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ABSTRACT: Thermal expansion and differential scanning calorimetric studies have been made for the complex 
Zn(I1) salts with 1,3-bis(aminomethyl)cyclohexane [ 1,3-(H2NCH2)2CsHlo] of ethylene-methacrylic acid copolymer 
to clarify the structure and transition of ionic clusters. It was found that the ionic clusters are ordered assemblies 
of ionic groups (ionic crystallites) and show an order-disorder transition of first order near 330 K below the 
melting point of crystallites of polyethylene regions. The transition of ionic clusters undergoes a thermal 
hysteresis which is explained by a relaxational process from an ordered state to a disordered state. 

Introduction 
Ionomers are polymeric materials consisting of hydro- 

phobic organic backbone chains and a small amount of 
ionic groups. Many of the ionomers investigated so far are 
copolymers containing a small amount of pendant metal 
carboxylate or sulfonate groups. The hydrophilic ionic 
groups are separated from the hydrophobic polymer matrix 
to form small ionic domains (ionic clusters). The presence 
of ionic clusters has been evidenced by means of various 
techniques such as small-angle X-ray scattering (SAXS), 
mechanical and dielectric measurements, electron mi- 
croscopy, and  et^.'-^ The formation of ionic clusters pro- 
foundly influences the physical properties of ionomers. 
The improved tensile strength, impact resistance, and 
optical properties have attracted many polymer physicists 
to fundamental and applied researches. Despite much 
research effort, the colloidal size of ionic clusters has 
prevented elucidation of the morphological nature of ionic 
clusters. Several structural models for the ionic clusters 
have been proposed, mainly on the basis of SAXS studies, 
but a final conclusion has not yet been drawn. 

Recently, some evidence concerning the arrangement of 
ions inside the ionic clusters has been found by the use of 
new techniques: Extended X-ray absorption fiie structure 
(EXAFS) results of Cooper et indicated the existence 
of some ordered structure in the ionic clusters for the 
Zn(I1) salts of sulfonated polystyrene. Yamauchi and 
Yano7i8 observed the presence of Mn-Mn bond lengths of 
about 5.6 %, in the highly neutralized Mn(I1) salts of 
ethylene-acrylic acid copolymer by electron spin resonance 
(ESR) measurements, which suggests the existence of some 
structural arrangement between the Mn(I1) salts. New and 
more detailed morphological studies of ionic clusters are 
necessary to understand the structure and properties of 
ionomers. 

To  date, various types of ionomers have been devel- 
but many of them are ionomers neutralized by 

metal cations (see A in Table I). Organic amine deriva- 
tives can be counterions to form ionomers of various types, 
since they can form different quaternary amine salts with 
acid groups attached to the backbone chains, as shown in 
B of Table I. Only a few papers have been reported on 
these Rees'O found that aliphatic diamines 
react with ethylene-methacrylic acid copolymer (EMAA) 
to form ionic cross-links in the polymer matrix and that 
the addition of diamines increases the tensile strength and 
yield modulus. Weiss and Agawarl'l measured melt vis- 
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Table I 
Tyues of Ionic Grouus in Ionomers' 

type A B C 

formula M(H$&?" 
a M"+, metal cation; R, aliphatic or aromatic group; p ,  q, r ,  s, and 

w are integers, where p + q = 4 and r + s = 3. 

cosities for various monoamine salts of polypropylene- 
graft-acrylic acid as R'COO-NH&+. They found that the 
melt viscosity is affected by the chemical structure of the 
monoamine. Very recently, we reported dielectric and 
SAXS work on the complex Zn(I1) salts of EMAA with 
1,3-bis(aminomethyl)cyclohexane [1,3-(HzNCH2)zC~Hl~l 
(BAC)12J3 (EMAA-xZn-yBAC: x is the degree of neu- 
tralization by Zn and y is the equivalent ratio of BAC to 
carboxylic acid, where BAC is divalent). This system is 
a new type of ionomer in which the ionic group is a com- 
plex Zn(I1) salt with BAC as shown in C of Table I. The 
addition of BAC to the Zn(I1) salt promotes the formation 
of ionic clusters by the increased ionic nature of the Zn- 
(BAC)1,-(C00)2 bond, compared with the rather covalent 
nature of the Zn-(COO)2 bond. Our preliminary thermal 
expansion and differential scanning calorimetric (DSC) 
work on this system indicated the existence of an order- 
disorder transition inside the ionic clusters around 330 K 
below the melting point of the polyethylene crystalline 
region (T, = 363 K).14 The complex Zn(I1) salts with 
bulky BAC cause the large change in the thermal expan- 
sion and DSC data which allowed us to detect the existence 
of the transition. 

The purpose of the present work is to study the structure 
and transition of ionic clusters in the EMAA-xZn-yBAC 
system and to elucidate the mechanism of the transition. 

