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ABSTRACT Differential scanning calorimetry was used to explore the changes in heat capacity and latent 
heat of poly(viny1idene fluoride) and poly(trifluoroethy1ene) between the glass and melting transition tem- 
peratures. In contrast to more rigid polymers, poly(fluoroethy1enes) show no detectable "rigid amorphous" 
fraction. Evidence of conformational disorder (condis crystals) in both polymers is discussed. For poly(viny1idene 
fluoride) a condis glass transition is proposed to exist at 360 K for the a-crystal form. A condis to condis 
crystal transition on cooling seems to occur at 350-360 K. A third level of conformational order that is involved 
in the ferroelectric properties of poly(viny1idene fluoride) can be forced by an electric field above about 380 
K (poling), but it remains frozen (glassy) up to the melting temperature, i.e., there is no Curie temperature. 
Semicrystalline poly(trifluoroethy1ene) is also known to have a conformationally disordered structure. Above 
the rather broad glass transition it already has the heat capacity expected for the liquid, an indication that 
amorphous and condis glass transitions may overlap in the temperature range from 230 to almost 400 K. 

Introduction 
In a major thermal analysis effort of linear macromol- 

ecules the ATHAS data bank of heat capacities was es- 
tablished.' This data bank has served as a basis for the 
interpretation of thermodynamic properties. In this con- 
nection the heat capacities of all poly(fluoroethy1enes) in 
the solid state were linked to their frequency spectra2 and 
the heat capacities of the liquid states were measured and 
united in an empirical addition scheme, capable of pre- 
dicting C, starting from the glass transition temperature 
to decomp~sition.~ 

With the heat capacities of the limiting amorphous and 
crystalline states known to a precision of better than i 5  9% , 
it is now possible to discuss the properties of the semi- 
crystalline polymers. In this paper we will present mea- 
surements on partially crystallized poly(viny1idene fluor- 
ide) (PVF2) and poly(trifluoroethy1ene) (P3FE). The re- 
sults are linked to the possible existence of conformational 
disorder (condis ~rystall inity)~ in these polymers. Since 
at low temperature the polymers show frozen disorder, 
there should be glass transitions of the condis  state^.^ 

T o  get some insight into the possible conformational 
disorder, the molecular mechanics of a single PVF2 chain 
was calculated before, estimating electrostatic, torsional, 
and van der Waals interactions of a 32 carbon atom chain 
s e ~ t i o n . ~  The results of this computation were that the 
isolated PVF2 chain does not have, as one might expect, 
two distinct potential energy minima close to the basic 
TGTG conformation of the a-crystal form. For poly(tet- 
rafluoroethylene) (PTFE): in contrast, two distinct 
trans-conformation minima exist at a f15' rotation angle 
and provide the explanation for its condis crystallinity 
between 303 and 605 Ka7 The isolated PVFB chain may 
instead assume a bond angle between 114' and 118' and 
torsional angles of the gauche conformations between 40' 
and 80' without major changes in potential energy (C1 
kJ/m01).~ Intermolecular constraints of the crystal must 
thus fix the observed conformations at lower temperature 
and conformational disorder similar to that in PTFE may 
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well be expected at higher temperature. It will be shown 
below that condis crystallinity is likely to exist also in 
P3FE but that distinct differences exist between the 
poly(fluoroethy1enes) that  are in need of detailed study 
by more motion-specific analysis techniques such as di- 
electric or NMR methods. 

Experimental Section 
The poly(viny1idene fluoride) (PVF2) was obtained from Po- 

lysciences, Inc. Its molecular weight was 120000 and by lH and 
19F NMR, 11% reverse addition was found. The as-received 
sample was a semicrystalline mixture of the a- and @crystal 
modifications that converted to pure a on recrystallization 
(checked by X-ray diffraction). 

The poly(trifluoroethy1ene) was an uncharacterized sample of 
sufficiently high molecular weight to have little influence on 
thermal properties. 

