous support of
explained by the mobility constraints from couplings be-this investigation.

log,q[7(T) ()]
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