Experimental Section 
The samples used here are listed in Table 11. The EMAA is 

ACR-1560 of Du Pont-Mitsui Polychemicals Co. Ltd, the me- 
thacrylic acid content of which is 5.4 mol %. The Zn(II) and BAC 
salts were prepared by a melt reaction of EMAA and zinc ox- 
ide/BAC in an extruder at 410-490 K. The complex Zn(I1) salts 
with BAC were synthesized by the melt reaction of a mixture of 
the Zn(I1) salts and BAC by the same procedure as described 
above. The pellet samples obtained were reformed into sheets 
by compression molding at about 430 K and cooled to room 
temperature at a rate of about 30 K/min by circulation of cold 
water in the mold jacket. 

The formation of the Zn(II)/BAC salts as shown in A/B in 
Table I was confirmed by IR spectra: As EMAA was neutralized 
with Zn(II)/BAC cation, the stretching vibration at 1700 cm-I 
of COOH group in EMAA was depressed and the absorption at 
1583 cm-', which is attributable to the asymmetric stretching 
vibration of COO group in the zinc carboxylate,16 appeared and 

chem -(COO-),M"+ -COO-HpRqNt -(COO-),- 
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Table I1 
List of Samples 

deg of deg of 
neutraliztn BAC:carboxylic crystallinity," MFR,b 

sample by Zn, % acid, equiv mp, K % deg min-' 
EMAA 0 0 364 27 60 
EMAA-0.97BAC 0 0.97 364 11 34 
EMAA-0.20Zn 20 0 366 21 14 
EMAA-0.20Zn-0.97BAC 20 0.97 364 11 22 
EMAA-0.20Zn-1.21BAC 20 1.21 363 12 32 
EMAA-0.40Zn 40 0 365 19 3.1 
EMAA-0.40Zn-0.97BAC 40 0.97 363 11 12 
EMAA-O.6OZn 60 0 363 17 0.7 
EMAA-0.60Zn-0.97BAC 60 0.97 362 14 4.7 
EMAA-O.GOZn-1.21BAC 60 1.21 363 11 7.3 

"The data were estimated from the heat of fusion by assuming that the heat of fusion of polyethylene crystallites is 290.4 J/g. *Melt flow 
rates under 2160 g load at 463 K. 

increased. With the addition of BAC to the Zn(I1) salts, the 
absorption peak at 1583 cm-' for the Zn(I1) salts was replaced 
by the absorption at 1564 cm-', which indicates the formation 
of the complex Zn(I1) salts with BAC (see C in Table I). The 
syntheses of the complex Zn(I1) salts with various organic amines 
were attempted by the same procedure as described above. When 
the organic amine formed the complex salts, it was stable in the 
polymer matrix and did not decompose below 373 K. When it 
did decompose the color of the film changed to brown and there 
was a strong smell. The present samples were stable above 373 
K, which also suggests the formation of the complex salts. 

DSC measurements were carried out with a Du Pont DSC-990 
calorimeter at a heating/cooling rate of 10 K/min. Thermal 
expansions were measured at a heating/cooling rate between 0.3 
and 0.6 K/min by the use of a glass dilatometer, in which the 
samples were carefully immersed in liquid Hg in vacuo to avoid 
a formation of voids on the surface of the sample. The change 
in volume of the sample with temperature was calculated from 
the readings of the height of Hg in the 0.6-mm-i.d. capillary of 
the dilatometer. The specific volume, V ,  at 298 K was obtained 
by a buoyancy method with benzene. Dielectric measurements 
were carried out with a multifrequency LCR meter (Hewlett- 
Packard, Type 4274A) equipped with a personal computer in a 
temperature range 85-390 K at several frequencies between 100 
Hz and 100 kHz. Dynamic mechanical properties were measured 
by a Rheovibron (DV-11-C, Toyo Baldwin Co. Ltd.) at a heating 
rate of about 2 K/min in the temperature range from 90 to 350 
K and at several frequencies between 3.5 and 110 Hz. Wide-angle 
X-ray scatterings (WAXS) were measured with Geiger-Miiller 
counter using monochromatic Cu Ka radiation (Rigakudenki, 
Type Geiger Flex 2024). 