All calorimetry was performed with a computer-interfaced 
Perkin-Elmer DSC 2. The analog output was converted to digital 
form with a Nelson Analytical, Inc., Model 860 voltage-to-fre- 
quency converter. Details of the computer software (IBM XT 
personal computer) were developed by Laboratory Microsystems, 
Inc. More detailed description of instrumentation and compu- 
tation have been published earlier.3 Sampling length of data was 
0.5 s, 15-25-mg samples were enclosed in aluminum pans. Sap- 
phire reference material was used. The temperature range of 
measurement was from 220 to 500 K. The calorimeter was 
thermostated at about 200 K with a mechanical refrigeration unit. 
All runs were made at a heating rate of 10 K/min in a dry nitrogen 
environment. 

We also used the Perkin-Elmer DSC 2 for crystallization ex- 
periments with cooling rates between 5 and 80 Klmin. 

Du Pont thermal analyzers (types 990 and 900) were used for 
evaluation of glass transition temperatures and for crystallization 
runs on very fast cooling. 

Results 
Typical DSC curves of PVFB and P3TFE are shown in 

Figures 1 and 2. Included in these figures are the calcu- 
lated heat capacities of the solid, liquid, and semicrystalline 
samples. The data for the solid are computed from the 
approximate vibrational spectrum as outlined in detail in 
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Figure 1. Heat capacity of semicrystalline PVFB from 250 to 
400 K. The data for the liquid state are computed from the 
equation given in ref 3. The data for the solid are computed from 
the approximate frequency spectrum as given in ref 2. Melting 
begins to the right of the given temperature interval, the glass 
transition is to  the left (Tm0 = 483.2 K, T, = 233 K). 
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Figure 2. Heat capacity of semicrystalline P3FE from 250 to 
450 K. The data for the liquid state are computed from the 
equation given in ref 3. The data for the solid are computed from 
the approximate frequency spectrum as given in ref 2. Melting 
begins to the right of the given temperature interval, the glass 
transition is shown on the left (T,' = 495.2 K, Tg = 304 K). 

ref 2. The data for the liquid were estimated from the 
addition scheme derived for all liquid poly(fluoro- 
ethylenes): 
CJliquid) = 

in J / (K mol) for temperatures above 480 K and 
C,(liquid) = 

in J/(K mol) for temperatures below 480 K to the glass 
t ran~i t ion .~  The fraction of fluorination, NF, is 0.5 for 
PVF2 and 0.75 for P3VF. Measured heat capacities in the 
temperature interval between the upper end of the glass 
transition and the begining of condis crystal mobility could 
be fitted into a linear dependence with crystallinity wc: 
CJsemicrystalline) = wcC,(solid) + (1 - wc)Cp(liquid) 

(3) 

NF(104.8 + 0.056811 + (1 - NF)(36.9 + 0.08542') (1) 

NF(55.0 + 0.1622') + (1 - NF)(37.7 + 0.082911 (2) 
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Figure 3. DSC runs of PVF2 with different thermal histories. 
Consecutive curves are shifted by 20% (18 J/(K mol)): (a) cooled 
at 10 K/min; (b) cooled quickly from the melt to room temper- 
ature; (c) quenched in liquid nitrogen from the melt; (d) iso- 
thermally crystallized at 440 K then quenched to room temper- 
ature; (e) annealed for 2 days by cooling slowly from 335 to 315 
K after initial cooling from the melt at 10 K/min, final cooling 
to room temperature at 0.5 K/h. 

Crystallinities were established through comparison of 
measured heats of fusion with known data for complete 
crystallization (6.70 kJ/mol at  483.2 K for PVFB and 5.44 
kJ/mol at 495.2 K for P3FE). For PVF2, nine data sets 
with crystallinities from 42% to 64% fit eq 3 within f5% 
in the temperature range 260-310 K. For PSFE, six sam- 
ples with crystallinities between 11% and 16% fit eq 3 
within *2% in the temperature range 330-410 K. 

