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ABSTRACT The anisotropy of crystal dispersion was investigated by use of ultrahigh molecular weight 
polyethylene (Mv = 6 X lo6) gel films which were prepared by gelation/crystallization from solution. The 
temperature dependence of the complex dynamic modulus was measured in the frequency range from 0.1 
to  100 Hz, using undrawn and drawn gel films with various draw ratios up to  400. Superposition is realized 
by a combination of horizontal and vertical shifts resulting in apparent master curves of the storage and loss 
modulus functions. The Arrhenius plots of log shift factor versus the reciprocal of the absolute temperature 
indicates that there exist two mechanical dispersions corresponding to the a1 and a2 mechanisms, for drawn 
specimens whose draw ratios are lower than 100. The value of the activation energies associated with the 
al and a2 mechanisms for the undrawn gel and melt films are in the range of literature values which have 
been reported generally for semicrystalline spherulitic samples of high-density polyethylene with low molecular 
weights. The value associated with the a1 mechanism decreases as a draw ratio increases but the value levels 
off when the draw ratio is beyond 100. The component of the a2 mechanism decreases with increasing the 
draw ratio and becomes zero at a draw ratio of 400. Accordingly, it turns out that the a2 mechanism cannot 
be observed when the external excitation is parallel to  the crystal c-axis. 

Introduction 
I t  is well-known that dynamic mechanical analysis of 

polyethylene prior to melting reveals three peaks termed 
the a, /3, and y transitions.' The a and /3 transitions are 
commonly attributed to relaxation mechanisms in the 
crystal and amorphous phases, respectively, and the y 
transition is due to the local motions of side groups asso- 
ciated with the amorphous fraction or defects in the 
crystalline phase.2 Among the three transitions, the crystal 
dispersion (a transition) of polyethylene is reported to 
consist of two or more relaxation mechanisms. The reso- 
lution of the a transition into two components was first 
investigated by Nakayasu et al. for a melt-crystallized 
p~lyethylene.~ They were designated as mechanisms I and 
11, with activation energies of the relaxation process of 117 
and 201 kJ/mol, respectively. Since then, multiple types 
of crystalline relaxation mechanisms have been studied by 
various authors and mechanisms I and I1 have become 
known as a1 and az, re~pectively.~+ Numerous studies on 
the a transition have indicated that the a1 mechanism is 
associated with grain boundary phenomena concerning 
deformation and/or rotation of crystallites (crystal mosaic 
block) within a viscous medium and the a2 mechanism with 
the crystal disordering transition due to the onset of tor- 
sional oscillation of polymer chains within the crystal 

Takayanagi et al.I3J4 proposed that although 
the a1 mechanism is complicated thermorheologically, the 
cy2 mechanism is simple, i.e., construction of master curves 
of the loss modulus requires only a horizontal shift of the 
isotherms along the frequency axis. From the relationship 
between the logarithm of the horizontal shift factor and 
the reciprocal absolute temperature, the activation energy 
of the ag mechanism of polyethylene was estimated to be 
192 kJ/mol. 

Stein et al.l5-lg and Kawai et al.2s24 have shown that 
rheooptical studies may be used to investigate the nature 
of mechanical loss processes of semicrystalline polymers 
in connection with the deformation mechanism of the 
structural units. They have studied the deformation 
mechanism of semicrystalline polymers, e.g., spherulitic 
polyethylene films, by using dynamic X-ray diffraction and 

*To whom all correspondence should be addressed. 

dynamic birefringence techniques. Kawai et al. concluded 
that the a1 mechanism is due to grain boundary phenom- 
ena related to the morphology of the specimens.21-24 These 
results were summarized by Kawai et al. in terms of the 
origin of the a1 and a2 mechanisms in high-density and 
low-density  polyethylene^.^^ 

According to their ~ o n c e p t , ~ ~ - ~ ~  the al mechanical dis- 
persion is assigned to intralamellar grain boundary phe- 
nomena associated with reorientation of crystal grains 
within the orienting lamellae. The a1 dispersion involves 
two types of preferential rotations of the crystal grains 
about their own crystal a- and b-axes, mostly at the polar 
and equatorial zones of the spherulites, respectively. On 
the other hand, the a2 dispersion mechanism is assigned 
to an intracrystal lattice retardation phenomenon, observed 
by frequency dispersion of the complex dynamic compli- 
ance of the crystal lattice and may be ascribed to a 
smearing-out effect of the crystal lattice potential due to 
onset of rotational oscillations of polymer chains within 
the crystal grains. 