Results and Discussion 
Typical DSC curves are shown for EMAA-O.6OZn- 

0.97BAC in Figure 1. In the first heating, two endo- 
thermic peaks are observed near 331 and 362 K. The 
higher temperature peak clearly corresponds to the melting 
of polyethylene crystalline region in the polymer matrix. 
In the first cooling, one exothermic peak is observed near 
317 K, corresponding to the crystallization of polyethylene 
chains. Apparently the lower temperature peak undergoes 
a thermal hysteresis; in the first heating, the peak appears 
near 331 K, but the peak is depressed in both the first 
cooling and second heating processes. Here the second 
heating is run soon after the first cooling. As the sample 
is stored at room temperature after the first cooling, the 
peak begins to appear upon heating, gradually shifts to  
higher temperatures, and becomes larger. The peak par- 
tially reverts to  that  of the original sample during the 
storage duration of about 38 days. Figure 2 shows DSC 
curves in the first heating for several samples. Two en- 
dothermic peaks are observed in all the samples. The 
lower temperature peaks shifts to slightly higher tem- 
peratures and becomes larger when BAC is added to  the 
Zn(I1) salts. 
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Figure 1. DSC curves for EMAA-0.60Zn-0.97BAC: lH, first 
heating; lC, first cooling; 2H, second heating; second heating 
processes after storing for (a) 5 h, (b) 1 day, (c) 3 days, (d) 9 days, 
and (e) 38 days at room temperature. 
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Figure 2. DSC curves in the first heating for various samples. 
Plots of specific volume, V, versus temperature for 

several samples are shown in the temperature range from 
room temperature to 353 K below T, in Figure 3 and to 
393 K above T, in Figure 4. In the sixth heating of Figure 
4, one large increase of V takes place near 365 K by the 
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Figure 3. Plots of specific volume, V,  versus temperature for 
several samples in the temperature range from room temperature 
to 353 K: (a) E M U  (b) EMAA-0.20Zn; (c) EMAA-0.40Zn; (d) 
EMAA-0.6OZn; (e) EMAA-O.97BAC; (f) EMAA-O.20Zn-0.97BAC; 
(g) EMAA-0.40Zn-0.97BAC; (h) EMAA-0.60Zn-0.97BAC. 

3 00 3 4 0  380 

T / K  
Figure 4. Plots of specific volume, V, versus temperature for 
EMAA-0.40Zn-0.97BAC in the temperature range from room 
temperature to 393 K (0) data on heating, nth H, nth heating 
process by the heating rate (K/min) written near the plots: (-) 
mean quenching to room temperature by the cooling rates (K/ 
min) written on the solid lines. n days: the storage days at the 
temperatures denoted by 0. 

melting of crystallites of polyethylene chains. In the first 
heating, one peak is observed near 331 K below T,, cor- 
responding to the lower temperature peak of the DSC 
curve. The peak undergoes the characteristic thermal 
hysteresis, similar to those in the DSC curve. In Figure 
3, the thermal hysteresis is as follows: (1) In EMAA and 
the Zn(I1) salts, the lower temperature peak appears as a 
small change in the first heating but is depressed in the 
first cooling and second heating. The value of V at  room 
temperature scarcely changes by the thermal process. (2) 
In both the BAC salts and the complex Zn(I1) salts with 
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Figure 5. Plots of thermal expansion coefficient, a, versus tem- 
peratures for several samples. Ti: the transition temperature of 
ionic cluster obtained from Figure 3. 

BAC, the thermal hysteresis is fundamentally the same 
as that of the Zn(I1) salts. However, the lower temperature 
peaks in the first heating are larger in height, compared 
with those of the Zn(I1) salts, and when the first cooling 
is performed, the value of Vat room temperature is smaller 
than that of the original sample. The V-temperature curve 
for the second heating is almost the same as that for the 
cooling process. However, as the sample was stored a t  
room temperature, in the second heating process, the lower 
temperature peak began to appear, shifted to higher tem- 
peratures, and gradually became larger.14 In Figure 4, the 
lower temperature peak is also depressed in the second 
heating and begins to appear when the sample is stored 
a t  room temperature. The peak shifts to higher temper- 
atures and is larger with increasing storage duration at  
room temperature. For the samples cooled from a tem- 
perature above T,, the value of V a t  room temperature 
gradually decreases as the sample is stored at  room tem- 
perature (for example, see 4H or 6H in Figure 4). This 
decrease in V may be caused by a crystallization of poly- 
ethylene chains, since the crystallization by cooling from 
the molten state is supercooled to around 317 K as shown 
in Figure 1. The thermal expansion coefficient (a )  was 
calculated from the V-temperature plots of Figure 3 as 
follows: The value of cy at  one temperature was estimated 
by the use of the least-square polynomial method for seven 
data points involving measurements a t  three subsequent 
temperatures above and below the temperature. Plots of 
a versus temperature are shown in Figure 5. The value 
of a exhibits a peak ne= 330 K, corresponding to the lower 
temperature peak, which indicates a transition of the first 
order. Here, the transition temperature (Ti) was deter- 
mined as the temperature exhibiting a maximum of the 
peak in the V-temperature plots. The values of Ti and 
a are listed in Table 111. Both DSC and thermal expan- 
sion data apparently indicate the presence of a first-order 
transition near 330 K, because the transition is seen as an 
endothermic peak in the DSC curve and the discontinuous 
peak of the V-temperature plots. Furthermore, we con- 
cluded that this may be explained by an order-disorder 
transition of first order inside of the ionic clusters, from 
the following facts: 