PVF2 was analyzed also as a function of heat treatment. 
Figure 3 summarizes these data. A small endotherm be- 
tween 320 and 350 K is observed for certain thermal his- 
tories. In general, no such endotherm is observed in sam- 
ples cooled a t  110 K/min or crystallized isothermally at 
temperatures between 330 and 390 K (curve a). Crys- 
tallization above 400 K followed by quick cooling or direct 
quenching from the melt always leads to such small en- 
dotherms (approximately 150-200 J/mol, curves b-d). 
Extremely slow cooling does not shift the peak, as would 
be expected for an annealing peak? but introduces a C, 
jump at about 360 K [7 J / (K mol), 50% crystallinity, curve 
el * 

Figure 4 shows the effect of annealing at 350 K on the 
structures causing the small endotherm between 320 and 
350 K. Annealing times varying between 0 and 3 h did not 
affect the second heating curve. Annealing at room tem- 
perature, which is only little below the beginning of the 
endotherm, for several days did not result in changes in 
the endotherms shown in curves a, b, and d of Figure 3. 

Figure 5 illustrates the thermal behavior on cooling from 
the melt. Besides the main crystallization exotherm there 
is a shallower, second exotherm at about 350-360 K. A t  
very fast cooling rates of about 2000 K/min, as may be 
reached in liquid nitrogen quenching, we could observe 
that the major crystallization occurred below 300 K. These 
fast cooling experiments were carried out with a special 
high-speed DSC, described in detail in ref 9. 

Data on the glass transition temperature of PVF2 were 
deduced from 24 runs of different crystallinity by using 
a Du Pont 990 thermal analyzer. The beginning of the 
glass transition is detectable at  175 K, the end, a t  241 K, 
and the midpoint, at  233 K. For P3FE the complete glass 
transition range was within the heat capacity measurement 
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show a rigid amorphous fraction are often the stiffer chain 
polymers such as poly(oxymethylene),12 poly(ether ether 
ketone) (PEEK)13, poly(oxydimethylpheny1ene) (PPO),14 
and p~ly(thiophenylene).~~ 

Of interest, in particular for PVF2, is the possible con- 
formational mobility in the crystalline state. There is only 
one other thermal analysis of PVF2 in the literature.16 The 
writers observed also the small endotherm at about 340 
K, but did not study it further. They reported, in agree- 
ment with the present experiments, that the endotherm 
appears only in quenched materials. The interpretation 
of the endotherm was different. They proposed an “upper 
glass transition” of the amorphous portion of the system. 
This follows Boyer’s idea” of the existence of “upper” and 
“lower glass transitions”. Some experimental facts do not, 
however, agree with such an interpretation. First, the heat 
capacity has reached already a t  240 K the value that is 
expected from eq 3; i.e., there is no possibility of further 
increase in C,. Second, there is no clear reproducible heat 
capacity jump in the conventional way. The heat capacity 
a t  the transition temperature starts to deviate from the 
one calculated (see Figure 3). This can be the beginning 
of a transition. An upper glass transition, however, is 
associated with the end of a broad glass transition range. 
Third, the shape of the endotherm is not that of a glass 
transition with a hysteresis, rather that of a transition with 
a latent heat (a hysteresis peak should disappear for faster 
cooling than heating rates, which is not seen in Figure 3). 
Last, the glass transition should remain observable on 
cycling through the transition region (see Figure 4), which 
is also not in agreement with observation. 