In their studies,1h24 however, it has been difficult to give 
an unambiguous interpretation of the relaxation mecha- 
nism because of the structural complexities of the semi- 
crystalline spherulitic studies. Therefore, in order to 
further understand the origin of the a1 and ag mechanisms, 
the present paper describes the crystal dispersion of 
polyethylene by a system that is morphologically simpler 
than a semicrystalline spherulitic one. 

Undrawn and drawn polyethylene specimens produced 
by gelation/crystallization from dilute solutions have been 
used, since the morphological properties of the former 
specimen is similar to single crystal mats and the latter 
specimen is crystalline with the chains almost fully ex- 
tended and aligned in the stretching direction.25 For these 
specimens, the crystal dispersion was studied by mea- 
surements of the temperaturefrequency dispersion of the 
complex dynamic tensile modulus. 

Experimental Section 
Sample Preparation. The sample used in this experiment 

was linear polyethylene (Hercules 1900/90189) with an intrinsic 
viscosity of 30 dL/g, corresponding to a viscosity-average molecular 
weight of 6 X lo6. Gel films were prepared by the method pro- 
posed by Smith and Lemstra.26v2' The gel films were stretched 
to desired draw ratios at 135 "C. Melt films were prepared from 
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Table I 
Crystallinities and Melting Point of the  Films- - 

specimens crystallinity, % mp, 'C _-__ 
melt film ( A  = 1) 63 136.5 
dry gel film (A = 1) 85 140.0 
drv eel film (A = 20) 87 146.5 

Macromolecules, Vol. 21, No. 5, 1988 

dr; pel film (A = 60) 
dry gel film (A = 100) 
dry gel film (A = 400) 

is a draw ratio 

90 
95 
98 

150.5 
155.0 
155.0 

x =  I 
0 5 IO0 0 5 to' 
W W 

I 

gel melt press 
Figure 1. H, light scattering patterns from the dry gel film and 
the melt film annealed for 1 h a t  90 "C. 

polyethylene powder to compare the mechanical dispersions with 
that of gel films. The powder was sandwiched between Teflon 
sheets a t  200 "C for 10 min a t  a pressure of 1 GPa. The molten 
sample was cooled down to room temperature slowly. 

Sample Characterization. The thermal behavior was esti- 
mated in terms of melting endotherms of differential scanning 
calorimetry (DSC) curves. Samples, weighting 5 mg, were placed 
in a standard aluminum sample pan. The samples were heated 
a t  a constant rate of 10 "C/min. The density of the films was 
measured in a pycnometer with chlorobenzene-toluene as B 

medium. Table I shows the results of crystallinities and melting 
points of drawn and undrawn films. As listed in Table I, the 
crystallinitier and melting p0int.s of the gel film are higher than 
those of the melt film in an undeformed state and they increase 
with increasing draw ratio. 

Light scattering patterns were obtained with a 3-mW He-Ne 
gas laser as a light source. Diffuse surfaces were avoided by 
sandwiching the specimen hetween microcover glasses with a 
silicon immersion oil having a similar index. Figure 1 shows H, 
light scattering patterns from the undrawn melt and dry gel films 
which were annealed for 1 h a t  90 "C. The intensity distribution 
has a maximum in the center and it decreases monotonically with 
increasing scattering angle. This ohservat.ion is indicative of 
scattering from rodlike textures. 

Small-angle X-ray scattering (SAXS) intensity distributions 
were detected with a position-sensitive proportional counter 
(PSPC) and a 12-kW rotating anode X-ray generator (Rigaku 
RDA-rA operated a t  200 mA and 40 kV). Wide-angle X-ray 
diffract.ion (WAXD) patterns were obtained with a flat-film 
camera. There measurements have been discussed elsewhere.28 

Figure 2 shows WAXD patterns of the dry gel and melt films 
annealed for 1 h a t  90 "C. The patterns were ohtained with the 
incident beam directed to the film surface. Figure 3 shows SAXS 
intensity distributions in t.he meridional direction with a PSPC. 
Curve a shows the profile from the melt film and curves h a n d  
c show profiles from an original dry gel film and annealed film. 
Annealing was done prior to measuring the dynamic mechanical 
properties of the samples. As illustrated in Figure 3, the intensity 
distribution of the melt film shows a monotonically decreasing 
curve. The distribution of the dry gel film shows the scattering 
maxima up to the fourth order hut the maxima become indistinct 
with increasing annealing time. The periodic distances of the 
original gel and anneded g ~ l  films me 120 and 150 A. respectively. 