(1) The annealed EMAA-O.GOZn, EMAA-O).97BAC, and 
EMAA-O.6OZn-1.21BAC samples were prepared by cooling 
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Table I11 
Physical Data for the Order-Disorder Transition of Ionic 

Clusters 
T,,” Ti,b r~(298 K),b V(298 K),C 

samule K K 104/K cm3/a 
EMAA 365 321 7.78 1.0680 
EMAA-0.20Zn 365 325 6.83 1.0558 
EMAA-0.40Zn 365 323 6.26 1.0469 
EMAA-O.6OZn 364 327 5.75 1.0368 
EMAA-O.97BAC 365 328 4.70 1.0632 
EMAA-0.20Zn-0.97BAC 365 327 4.69 1.0555 
EMAA-0.40Zn-0.97BAC 364 330 4.93 1.0454 
EMAA-0.60Zn-0.97BAC 362 330 5.06 1.0370 

“The data were estimated from the DSC curves. *The data 
were estimated from the V-temperature plots for the first heating. 
OThe data are for the original samples. 
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Figure 6. DSC curves in the heating process of EMAA- 
0.60Zn-1.21BAC annealed at several temperatures for 12 h. r%: 
degree of crystallinity of polyethylene region. 

to room temperature at a cooling rate of 5 K/h, after they 
were annealed for 1 2  h a t  several temperatures between 
328 and 353 K. DSC curves of the annealed EMAA- 
0.60Zn-1.21BAC samples are represented in Figure 6. 
Similar DSC curves were obtained for EMAA-O.6OZn and 
EMAA-0.97BAC In the unannealed sample, the two 
peaks, the lower temperature peak and the higher tem- 
perature peak, are observed at 331 and 364 K, respectively. 
After the sample is annealed, another new peak clearly 
appears. With increasing annealing temperature, the new 
peak shifts to higher temperatures and joins with the 
higher temperature peak a t  353 K. The new peak may 
originate in the melting of so-called quasi-crystallites in 
polyethylene regions which are formed by annealing, since 
i t  appears at a temperature about 15 K higher than the 
annealing temperature. Furthermore, it is noted that Ti 
for the lower temperature peak does not change on an- 
nealing. This result indicates that the lower temperature 
peak does not come from the melting of the polyethylene 
crystalline region; if the lower temperature peak is related 
to the melting of the quasi-crystallites, it never exists at 
temperatures lower than the annealing temperature, but 
actually the lower temperature peak appears at  329 K, even 
when the annealing temperature is 353 K. Consequently, 
it seems to be valid that the lower temperature peak is not 
caused by the melting of crystallites of the polyethylene 
region. 

E M A A - 0 . 9 7 B A C  E M A A - 0 . 6 0 Z n  EMAA-0.6OZn 
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J b % J  b 7 % J  L,?$ 
1111111- 

10 20 3 0  10 2 0  30 10 2 0  30  

2 8 /deg.  

L 
Figure 7. Intensity of wide-angle X-ray scattering versus scat- 
tering angle (28) for three samples annealed at several temper- 
atures. Annealing time, 12 h; annealing temperature (a) 353 K, 
(b) 343 K, (c) 333 K, (d) 328 K, (e) unannealed. r%:  degree of 
crystallinity of polyethylene region. 

(2) As shown in Figure 3, both the thermal history and 
the type of salt exert a profound influence on the lower 
temperature peak. In EMAA-Zn-BAC and EMAA-BAC 
systems, the value of V at  room temperature is lowered 
by experiencing the first heating process but remains 
constant in the EMAA-Zn systems. The lower tempera- 
ture peak is depressed on both the first cooling and the 
second heating processes, as described already. In the first 
heating, the magnitude of the peak is bigger in EMAA- 
Zn-BAC and EMAA-BAC systems than in EMAA and 
EMAA-Zn systems. Change of degree of crystallinity in 
polyethylene regions by annealing is shown for EMAA- 
0.60Zn, EMAA-O.97BAC, and EMAA-O.6OZn-1.21BAC in 
Figure 7. The degree of crystallinity was roughly esti- 
mated from the sum of the heat of fusion for the quasi- 
crystallites and that for the higher temperature peak by 
assuming that the heat of fusion of polyethylene is 290.4 
J/g. The degrees of crystallinity for the three samples 
increase by about 6% by annealing and the increase 
changes with neither annealing temperature nor type of 
salt. Nevertheless, the first heating process causes the 
decrease of V at room temperature for EMAA-BAC and 
EMAA-Zn-BAC systems but does not for EMAA-Zn, as 
mentioned above. The above results cannot be explained 
by the crystallization of polyethylene regions, since the 
increase in the crystallinity by annealing is almost the same 
in the three samples. 