A common interpretation of such small endotherms is 
that they represent an annealing peak.8 Annealing peaks 
are usually found 5-20 K above the crystallization tem- 
perature or the temperature of holding of a prior poorly 
crystallized sample. Annealing peaks are known for 
PVF2,18 but a t  much higher temperatures (at about 430 
K compared to the 320-350 K found here). Annealing 
procedures at lower temperatures are not able to introduce 
annealing peaks. Annealing a t  room temperature for ex- 
ample after cooling from the melt does not introduce an 
annealing peak. Further observations that make an in- 
terpretation of the 320-350 K endotherm as an annealing 
peak unlikely are the following: (1) Heating and cooling 
through the endotherm does not show the typical rever- 
sibility of an annealing peak (Figure 4); instead, once 
heated through the endotherm, it cannot be recovered; 
even long-term annealing a t  room temperature does not 
reintroduce the endotherm. (2) The endotherm does not 
shift in temperature with different crystallization condi- 
tions or on annealing. (3) The second, small crystallization 
peak in Figure 5 at 350-360 K is too high to be related 
directly to the endotherm in question. (4) Isothermal 
crystallization at temperatures between 330 and 390 K 
does not yield similar annealing peaks. 

We would like to link this endotherm a t  320-350 K to 
the conformational disorder in the PVF2 crystals. The 
a-crystal form present in the analyzed samples has been 
studied widely by X-ray and electron microscopic tech- 
n i q u e ~ . ’ ~ ~ ~  The crystal structure is orthorhombic and 
probably of space group p21/_c.22 The chain conformation 
is well established as TGTG, but the packing of such 
chains varies with the crystallization  condition^.^^ Figure 
6 shows the four possible orientations of the PVF2 chain 
in the crystal. Looking a t  the fluorine atoms, their ori- 
entation can be up (C) otdown (C) and predominantly left 
(A) or right (A). A and A are interchangeable by rotation 
about the crystallographic c-axis; C and C are inter- 
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Figure 4. Effect of higher temperature annealing on the tran- 
sition at 330 K. The original sample was quenched to room 
temperature and then heated to 360 K at 10 K/min (curve labeled 
first heating), then cooled at 320 K/min, and reheated at 10 
K/min (curve labeled second heating). The second heating shows 
no endotherm. 
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Figure 5. Crystallization of PVF 2 on cooling at 10 and 20 K/min 
(recorded with a Du Pont DSC). 

range (Perkin-Elmer DSC 2). The beginning can be seen 
a t  230 K, the end may be as high as 400 K (see Figure 2) 
and the point of half-devitrification, taken as Tg, is a t  265 
K. 

Discussions 
The additivity of heat capacity according to eq 3, from 

240 to 310 K for PVF2 and approximately from perhaps 
320 to 410 K for PSFE, is an indication that there is, within 
experimental precision, no “rigid amorphous” portion 
above the glass transition temperature. The influence of 
the crystalline areas on the amorphous contributes, a t  
most, to the broadness of the glass transition. Similar 
broad glass transitions are also observed for polyethylenelo 
and poly(tetrafluoroethylene).” In other words, between 
the transition regions for the glass and crystal, the 
amorphous fraction has reached full mobility and the heat 
capacity of the crystalline fraction is fully described by the 
vibrational motion in the solid state.2 Polymers which 
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third level of conformational disorder is thus only available 
as a CD glass. 

This conformational disorder in PVFB and its mobility 
is now to be connected with the here presented thermal 
analyses. Nothing can be said about the third level in 
condis crystallinity. Its changes need the external forces 
of the electric field. It is present below the melting tem- 
perature only as a “glass”. Its glass transition temperature 
must exceed T,  and is thus not measurable by thermal 
analysis. 

The second level of condis crystallinity, associated with 
the change in orientation about the chain, unfreezes a t  
about 440 K. This is also too close to the melting peak 
to make a clear thermal analysis. 