A =  I end view 

gel  melt press 
Figure  2. WAXD patterns from the dry gel f i lm  and the melt 
film annealed for 1 h a t  90 "C. 
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Figure 3. SAXS intensity distributions detected by PSPC: (a) 
the melt film; (b) the original dry gel film; (c) the dry gel film 
annealed for 1 h a t  90 "C.  

The results in Figures 2 and 3 indicate that crystal lamellae within 
the melt film are oriented randomly, while the dry gei film is 
composed of crystal lamellae that are highly oriented with their 
large flat faces parallel to the film surface. Within the lamellar 
crystals, the c-axes are oriented perpendicular to the large flat 
faces. 

Experimental Procedure of the Viscoelastic Measure- 
ments. The complex dynamic tensile modulus functions were 
measured a t  frequencies from 0.1 to 100 Hz over the temperature 
range from 20 to 115 "C by using a viscoelastic spectrometer 
(VES-F) obtained from Iwamoto Machine Co., Ltd. The length 
of the specimen between the jaws was ahout 40 mm and the width 
was about 1.5 mm. During measurements, the film was suhjected 
to  a static tensile strain in order to place the sample in tension 
during the axial sinusoidal oscillation which had a peak defar- 
mation of 0.025%. The complex dynamic modulus was measured 
by imposing a small dynamic strain to assure linear viscoelastic 
behavior of the specimen. Before the measurements were made, 
the undrawn gel and melt films were annealed for 1 h a t  90 "C 
and the drawn specimens were annealed for 1 h a t  the desired 
temperatures above 120 "C, as discussed later. 

Results and Discussion 
Figure 4 shows the tempera ture  dependence  of the 

storage modulus E'and the loss modulus E"at a frequency 
of 10 Hz for the undrawn gel and melt films. It can be seen 
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Figure 4. Temperature dependence of the storage modulus E' 
and the loss modulus E"at a frequency of 10 Hz for the gel film 
and the melt film in an undeformed state. 

that the storage modulus decreases with increasing tem- 
perature for both films. This tendency is similar to the 
results which have been observed by a number of authors 
for semicrystalline polymers with low molecular weights. 
The results indicate that the temperature dependence of 
E"is affected by the crystallinity. The modulus of the gel 
film with high crystallinity (85%) has the a-transition and 
that of the melt film with low crystallinity (65%) has the 
p-transition around -20 "C in addition to the a-transition. 
This behavior is typical of polyethylene where single 
crystals do not exhibit the /3-tran~ition,l~,'~ but where a 
small p-peak has been observed in bulk  specimen^.^^,^^ 

The a-peak of the gel film shows a large peak around 
80 "C but that of the melt film shows a smaller peak 
around 72 "C. The peak temperature was discussed in 
relation to lamellar thickness by Khanna et al. for 
spherulitic specimens.29 In this paper, however, the a- 
transition shall be analyzed in relation to crystallinity and 
crystal orientation in addition to lamellar thickness. 

In order to carry out such a detailed analysis of the 
a-transition, the temperature dependence of E' and E ' I  was 
measured as a function of frequency. Figure 5 shows the 
result of the gel film. Profile a shows the behavior of E' 
between 10 and 115 "C, while curves b and c show those 
of E"from 10 to 65 "C and from 70 to 90 "C, respectively. 
I t  can be seen that all the storage modulus functions de- 
crease with increasing temperature a t  a given frequency, 
as well as with decreasing frequency at a fixed temperature. 
The loss modulus E" is represented in the two ranges of 
temperatures from 10 to 65 "C and from 70 to 90 "C in 
order to facilitate discussion of the mechanical dispersion. 
According to viscoelastic theory, it may be expected that 
the loss modulus should show, at least, one dispersion peak. 
The loss modulus apparently shows only a broad contin- 
uous dispersion over the given frequency range. I t  is also 
noteworthy that above 90 "C the E"data exhibit unusual 
behavior in that the increase in the magnitude of E" with 
decreasing frequency becomes abruptly more pronounced 
in the range below 5 Hz. This behavior, however, is not 
shown in this paper. This is probably due to greater 
contribution to E" from mechanism I11 reported by Na- 
kayasu et al.3 This is in accordance with the fact that 
dispersions found a t  lower frequencies have greater ap- 
parent activation energies. These unusual trends pose 
problems in constructing master curves by frequency- 
temperature superposition. Hence in order to carry out 
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Figure 5. Temperature dependence of storage modulus E' and 
loss modulus E" of the dry gel film, which was measured as a 
function of frequency: (a) the storage modulus E'measured in 
the temperature range from 10 to 115 "C; (b) the loss modulus 
E"from 10 to 65 "C; (c) the loss modulus E"from 70 to 90 "C.  

