
Macromolecules 198 KAJIYAMA, ODA, STEIN, MACKNIGHT 

energy end of the domain of weaker surface-segment inter- 
actions adsorption must increase with increasing energy. 
This is obviously true, since for sufficiently weak interactions 
adsorption will not take place. Experimental evidence there- 
fore indicates that, with all other factors the same, there is a 
surface-segment interaction energy which willl give a max- 
imum adsorption. Since changing temperature changes the 
effective surface-segment interaction, the above argument may 
explain the conflicting reports of the temperature dependence 
of polymer adsorption. In general, however, it is very nearly 

impossible to change surface-segment interactions without 
changing the whole array of parameters that effect polymer 
adsorption, so it is not surprising that, except for the one case 

such an adsorption maximum has never been observed. 
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ABSTRACT: The degrees of crystallinity and crystal orientation of quenched and annealed ethylene-methacrylic acid co- 
polymers and their salts are studied by X-ray diffraction. The degrees of crystallinity of the annealed acid and salt are com- 
parable with those of branched polyethylene but the crystallinity of the quenched acid is reduced by about half. Orientation 
functions for crystal axes have been determined as a function of the temperature of elongation and are used to calculate the 
crystalline component of birefringence. It is found that crystalline orientation makes an appreciable contribution to the bire- 
fringence. The change in orientation function with elongation varies with temperature in a very different manner for the 
acid and the salt, suggesting different orientation mechanisms for the two. At a temperature corresponding to the a mechanical 
dispersion, a marked increase is seen in the amorphous orientability of the salt, whereas no such increase is found for the acid. 
This suggests that a process occurs within the amorphous phase of the salt at this temperature, permitting greater orientation 
to occur. This is consistent with the assignment of this loss maximum to a softening temperature of a proposed ionic domain. 

n a previous publication,Z the results of birefringence I studies of the relaxation processes of ethylene-methacrylic 
acid copolymers and their salts were presented. The varia- 
tion of the strain optical coefficient, K, with temperature was 
determined for the un-ionized acid and the salt. A maximum 
in K was found a t  about 40" for the ionized salt but none was 
found for the un-ionized acid. This maximum occurs at a 
temperature corresponding to the CY mechanical loss peak 
which has been associated with a glass temperature of a pro- 
posed ionic domain.* The birefringence maximum was as- 
sociated with a n  increase in orientability of the amorphous 
part of the polymer as the ionic regions soften. 

Since the copolymers are partly crystalline, it is likely that 
the crystallites may contribute significantly to the birefrin- 
gence. It was a principal objective of the work described 
here to determine the temperature variation of this crystalline 
component of the birefringence in order to establish whether 
the CY orientation maximum was of crystalline or amorphous 
origin. 

Experimental Section 
The samples studied were derived from the commercial Du Pont 

ethylene-methacrylic acid copolymer ("Surlyn") and are identical 
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with those used in previous studies.283b-7 The polymer has a 
weight-average molecular weight of about 300,000, a methacrylic 
acid content of 4.1 mol %, and around 25 methyl branches/1000 
carbon atoms. The acid groups were ionized by a method described 
previ~usly.~ Quenched samples (Q) were prepared by molding in a 
laboratory press at 125" and rapidly cooling under pressure by 
transferring to a previously cooled laboratory press. The annealed 
samples (A) were prepared by holding the quenched samples in an 
oil bath at 94" for 24 hr and then cooling very slowly to room 
temperature. 

Degrees of crystallinity were determined by the method of 
Mathews8 using data obtained with a homemade spectrometer.8 
Data were corrected in the usual manner for polarization, absorp- 
tion, and incoherent scattering. The diffracted intensity was re- 
solved into a contribution from the amorphous scattering and dif- 
fraction from the 110 and 200 peaks by trial and error after making 
the following assumptions. 