(3) In the V-temperature plots of Figures 3 and 4, the 
lower temperature peak is depressed by experiencing the 
first heating and begins to appear after storing the sample 
at room temperature. Usually the crystallization of 
polyethylene regions seems not to proceed easily at room 
temperature for samples cooled from a temperature below 
T,. Moreover, melting of crystallites in polyethylene re- 
gions should be observed not as a peak but a discontinuous 
jump of V in V-temperature plots. Therefore the lower 
temperature peak may not come from the crystallization 
of polyethylene regions. 

(4) Figure 7 shows plots of X-ray scattering intensity 
against scattering angle (28) for the samples annealed a t  
several temperatures. The data exhibit a shallow peak for 
the unannealed sample and a new peak appears near 21° 
on annealing. The peak near 21’ is clearly attributed to 
the [ 1101 reflections from the crystallites of polyethylene 
regions (rhombic, D;fi).l6 The intensity of [ 1101 reflection 
increases with increasing annealing temperature. However, 
the degree of crystallinity is not so much increased from 
DSC data as noted in Figure 7. In the unannealed sample, 
the polyethylene crystallites might be too small and too 
defective to detect the [loo] reflections in the WAXS 
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curves. The imperfect and small crystallites may grow by 
annealing, and this may result in the appearance of the 
[loo] reflection on WAXS curves. In the DSC curves of 
Figure 6, the higher temperature peak is very broad and 
the new peak produced by annealing is sharp. Conse- 
quently the annealing treatments seem not to increase the 
degree of crystallinity in polyethylene region strongly 
enough to affect the value of V noticeably. 

(5) BAC-methacrylate crystals [ (CH2=CMe- 
COO),BAC] were prepared by mixing equimolar meth- 
acrylic acid and BAC in n-hexane a t  room temperature, 
and DSC measurements were performed on the crystals. 
In the first heating, one endothermic peak was observed 
near 410 K, corresponding to the melting point, but no 
peak was seen in the first cooling and second heating. 
When the crystals were stored for 7 days a t  room tem- 
perature after the first cooling, one endothermic peak 
appeared near 333 K and very gradually shifted to higher 
temperatures as the crystals are stored longer. The above 
melting behavior is very similar to that of the lower tem- 
perature peak in the present ionomers. 

(6) We are progressing on EXAFS studies of the present 
i0nomers.l' At  room temperature, the first coordination 
shell peak was observed a t  a radius of about 1.6 A for 
EMAA-O.6OZn in the radial structural function-distance 
from Zn atom curves, which can be attributed to oxygen 
at  a distance of 1.91 A with four-folded c~ordinat ion.~ In 
EMAA-Zn-BAC systems, the Zn-0 distance was slightly 
larger compared with that in EMAA-O.GOZn, and the first 
coordination shell peak was broader. At  378 K above Ti, 
the Zn-0 distance was slightly shorter than that a t  room 
temperature in all the samples, unexpectedly. In EMAA- 
0.60Zn, furthermore, the shape of the first coordination 
shell peak a t  378 K was almost the same as that a t  room 
temperature for EMAA-O.6OZn but was noticeably broader 
in EMAA-Zn-BAC systems, which indicates some dis- 
turbance in the local zinc cation environment. The dis- 
turbance and shortening of Zn-0 distances seems to pro- 
vide evidence for the order-disorder transition of ionic 
custers proposed in this work. 

(7) The dielectric relaxation and mechanical results also 
support the presence of the order-disorder transition as 
described in detail later. 

The existence of transitions of ionic clusters has been 
predicted by several researchers from the very small 
changes in DSC'* and thermal expansion data,lQ but the 
evidence seems not to be convincing. Eisenberg and 
Trepmanlg found an unusual thermal hysteresis of the 
thermal expansion coefficient in styrene-sodium meth- 
acrylate copolymers; the value of the expansion coefficient 
above Tg is smaller in the first heating than in the first 
cooling and second heating processes. They assumed that 
this thermal hysteresis is caused by destruction of ionic 
clusters and a relaxational regeneration of the ionic clus- 
ters. Weissls also assumed a transition of ionic clusters 
to explain the thermal hysteresis of the endothermic peak 
below T, in the DSC curve of the Zn(I1) salts of sulfonated 
polystyrene. Tsujita e t  a1.20.21 explained the thermal 
hysteresis in the DSC curve for ethylene-zinc/sodium 
methacrylate copolymer by a crystallization of poly- 
ethylene chains around the ionic clusters. Even if the 
decrease of V a t  Ti comes in part from crystallization of 
polyethylene regions, we think that this contribution to 
the V decrease is small. Since the size of ionic clusters is 
colloidal, it seems to be too difficult to directly demonstrate 
the presence of the order-disorder transition inside the 
ionic clusters. From our present results, however, we be- 
lieve firmly in the existence of the transition. 