the superpositions, it was necessary to eliminate all E"data 
pertaining to temperatures in excess of 90 "C.  

Figure 6 shows the master curves of E' and E ' I  for the 
dry gel film, reduced to the common reference temperature 
of 65 "C. Each curve is obtained by shifting horizontally 
and then vertically until good superposition is achieved. 
It is seen that the frequency dispersion of E" exhibits a 
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Figure 6. Master curves of the storage modulus E' and loss 
modulus E" for the dry gel film. 
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Figure 7. (a) Arrhenius plots of the horizontal shift factor 
aT(T,T,) and (b) the logarithm of the vertical shift factor bdT,To) 
versus temperature for the dry gel film. 

quite broad dispersion peak and the profile is not sym- 
metrical with respect to the logarithmic frequency axis. 
From these observations it can be inferred that although 
the broad dispersion curves may be expected to consist of 
two mechanisms, the direct separation of the reduced 
modulus into the respective contributions cannot be car- 
ried out owing to the lack of adequate data, especially in 
the lower frequency range. In order to classify the broad 
dispersion curve into two components, the logarithm of the 
temperature dependence of the horizontal shift factor 
aT( T,To) was plotted against reciprocal absolute temper- 
ature as shown in Figure 7a. The Arrhenius plots thus 
obtained are represented by two straight lines above and 
below the reference temperature of 65 "C. The activation 
energies obtained from the slopes of these lines are given 
as 110 and 163 kJ/mol, respectively, as indicated in this 
figure. These results clearly indicate that the broad dis- 
persion curve consists of two components. Denoting the 
low and high-temperature mechanisms as a1 and a2, re- 
spectively, as has been done in numerous previous studies, 
it  turns out that the estimated values of the activation 
energies are in the two ranges of the literature values of 
high-density polyethylene, i.e., from 9824 to 117 kJ/mo13 
for a1 and 14724 to 193 kJ/m01'~, '~ for a2. 

Here it should be noted that vertical shift is significant 
in construction of the master curves. Figure 7b shows the 
temperature dependence of the vertical shift factors br 
(T,T,) of E' and E". As can be seen in the figure, the 
temperature dependence of bdT,To) is given by a common 
straight line when plotted in logarithmic terms against a 
linear scale of temperature. 
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Figure 8. Master curves of the storage modulus E'and the loss 
modulus E" for the melt film. 

According to Takayanagi e t  al.,13J4 the temperature- 
frequency superposition of polyethylene single-crystal mats 
required only a horizontal shift along the logarithmic 
frequency axis, and the activation energy was evaluated 
as 192 kJ/mol, associated with the a2 mechanism. Thus, 
they concluded that such a simple superposition phenom- 
enon for the a2 mechanism is due to the dispersion with 
a single coefficient of internal friction, which uniquely 
determines the temperature dependence of the relaxation 
time associated with all of the vibrational modes of motion. 
Here it should be noted that in Takayanagi's paper, the 
contribution of the a1 mechanism to the crystal dispersion 
of the single-crystal mats was not reported. However, the 
master curves of E' and E'' for the dry gel film can be 
formed by a vertical shift. The two kinds of activation 
energies indicate the existence of the a1 and a2 mecha- 
nisms, even though the constituent lamellar crystals within 
the gel film become oriented parallel to the film surface 
in a manner similar to single-crystal mats.30-33 This dis- 
crepancy is probably due to the fact that the crystal la- 
mellae within the dry gel film have a number of crystal 
defects and therefore are less ordered than single crystals 
produced with low molecular weight polyethylene. If the 
a1 mechanism is associated with intercrystal-mosaic-block 
relaxation within the lamellae as reported by Suehiro et  
al.,23 the imperfections in crystal lamellae within the dry 
gel film cause the al mechanism. 