This leaves the first level of condis crystallinity, sup- 
posed to unfreeze according to dielectric and X-ray data 
within the crystal between about 360 to 370 K. Close to 
this temperature (350-360 K) one observes a small exot- 
herm on slow cooling after major crystallization (see Figure 
5) and also a small endotherm between 320 and 350 K on 
heating after quick cooling and low-temperature crystal- 
lization (see Figure 3). Furthermore, the increase in C, 
a t  about 360 K (Figure 3e) may be a direct indication of 
a glass-transition-like unfreezing within the crystal. In 
somewhat more detail, the crystallization exotherm could 
not be the polymers’ common secondary crystallization of 
small crystals because of the missing corresponding melting 
peak that would have been expected at a 5-20 K higher 
temperature. One expects thus that the exotherm signifies 
an irreversible crystal reorganization that also freezes the 
up-down equilibrium. On fast cooling, crystallization 
occurs below the temperature of this crystal reorientation 
and one might speculate that the up-down equilibrium 
reaches a lower temperature value in the more disordered 
crystals or on their surfaces. On heating, this higher 
concentration of low-temperature conformations relaxes 
close to the glass transition temperature with an endot- 
herm. Once relaxed, such an excess low-temperature 
conformations cannot be reintroduced in the once grown 
crystals. The equilibrium freezes with little hysteresis a t  
the glass transition temperature as seen in Figure 3e at 360 
K. 

P3FE crystals were also found to have a conformation- 
ally disordered structure.32 Mechanical and dielectric 
relaxation measurements indicated two transitions, one, 
designated a, a t  323 K, and one, designated 6,  a t  253 K. 
It was proposed that a is connected to the glass transition 
and /3 to local relaxation in both the crystalline and the 
amorphous phase. Figure 2 shows that the broad range 
of glass transition seen by thermal analysis covers both 
transitions, similar to the observations in polyethylenelo 
and poly(tetrafluoroethylene).’l The surprising observa- 
tion in Figure 2 is that despite 20% crystallinity P3FE 
reaches already a t  about 400 K the heat capacity of the 
melt. Condis phases are known now to have often a heat 
capacity close to that of the melt.4r33 It  is thus possible 
that the glass transition range contains portions arising 
both from the melt and from the crystal. The conforma- 
tional disorder in the crystal was shown by Lovinger and 
Cais3* to be an irregular succession of TG, TC, and TT 
sequences. 

Looking at all poly(fluoroethy1enes) one can thus see a 
broad condis crystal behavior. Polyethylene has at high 
temperature and pressure a hexagonal condis phase with 
a large first-order disordering phase transition. In the 
condis phase a trans-gauche equilibrium close to that of 
the melt exists.* For PTFE the disordering transition 
occurs a t  room temperature and is smaller than in poly- 
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Figure 6. Four orientations of the chain of ct PVFZ. 

changeable by reversal of the c-axis. Changes in these 
orientations for the whole chain of a crystal in a single step 
are impossible because of a too high activation energy and 
the connectivity of the chains a t  the crystal interface to 
chain folds and tie molecules. I t  is possible, however, to 
change the orientations through local conformational re- 
arrangement, leaving at any time the major portion of the 
chain unchanged. If one now assumes the existence of a 
condis crystal, the conformations would be dynamically 
interchangeable. In case full crystalline order is not 
reached on cooling of the condis crystal, a (condis) glass 
transition should be observed? Next, we speculate on such 
a two- or three-level condis crystallinity for PVFB and a 
single-level condis crystallinity for P3FE. 

The first level of condis crystallinity concerns the “up” 
and “down” equilibrium (see Figure 6). An interchange 
between TGTG and GTGT conformations that accom- 
plishes such equilibrium was suggested by Miyamoto et 
al.24 to be the cause of the dielectric a,-transition a t  363 
K. This is in agreement with the X-ray data by Takahashi 
et al.23v25-27 that indicate that the crystallographic c-di- 
rection shows gradual changes, beginning a t  270 K, and 
a temperature-dependent up and down equilibrium above 
370 K. On cooling, one expects thus that below 370 K the 
equilibrium freezes a t  a level determined by the cooling 
rate. 