Macromolecules, Vol. 22, No. 1, 1989 

0 
m 
I 

E 
U 

> 

E M A A -  0 . 6 0 Z n - 0 . 9 7 8 A C  
1 . 0 6 3  

0 3 4 1  K 1.057 
0 3 3 3  K 1.055 

1 . 0 6 1  A 3 2 8  K 1.049 
3 2 6  K 1 .048  

1 . 0 5 9  

1 . 0 5 7  

1.0 5 5 

1 . 0 4 9  

1 . 0 4 8  

1 . 0 4 7  

2 0  4 0  6 0  8 0  100 1 2 0  

t / m i n  
Figure 8. Plots of specific volume, V,  versus annealing time, t ,  
at several annealing temperatures for EMAA-0.60Zn-0.97BAC. 

Generally, a first-order transition is seen as a discon- 
tinuous jump of V in V-temperature plots. In the present 
system, as temperature is increased, the value of V rapidly 
increases just below Ti by a pretransitional effect and 
gradually decreases above Ti as the temperature is in- 
creased. Therefore the transition is visualized as a peak 
in V. Unexpectedly, this peak suggests that the values of 
V in the disordered state above Ti are smaller than that 
in the ordered state. This unusual result can be under- 
stood by the following interpretation: Since BAC is bulky, 
the complex Zn(I1) salts with BAC may form a voluminous 
structure inside the ionic clusters. The voluminous 
structure may cause the decrease of V due to the de- 
struction of the order a t  Ti. Figure 8 shows change of V 
by the annealing time, t ,  a t  several temperatures. With 
increasing t ,  the value of V exponentially decreases above 
Ti but remains constant a t  315 K below Ti. Therefore, the 
decrease of V may occur due to the destruction of order 
of ionic clusters, and the destruction is governed by a 
relaxational process as represented by the following 
equations. 

AV(t) = AVO exp(-t/7) 
or 

(V - V,)/(Vo - V,) = exp(-t/7) 

Here, Vo, V,, and V are the values of Vat annealing time 
of 0, 03, and t ,  respectively. AV(t) = V- V,, AVO = Vo - 
V,, and 7 is relaxation time. On the other hand, the re- 
laxational equation is also represented for the value of the 
transition enthalpy, AH, obtained by the DSC data as 

A(AfO(t)  = A(aH)(m)[l - exp(-t/r)l 

(AH - AH,,)/(AHm - AHo) = 1 - exp(-t/.r) 

Here, AHo, AH,, and AH are the transition enthalpy at  
annealing times of 0, a, and t ,  respectively. A ( A H ) ( t )  is 
t h e i n c r e a s e o f m a t t .  Plotsof ln[(V-V,) / (Vo-Vm)J 
versus t are shown in Figure 9. The plots consist of two 
straight lines and this result indicates that the relaxational 
change from the ordered state to the disordered state 
proceeds by two processes: a fast process (F process) and 
slower process (S process). Plots of In [l - (AH - AH&/ 
(AH- - AHo) J versus t are shown in Figure 10. These plots 
obey the two-relaxation process. Values of 7 were 18 min 
at  341 K and 33 h a t  301 K for the F process and 28 min 
at  341 K and 32 days a t  301 K for the S process, respec- 

or 
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Figure 9. Plots of In [ (V - Vm)/ (Vo - Vm)] versus annealing time, 
t ,  at several temperatures. 
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Figure 10. Plots of AH and In [I- (AI-! - AH,,)/(AHm - AH&] 
versus annealing time, t ,  at 301 K. 

tively. Plots of In 1 / ~  against reciprocal temperature are 
shown in Figure 11 and satisfy a rate process 

In 1 / 7  = A - AE/RT 

Here, AE, R,  and A are the activation energy, the gas 
constant, and the frequency factor, respectively. The 
values of AI3 were 110 and 170 kJ/mol for the F and S 
processes, respectively. The presence of the two relaxa- 
tional processes leads to the following interpretation for 
the transition: In the ordered state, the crystallites in the 
ionic clusters may be in an equillibrium state associated 
with the polymer chains in the polymer matrix. When the 
crystallites are melted a t  Ti, the faster change to a disor- 
dered state of the ionic clusters (the F process) occurs first 
and the clusters are not connected with the polymer chains 
in the polymer matrix, and the second, slower change (the 
S process) may follow to reach an equilibrium state for the 
whole system which involves both the ionic clusters and 
the polymer matrix. 

Figure 12 illustrates our model originating in the or- 
der-disorder transition of ionic clusters. The original 
sample consists of three phases: ionic clusters, a poly- 
ethylene crystalline region, and an amorphous region. 
When the temperature is increased from room tempera- 
ture, the crystallike order inside the ionic clusters is de- 
stroyed a t  Ti, giving a disordered state, and on further 
increasing the temperature, the polyethylene crystallites 
melt a t  T, but the disordered ionic clusters still exist. In 
the cooling process from the temperature above T,, the 
crystallization of polyethylene regions take place at T,, but 
the ordering in the ionic clusters does not appear down to 
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Figure 11. Plots of In 1 / ~  versus 1/T for EMAA-O.6OZn- 
0.9IBAC. 
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Figure 12. Model for order-disorder transition of ionic clusters. 

room temperature. However, upon storing the sample 
below Ti, the disordered ionic clusters very slowly change 
to the ordered ones; this slow change results from the 
relaxational process with long relaxation time. 