In order to justify the significance of the vertical shift 
in constructing the master curves of E'and E", we shall 
briefly summarize some references. The significance of the 
vertical shift factor was discussed in terms of Nagamat- 
S U ' S ~ ~  and Miki's appro ache^.^^,^^ The former approach is 
based on the temperature dependence of amorphous en- 
tropic elasticity supplemented by the volume effect of the 
amorphous regions, while the latter approach takes into 
account the temperature dependence of crystal elasticity, 
based on a theory by Wada37 and 0 k a n 0 , ~ ~  of a smear- 
ing-out effect on the intermolecular potential within a 
crystal lattice. However, Suehiro et alaz reported that both 
of the approaches give a much smaller temperature de- 
pendence of the vertical shift factor than that required for 
fitting the experimental data. They pointed out that the 
shift factor is related to the temperature dependence of 
the crystal elasticity in the polar zone within polyethylene 
spherulites on the basis of the temperature dependence 
of the structural and mechanical parameters of the 
spherulitic model. Accordingly, the vertical shift for the 
a2 mechanism shown in Figure 7b can be explained well 
by the concept of Suehiro et al.23 but is in contradiction 
with that by Takayanagi et al.13,14 Here it is evident that 
if the concept by Suehiro et al. is correct, the mechanical 
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Figure 9. (a) Arrhenius plots of the horizontal shift factor 
aT(T,T,) and (b) the logarithm of the vertical shift factor bT(T,To) 
versus temperature for the melt film. 

behavior of crystallites perpendicular to the chain axis is 
certainly due to the temperature dependence of crystal 
elasticity, since the crystal lattice modulus in the chain 
direction is independent of temperatures below the normal 
melting point (145.5 0C).39 

Figure 8 shows the master curves of E’and E”for the 
undrawn melt film whose crystal orientation is random. 
The curves could be obtained by shifting horizontally and 
then vertically. The profile of E”shows a broad dispersion 
similar to that of the dry gel film shown in Figure 6. 

In order to obtain the activation energies, the logarithm 
of the temperature dependence of the horizontal shift 
factor a*( T,To) was plotted against reciprocal absolute 
temperature as shown in Figure 9a. The activation en- 
ergies are given as 106 and 133 kJ/mol. The former ob- 
viously corresponds to the a1 mechanism and the latter 
the a2 mechanism. These values are similar to those ob- 
tained for a medium-density polyethylene (Sumitomo test 
polymer KP 119, Sumitomo Chemical Co.) and a high- 
density polyethylene (Monsanto test polymer MPE 200, 
Monsanto Co.).” Comparing the values in Figure 9a with 
those in Figure 7a, the value of the a1 mechanism for the 
gel film is higher than that for the melt film. This result 
may be rigorous on the basis of two experimental results 
which have been reported by a number of authors: (1) The 
value of the activation energy for the a2 mechanism for 
single-crystal mats is higher than that for spherulitic 
~ p e c i m e n s . ’ ~ J ~ > ~ ~  (2) Among spherulitic specimens, both 
the values of the a1 and a2 mechanisms become higher as 
the crystallinity increases. The former result is probably 
related to molecular orientation in addition to crystallinity 
and the latter only to crystallinity. 

In order to check the above concept, the temperature 
dependences of E’and E’’ were measured as a function of 
frequency for the gel films with draw ratios of X = 20,60, 
and 100. The master curves were constructed by using 
these results. Prior to the measurements, all the specimens 
were annealed for 1 h a t  120 “C. Figures 10 and 11 show 
the master curves of E’ and E ”, respectively, which could 
be obtained by shifting horizontally and then vertically. 
The master curves of E’show that the frequency depen- 
dence becomes smaller with increasing draw ratio, while 
those of E”show a broad dispersion. This is similar to the 
results of the dry gel film and the melt film shown in 
Figures 6 and 8, respectively. 

Figure 12 shows Arrhenius plots of the horizontal shift 
aT(T,To) used to obtain activation energies and shows the 
vertical shift bT(  T,To) versus temperature. As indicated 
in this figure, the activation energy for the cy2 process 
decreases with increasing draw ratio. Furthermore, the 
vertical shifts of E’and E”increase linearly with the same 
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Figure 10. Master curves of the storage modulus E’for the dry 
gel films with (a) X = 100, (b) h = 60, and (c) h = 20. 
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Figure 11. Master curves of the loss modulus E”for the dry gel 
films with (a) X = 100, (b) h = 60, and (c) X = 20. 

value, and the increasing ratio becomes lower as the draw 
ratio increases. Such a tendency becomes more pro- 
nounced for an ultradrawn film with X = 400. 