A second level of conformational disorder is thought to 
be the change in orientation about the chain. For this 
motion a rearrangement from TGTG to GTGT is needed 
according to Figure 6.23 This motion seems to become 
possible at about 440 K. Such motion is also involved in 
the thermal transition from the a- to y-crystal poly- 
morph.2E30 

A further, possibly third level of conformational disorder 
was proposed by Lovinger?l I t  involves the change TGTG 
to TGTG and occurs upon application of an electric field 
above 380 K to obtain an oriented, polar form of the 
crystal. This change does not occur by thermal treatment; 
i.e., once poled, a sample remains ferroelectric. There is 
no Curie temperature below the melting temperature. The 
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ethylene. The equilibrium covers only the T(+) to T(-) 
equilibrium.' For PVF2 and P3FE successions of con- 
formational disordering with relatively small energy dif- 
ferences are possible. Nothing seems to  be known about 
possible conformational disorder in PVF. 

Acknowledgment. This work was supported by the 
National Science Foundation, Polymers Program, Grant 
DMR83 17097. 

Registry No. PVF2,  24937-79-9; P3FE,  24980-67-4. 

References and Notes 
(1) Gaur, U.; Wunderlich, B. ACS Symp. Ser. 1982, 197, 355. 

Data: J.  Phys. Chem. Ref. Data 1981-83, in nine publications. 
(2) Loufakis, K.; Wunderlich, B. Polymer 1985,26,1875; 1986,27, 

563. 
(3) Loufakis, B.; Wunderlich, B. J. Polymer Sci., Polymer Phys. 

Ed., in press. 

1. 
(4) Wunderlich, B.; Grebowicz, J. Adv. Polym. Sci. 1984, 60161, 

(5) Loufakis, K.; Miller, K. J.; Wunderlich, B. Macomolecules 

(6) Bates, W. T.; Stockmayer, W. H. Macromolecules 1968,1,17.  
(7) Lau, S. F.; Wunderlich, B. J.  Polymer Sci., Polymer Phys. Ed. 

(8) Wunderlich, B. Macromolecular Physics; Academic: New 

(9) Wu, Z. Q.; Dann, V.; Cheng, S. Z. D.; Wunderlich, B. J. Ther- 

1986,19, 1271. 

1984, 22, 379. 

York, 1980; Vol. 3. 

mal Analysis, in press. 
(10) Gaur, U.; Wunderlich, B. Macromolecules 1980, 13, 445. 
(11) Lau, S.-F.; Wesson, J.; Wunderlich, B. Macromolecules 1984, 

17, 1102. 

(12) Suzuki, H.; Grebowicz, J.; Wunderlich, B. Makromol. Chem. 
1985,189, 1109. 

(13) Cheng, S. Z. D.; Cao, M.-Y.; Wunderlich, B. Macromolecules 
1986, 19, 1868. 

(14) Cheng, S. Z. D.; Wunderlich, B. Macromolecules 1987, 20, 
1630. 

(15) Cheng, S. Z. D.; Wu, Z. Q.; Wunderlich, B. Macromolecules, 
in press. 

Bull. 1984, 11, 195. 
(16) Leonard, C.; Halary, J.; Moneriem L.; Micheron, F. Polym. 

(17) Boyer, R. F. J. Polym. Sci., Polymer Symp. 1975, 50, 189. 
(18) Nakayawa, K.; Ishida, Y. J.  Polym. Sci., Polym. Phys. Ed. 

1973, 11, 2153. 
(19) Doll, W. W.; Lando, J. B. J. Macromol. Sci. 1968, B4, 309. 
(20) Hasegawa, R.; Takahashi, Y. Polym. J .  1972,3, 600. 
(21) Bachmann, M. A.; Lando, J. B. Macromolecules 1981,14, 40. 
(22) Takahashi, Y.; Matsubara, Y.; Tadokoro, H. Macromolecules 

1981,14, 1588. 
(23) Takahashi, Y. Polym. J .  1983, 15, 733. 
(24) Miyamoto, Y.; Miyaji, H.; Asai, K. J.  Polym. Sci., Polym. Phys. 