The existence of ionic clusters in ionomers has been 
evidenced experimentally and the~retically.'-~ However, 
past structural analysis does not appear to have reached 
a convincing conclusion concerning the structure of ionic 
clusters becuse of their colloidal size and low concentration. 
Morphological studies of ionic clusters have been mainly 
done by SAXS measurements. The two models, two-phase 

and core-shell mode1,23-26 were proposed for the 
macroscopic structure of ionic clusters to explain the SAXS 
results. The discrepancy in the two models comes from 
the structure of surroundings around the ionic core; in the 
two-phase model, the ionic cores exist in a liquidlike 
polymer matrix, but in the core-shell model they are 
surrounded by some ordered polymer region near the in 
surfaces. The present two-relaxation model for the de- 
struction of order in the ionic clusters seems to support 
preferentially the core-shell model but may not necessarily 
contradict the two-phase model, since the ionic groups are 
of course bonded to the polyethylene chains in the polymer 
matrix. 

The present model seems to explain various physical 
properties of ionomers well. Our dielectric r e s ~ l t s ' ~ J ~  reveal 
that the dielectric relaxations are closely connected with 
the formation of ionic clusters. In EMAA and EMAA-Zn, 
systems where ionic clusters are formed only to a small 
degree, p' and y relaxations are observed which are as- 
cribed to a micro-Brownian molecular motion of long 
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Figure 13. Temperature dependence of dielectric constant, e’, 
and the loss, e l f ,  at 1 kHz: (+) the change corresponding to the 
transition of ionic clusters; (0, 0) unannealed sample; (0, M) 
annealed sample. 

segments above T and a local molecular motion of short 
segments below $g, respectively. In EMAA-Zn-BAC 
systems, the ionic clusters are formed due to the more 
ionized nature of Zn(BAC)l-,-(C00)2 bond. The forma- 
tion of ionic clusters drastically changes the dielectric re- 
laxations: The p’ relaxation was replaced by two relaxa- 
tions, CY and @. The a relaxation was attributed to a mi- 
cro-Brownian molecular motion of long segments con- 
taining the ionic groups of ionic clusters, because the a 
relaxation existed above Ti, and its magnitude was too big 
to be explained by the small amount of polar ionic groups 
not incorporated into the ionic clusters. The @ relaxations 
was assigned to a local molecular motion of pendant car- 
boxylic acid and zinc carboxylate groups not incorporated 
into the ionic clusters. Below Ti, the ordered ionic clusters 
prevent the micro-Brownian molecular motion of long 
segments by the rigid cross-linking effect, which causes the 
appearance of the @ relaxation. Above Ti, the CY relaxation 
takes place, since the flexible ionic groups inside of the 
disordered ionic clusters cooperate with the micro-Brow- 
nian molecular motion of long segments in the polymer 
matrix. Figure 13 shows the change of dielectric properties 
by annealing for EMAA-0.60Zn-0.97BAC. In the unan- 
nealed sample, the CY and @ relaxations are observed in the 
higher temperature range, which indicates the formation 
of ionic clusters. In the annealed sample, the /3 relaxation 
shifts to higher temperatures, compared with that in the 
unannealed sample, and tends to coalesce into the CY re- 
laxation. In the annealed sample, the ordered ionic clusters 
have not been completely formed yet, because of the long 
relaxation time from the disordered state to the ordered 
state. Therefore, the ionic clusters are considered to be 
so softened that the @ relaxation shifts to higher temper- 
atures. In Figure 13, a discontinuous change of E‘ and e’‘ 
is clearly seen near 325 K in the unannealed sample, al- 
though the change is very small. This change may be 
caused by the order-disorder transition. In the annealed 
sample, no discontinuous change is observed, which in- 
dicates that ordered ionic clusters are not formed. Con- 
sequently, the drastic change of the dielectric relaxation 
caused by the state of the ionic clusters is well explained 
by our model of the order-disorder transition in the ionic 
clusters. Mechanical studies are in progress on the present 
systems in our laboratory.26 Dependence of the dynamic 
mechanical modulus, E’and the loss modulus, E”, against 
temperature at  11 Hz are shown for EMAA-0.6OZn- 
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Figure 14. Temperature dependence of the dynamic, E’, and 
the loss modulus, E”, at 11 Hz: (+) the change corresponding 
to the transition of ionic clusters; (0, 0) unannealed sample; (0, 
M) annealed sample (this sample was prepared by cooling to room 
temperature at the cooling rate of about 10 K / h  after the an- 
nealing for 12 h at 353 K). 
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Figure 15. Change of stiffness by the storage duration, t ,  at 298 
K for several samples quenched at a cooling rate of about 30 
K/min from the molten state. 