Figure 13 shows the master curves of E’and E’’for the 
ultradrawn film (A = 400) annealed for 1 h at  130 O C ,  prior 
to the measurements. The profile of E’ shows that the 
frequency dependence is significantly smaller than that 
of other specimens. The value of E”decreases considerably 
with increasing frequency beyond 10 Hz. This tendency 
indicates that this specimen with X = 400 behaves like 
elastic materials. The storage modulus a t  20 “C was 216 
GPa in the frequency range beyond 10 Hz, which corre- 
sponds to Young’s modulus of hard steel. The master 
curve of E ” shows a sharper dispersion than those of the 
other specimens as shown in Figures 6,8, and 10. However, 
i t  can be inferred that direct separation of the reduced 
modulus into the respective contributions cannot be car- 
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pointed out that the temperature-frequency superposition 
associated with the cy2 mechanism required only a hori- 
zontal shift but the superposition associated with the cyl 

mechanism can be realized by horizontal and vertical 
shifts.13J4 The question can be asked whether his concept 
proposed on the basis of the results for single crystal mats 
is applicable to the systems with greater molecular orien- 
tations. 

In order to propose a general concept of crystal dis- 
persion of polyethylene, we refer to the concept of Suehiro 
et al. which was derived from rheooptical They 
pointed out that the cy2 mechanism depends upon the 
temperature dependence of the crystal modlus of crys- 
tallites in the horizontal direction within spherulites. This 
indicates that the contribution of the cy2 mechanism is 
significant when the crystal c-axes are oriented perpen- 
dicular to the external applied excitation. In contrast, the 
a2 mechanism does not appear for the ultradrawn film with 
X = 400, and the dispersion with an activation energy of 
79 kJ/mol corresponds to the a1 mechanism, since the 
second-order orientation factor of this specimen was almost 
unity, denoting the perfect orientation of  crystallite^.^^ 

Table I1 summarizes the change in activation energies 
of the cyl and a2 mechanisms with draw ratio. We shall 
use these results in referring to the cy1 and a2 mechanisms. 
Among the specimens, the activation energies of the gel 
f i i  are higher than those of the melt film. The dispersion 
strength of the a2 mechanism becomes smaller with in- 
creasing draw ratio X and finally becomes zero at X = 400. 
Thus, only the cy1 mechanism was observed in the indicated 
temperature range. As discussed before, it was inferred 
that the cy2 mechanism is obviously observed when the 
external applied excitation is perpendicular to the c-axis 
but is less obvious when the applied excitation is parallel 
to the c-axis. Therefore, if the cy2 dispersion is ascribed 
to the smearing-out effect of the crystal lattice potential 
due to onset of rotational oscillation of polymer chains 
within the crystal grain as pointed out by Kawai et al.,24 
the smearing-out effect must be most active when the 
direction of the external applied stress is perpendicular 
to the crystal c-axis. This concept reasonably explains the 
experimental results. For example, Figures 2 and 3 show 
that the crystal c-axes within the undrawn gel film take 
a preferential orientation perpendicular to the direction 
of applied stress and that those within the melt film take 
a random orientation. Thus, it may be concluded that the 
cy2 mechanism is related to the anisotropy of crystallites. 

The activation energy of the cy1 mechanism decreases 
with increasing draw ratio but it tends to level off beyond 
h = 100, indicating a draw ratio which reflects a limiting 
high orientation of the c-axesa40 This result indicates that 
the cy1 mechanism must be treated in relation to the rel- 
ative orientation of polymer chains as is the case with the 
cyz mechanism. If the cyl mechanism for a spherulitic 
specimen is assigned to interlamellar grain boundary 
phenomena associated with reorientation of crystal grains 
due to their own preferential rotation within the orienting 
crystal lamellae, it may be expected that the cyl mechanism 
of the ultradrawn film with h = 400 is related to the 
slippage of crystal grains in the direction of the c-axis, 
when the external excitation is parallel to the c-axis, since 
rotation of the crystallites cannot occur in ultradrawn 
f i i .  Furthermore if the morpholigical properties of grain 
boundaries are correlated with the activation energy, the 
value of the energy associated with the shear deformation 
parallel to the crystal c-axis should be different from that 
associated with the deformation perpendicular to the c- 
axis. Thus, it may be concluded that the activation energy 
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Figure 12. Arrhenius plots of the horizontal shift factors adT,To) 
and the logarithm of the vertical shift factors bT(T,To) versus 
temperature for the dry gel films with X = 100, 60, and 20. 
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Figure 13. Master curves of the storage modulus E'and the loss 
modulus E" for the dry gel film with X = 400. 