Ed. 1980, 18, 597. 
(25) Takahashi, Y.; Tadokoro, H. Ferroelectrics 1984, 57, 187. 
(26) Takahashi, Y. Macromolecules 1983, 16, 1789. 
(27) Takahashi, Y.; Matsubara, Y.; Tadokoro, H. Macromolecules 

1982, 15, 334. 
(28) Prest, J.; Luca, J. J .  Appl.  Phys. 1975, 46, 4136. 
(29) Prest, J.; Luca, J. J .  Appl.  Phys. 1978, 49, 5042. 
(30) Lovinger, A. Polymer 1980, 21, 1317. 
(31) Lovinger, A. Macromolecules 1981, 14, 322. 
(32) Tashiro, K.; Takano, K.; Kobayashi, Y.; Khatani, Y.; Tadoko- 

ro, H. Polymer 1984,25, 195; Ferroelectrics 1984, 57, 297. 
(33) Grebowicz, J.; Aycock, W.; Wunderlich, B. Polymer 1986,27, 

575. 
(34) Lovinger, A.; Cais, R. E. Macromolecules 1984, 17, 1939. 
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ABSTRACT: The properties of polybutadienes of narrow molecular weight distribution are modified by 
hydrogen bond interaction between 4-pheny1-ll2,4-triazolidine-3,5-dione (urazole) groups attached to the polymer 
backbone. The rheological properties of the modified polybutadienes are investigated as a function of the 
molecular weight and the degree of modification. The relaxation time spectra, obtained from the measured 
complex modulus G*, are used to discuss changes in the rheological behavior. A broadening of the rubbery 
plateau zone and an increase of zero-shear viscosity and steady-state recoverable compliance J: are observed 
with increasing content of polar units. The hydrogen bonds between urazole units form a thermoreversible 
network. Due to the labile hydrogen bond linkages no rubber elastic equilibrium network modulus is observed 
in these systems. 

Introduction 
Thermoplastic elastomers are materials having proper- 

ties similar to cross-linked rubbers at room temperature. 
At higher temperatures these materials are processable by 
common techniques convenient for thermoplastic mate- 
rials. Generally two types of synthetic thermoplastic 
elastomers (TPE's) have been recognized. The first type 
includes SBS triblock copolymers and segmented block 
copolymers of the polyether-ester and polyether-urethane 
type. In these systems phase separation into a soft matrix 
and a rigid dispersed phase is responsible for the network 
structure. The hard-phase domains act as mechanical filler 
and multifunctional cross-links. The second type of 
thermoplastic elastomers is based on one-phase structures. 
The thermoreversible junctions are introduced by rela- 
tively weak interactions, which break at  higher tempera- 
tures. The sulfonated EPDM's may serve as an example 
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for this latter type.'P2 In these systems thermoreversible 
cross-linking is achieved by the formation of aggregates 
of ionic dipoles. Until now the influence of the aggregate 
size on the final properties has not been studied in detail. 
Theoretical attempts to  describe the viscosity and the 
dynamic behavior of ionomers assume the formation of 
dimeric aggregatesa3y4 Recent investigations on ionomeric 
model systems show that the number of associated dipoles 
may be larger than previously be l ie~ed .~  Another type of 
secondary valence interaction, capable of forming ther- 
moreversible networks, is hydrogen bonds. This type of 
interaction is present in many biopolymer gels.6 In con- 
trast to the nondirected electrostatic interaction between 
ion dipoles, hydrogen bonds are oriented. In most cases 
only two distinct partners are involved in a hydrogen bond. 

In order to  investigate the complex phenomena associ- 
ated with the formation and the properties of thermo- 
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