1.21BCA in Figure 14. In the unannealed sample, the a 
and @ relaxations are clearly observed; this is explained 
by the formation of ionic clusters. On the other hand, the 
p relaxation shifts to higher temperatures in the annealed 
sample, and this can be explained by the interpretation 
that the ionic clusters in the annealed sample are mostly 
in the disordered state. The abrupt decrease of E’near 
325 K for the unannealed sample corresponds to the or- 
der-disorder transition but is not observed for the ann- 
ealed sample. The above results indicate that the me- 
chanical relaxations as well as the dielectric relaxations 
faithfully reflect the state of the ionic clusters. Figure 15 
shows plots of stiffness (modulus) against length of storage 
at  room temperature for several samples quenched from 
the molten state a t  a rate of about 30 K/min. The for- 
mation of order in ionic clusters results in an increase of 
stiffness on storage. The increase is small for EMAA and 
for Zn(I1) salts which have little tendency to form ionic 
clusters but is enhanced for the EMAA-xZn-yBAC sys- 
tems by the formation of order in ionic clusters at room 
temperature. Furthermore, the value of stiffness increases 
with increasing content of BAC. These results also support 
our previous c o n c l u ~ i o n ~ ~ J ~  that BAC promotes the for- 
mation of ionic clusters. 

The development of ionomers containing complex Zn(I1) 
salts with BAC allowed us to clarify the formation of ionic 
clusters and the presence of the order-disorder transition 
inside of the ionic clusters. Development and the physical 
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studies of ionomers functionalized by various complex 
metal salta with organic amine should serve to give us new 
information on the structure and properties of ionic 
clusters and are in progress in our laboratory. 

Registry No. (EMAA.Zn).BAC, 108644-30-0. 
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ABSTRACT: Conformational and packing energy calculations have been performed on isotactic 1,4- 
trans-poly(2-methylpentadiene) in the crystalline field. The results have been compared with experimental 
structure by powder X-ray diffraction. Conformational energy calculations show that only one conformation 
is compatible with the experimental chain axis repeat. Packing energy calculations show that the best space 
group is E l l a ,  in agreement with experimental crystal structure. The results indicate that conformational 
polymorphism should not be observed for the studied polymer. 

Introduction 
The crystal structure of isotactic 1,4-trans-poly(2- 

methylpentadiene) (PMPD) has been recently determined 
through best fitting of the X-ray diffraction powder profiie 
by Bruckner et al.' The proposed unit cell is monoclinic, 
space group P2, /c ,  with a = 4.819 A (chain axis), b = 9.186 
A, c = 12.891 A, /3 = 93.5", and dRx = 0.96 g . ~ m - ~  (2 = 4). 
The authors have also outlined the convenience of the 
analysis of X-ray diffraction data from polymer powders 
when obtaining oriented fibers is problematic. On the 
other hand, in the case of isotactic 1,4-trans-poly(l,3- 
pentadiene) (ITPP), a polymer having the same configu- 
ration and a constitution like that of PMPD, two different 
conformations of the polymer chain have been proposed 
in the crystal structures determined by X-ray analysis of 
oriented and unoriented  sample^.^*^ 

An effective approach to the determination of the 
structure of polymers is provided by conformational and 
packing energy calculations. Predictions of the confor- 
mation and of the packing stability of the chains have been 
performed by energy calculations for various crystalline 

Also predictions of the conformation and of 
the crystal structure of polymers having double bonds in 
the main chain have been Recently con- 
formational and packing energy calculations have been 
performed on ITPP" with the aim of elucidating the 
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above-mentioned disagreement between the proposed 
X-ray structures. 

The purpose of this paper is to find the most stable 
crystal structure of PMPD by energy calculations starting 
from the experimental values of the axes of the unit cell' 
and to compare the results with those obtained by X-ray 
analysis. The theoretical approach seems to be particularly 
interesting in the case of PMPD for which, at variance with 
ITPP, results of X-ray study on oriented fibers have not 
been reported nor has conformational polymorphism been 
found. 

Conformational Energy Calculations 
The conformational energy calculations have been 

performed on the portion of polymer chain reported in 
Figure 1, applying the equivalence postulate18 along suc- 
cessive constitutional repeating units (CRUS) with the aim 
of obtaining results representative of the polymer chain 
in the crystalline field. The parameters for the calculations 
of the bending energies, torsional energies, and nonbonded 
interactions are those of Flory et al.,lszl with the exception 
of the force constants for the bending at  the C a carbon 
atoms which have been taken from Zerbi and (!!ussoni.22 
As far as the nonbonded interactions are concerned, each 
methyl group has been considered as a single interacting 
atom. The intrinsic torsional potential has been taken into 
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