ried out as discussed before. 
Figure 14a shows the Arrhenius plots of the horizontal 

shift factor aT(T,To), and Figure 14b shows the logarithm 
of the vertical shift factor bT(T,T,J versus temperature. 
The Arrhenius plots are represented as a straight line. 
This result indicates that there exists only one mechanical 
dispersion whose activation energy is 79 kJ/mol. Here it 
should be noted that the superposition of E required only 
a horizontal shift along the logarithmic frequency axis and 
that of E required a very small vertical shift in addition 
to the horizontal one. As discussed before, Takayanagi 



Macromolecules, Vol. 21, No. 5, 1988 

r 
(3 0 1  I- *V/FL . 0 O 0 

0 79 kjoul/mol , J 
-I 

0 -0.05 

2.8 3.0 3.2 3.4 20 40 60 80 
I I T  x 103 (K-') Temperature ("C ) 

Figure 14. (a) Arrhenius plot of the horizontal shift factor 
ar(T,To) and (b) the logarithm of the vertical shift factor bT(T,To) 
versus temperature for the dry gel film with X = 400. 
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c-axis direction for ultradrawn films. If the frictional 
coefficient between the grains along the c-axis is much 
lower than that associated with the rotation, the observed 
energy of the relaxation process for ultradrawn films is 
substantially lower than the values generally observed for 
normal samples. The vertical shift used in constructing 
the master curves of the ultradrawn film (A = 400) was zero 
for the loss modulus and was very small for the storage 
modulus. This it is thought to be due to the fact that 
although the vertical shift is related to the temperature- 
dependence of the crystal elasticity, the crystal lattice 
modulus in the chain direction is independent of tem- 
peratures below 145 "C. 
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Table I1 
Activation Energies of the aI and (r2 Mechanisms of the 

Films" 
activation energies, kJ/mol 
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the c-axes the temperature-frequency superposition does 
not require a vertical shift. This is due to the fact that 
the crystal lattice modulus in the direction of the c-axis 
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thermal expansion coefficient was very 
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were used. One was an undrawn gel film whose constituent 
lamellar crystals were oriented parallel to the film surface 
in a manner similar to mats of single crystals. The second 
was an undrawn melt film whose crystal orientation is 
random. The third was the drawn gel films whose draw 
ratios were in the range 20-400. The temperature de- 
pendence of the complex dynamic tensile modulus was 
measured in the range of frequency from 0.1 to 100 Hz for 
all the specimens. The master curves were constructed by 
shifting horizontally and then vertically. The Arrhenius 
plots, except for the specimen with a maximum draw ratio 
of 400, could be represented by two straight lines indicating 
the existence of two kinds of relaxation process. Thus, it 
was confirmed that the low- and high-temperature relax- 
ations correspond to the al and a2 mechanisms, respec- 
tively. The activation energies as well as the vertical shift 
factor for both mechanisms became lower with increasing 
draw ratio. Thus, it turned out that the a2 mechanism is 
obviously observed when the external applied excitation 
is perpendicular to the c-axis but is less obvious when the 
external excitation is parallel to the c-axis. Actually, the 
a2 mechanism cannot be observed for the ultradrawn film 
(with a draw ratio of 400) having a near perfect crystal 
orientation of the c-axes with respect to the stretching 
direction where the Arrhenius plots were represented as 
a straight line. The a1 mechanism observed for undrawn 
films generally is assigned to intralamellar grain boundary 
phenomena associated with the rotation of crystal grains 
in the direction of external excitation. This rotational 
behavior corresponds to the slippage of the grains in the 
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ABSTRACT: Nafion perfluorosulfonate membranes were equilibrated in concentrated aqueous NaOH and 
NaCl solutions, and the dielectric response of these electrolyte-imbibed materials was investigated with an 
impedance analyzer. The storage and loss components of the complex dielectric constants were determined 
over the frequency range 5 Hz to 13 MHz as a function of external solution concentration and temperature. 
The observed dielectric behavior, coupled with the knowledge of polymer microphase separation, strongly 
suggests a mechanism of the relaxation of an interfacial polarization that arises from the accumulation and 
dissipation of mobile ionic charge, between electric field reversals, at the boundaries of clusters along the 
direction of the external applied field. Also, there is a clear manifestation of long-range ion motion that might 
be attributed to intercluster migration in contrast with the shorter intracluster displacements conceivably 
involved in the interfacial polarization process. Furthermore, it appears that the equilibrium electrolyte uptake 
is characterized by an exclusion of OH- ions greater than that as predicted by simple Donnan theory even 
when fixed-anion aggregation is taken into account. 

Introduction 
Nafion' perfluorinated ionomers, acting mainly in the 

role of ion-permselective membranes, have received con- 
siderable attention over the past decade. The earliest 
reported investigations of structure and properties were 
largely driven by a competitive need to understand and 
control, from the standpoint of selective molecular 
transport, the characteristic motions of ions and water 
molecules within the hydration microstructure of these 
membranes in electrochemical cells designed for the eco- 
nomical production of chlorine and caustic.2 Furthermore, 
the interplay between polymer microstructure, cation/ 
anion transport selectivity, water transport, and the 
electrolyte strength of the highly concentrated salt and 
alkali hydroxide solutions with which these membranes 
interface was, and remains, an important industrial issue. 

A distinguishing feature of these remarkable polymers 
is an underlying microstructural heterogeneity said to be 
characterized by - 30-50 A wide hydrophilic clusters, 
containing fixed and free ions as well as water molecules, 
embedded in a hydrophobic fluorocarbon phasee3 Fun- 
damental models of the molecular energetics of cluster 
formation, and the swelling of clusters in Nafion mem- 
branes equilibrated in water, have been contributed by 
Hopfinger and Mauritz? Hsu and Gierke,5 and more re- 
cently Mauritz and Rogers.6 

Regarding the hydrophobic fluorocarbon phase, the 
studies of Starkweather' indicate that the polymer chains 
therein are organized in a hexagonal bilayer configuration 
similar to the structure of poly(tetrafluoroethy1ene) at high 
temperatures. 

Earlier infrared and nuclear magnetic resonance spec- 
troscopic studies were performed by Lowry and Mauritz8 
and Komoroski and Mauritzgavb on Nafion perfluoro- 
sulfonate membranes in the monovalent alkali cationic salt 
forms as a function of water content. These studies, by 
yielding important information relating to side chain- 
counterion interactions and internal water structure, 
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provided an experimental foundation for a statistical 
mechanical four-state model of the dynamic equilibrium 
between bound and dissociated counterions, which, in turn, 
formed the backbone of a theory of membrane internal 
water activitygbsC which correctly predicted the general 
trend of membrane swelling with cation size.1° 

Later, Mauritz and Gray1' determined that the elec- 
trolyte invasion of Nafion sulfonate membranes equili- 
brated in strong NaOH solutions is characterized by an 
OH-/SO3- mole ratio that is quite invariant over the large 
external concentration range: 7.5 < M < 17.9, indicating 
that the progressive concentration of internal NaOH, with 
increasing external solution concentration, is essentially 
a dehydration process (Figure 1). This dehydration would 
deswell the polymer matrix causing an increase in the fixed 
charge (SO3-) density, which in turn resists further OH- 
uptake by an enhanced Donnan exclusion. 

Mauritz and Gray also demonstrated how an FT-IR 
analysis of the 0-H stretching region, for Nafion mem- 
branes equilibrated in NaOH and KOH solutions, can yield 
useful information that relates to (a) the underlying hy- 
drated cluster morphology, (b) an anomalous OH- ion 
mobility due to proton transfer within hydrogen bonds, 
and (c) Na+-OH- ion pairing within clusters as a function 
of external alkali hydroxide concentration." 

Nafion sulfonate membranes containing OH- ions and 
varying amounts of water were seen to generate infrared 
spectra displaying continuous absorption, that is, a diffuse 
background-like superposition that originates at the main 
OH peak maximum, for the H 2 0  molecule, and extends 
continuously to lower wavenumbers. The relative degree 
of continuous absorption was seen to be a characteristic 
function of the concentration of the external aqueous alkali 
hydroxide solution in which the membranes were equili- 
brated, for a given cation type and temperature. Recog- 
nizing that the fundamental molecular event giving rise 
to continuous absorption is the tunneling and/or activated 
transfer of protons in the H302- groups throughout the 
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