1. The form of the variation of the amorphous scattering with 
20 is the same over all temperatures of this study. 

2. The diffracted intensity at 20 = 16.5' entirely results from 
amorphous scattering. 

3. The 110 and 200 diffraction peaks are symmetrical in Bragg 
angle about their diffraction maxima. 
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Differential scanning ‘calorimeter (DSC) measurements were 
made using a Perkin-Elmer Model DSC-1B instrument which was 
calibrated with benzoic aci.d at a scanning speed of 10°/min. 

Orientation functions were determined from an azimuthal scan 
of the diffracted intensity by graphical integration using a previously 
described procedure. lo Samples were held at constant temperature 
using a homemade air thermostat. They were stretched in the 
thermostat and conditioned at each elongation for 30 min prior to 
measurement. Measurements of the time dependence of bire- 
fringence indicated that little orientation change occurred during the 
time of measurement.” 

Birefringence was mea.sured using a Babinet compensator as 
described in the preceding paper2 for samples elongated at a 
constant rate of 0.02 in. (2x)/min. 

Results and Discussion 
Degree of Crystallinity. The variation of the degree of 

crystallinity (weight fraction) of the Q and A samples is 
plotted against temperature in Figure 1 for the acid and 78% 
sodium ionized salt, Data for the quenched salt are not given 
because the imperfect crystalline structure prohibits the 
resolution of the diffracted intensities into crystalline and 
amorphous contributions. Data are compared with those 
obtained by DSC calculated using an arbitrary heat of fusion 
of 33.6 cal/g for polyethylene crystals. 

It is noted that apprclximate agreement is obtained between 
DSC and X-ray values of degree of crystallinity for the AHf 
used. However, this value is low as compared with the value 
expected for a corresponding polyethylene homopolymer 
according to Knox’s data.I2 From the melting point of loo”, 
he indicates a AHf  of 42 cal/g, while from the methyl content, 
a value of 50 cal/g is indicated. If these values were used for 
the DSC calculations, a degree of crystallinity somewhat less 
than the X-ray value would have been obtained for the an- 
nealed acid but fairly good agreement would be obtained for 
the quenched sample at low temperatures. It may be, how- 
ever, that the X-ray values for the quenched sample at higher 
temperatures are too high since very low heating rates were 
necessary for the X-ra.y measurements so that considerable 
annealing of the quenched samples may have taken place. 

The data indicate thad AHf for the annealed copolymer acid 
was less than that for a corresponding polyethylene homo- 
polymer. This may be a consequence of crystal strain arising 
from the presence of crystal-excluded methacrylic acid groups 
at the crystal surface 01 else may be a consequence of ordering 
in the melt. 

It may be that the X:-ray crystallinity is in error because of 
disorder or small crystal size. It would be expected, how- 
ever, that such errors would be in the direction of making our 
calculated X-ray crystallinities too low and would lead to an 
even smaller calculated heat of fusion for the ethylene crystals 
in the copolymer. 

It is somewhat surprising that the degree of crystallinity of 
the A copolymer acid and salt are comparable with each other 
and with the degree of crystallinity of a corresponding poly- 
ethylene homopolymer even though the melting point is 
depressed from about 115 to 100”. The degree of crystal- 
linity of the quenched iicid is reduced to about one-half that of 
the annealed. Such a reduction is not observed for unsub- 
stituted polyethylene. The ability to quench the copolymer 
must be a consequence of a reduction in its crystallization 
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Figure 1. The variation of the weight fraction crystallinity as 
determined by X-ray diffraction and DSC with temperature for A 
and Q acid copolymer and A 78 %sodium salt. 

rate. This is in part a result of the decrease in supercooling 
of the copolymer because of its lower melting point and in 
part due to the decreasing diffusion rate of the amorphous 
chains arising from the association of acid groups or clustering 
of ions. Evidence for the latter is the higher glass temperature 
of the copolymer and higher melt viscosity as compared with 
those of the homopolymer. 

Birefringence. The variation of the static strain optical 
coefficient K, with temperature is plotted in Figure 2 for the 
Q and A acid and its sodium salt. As previously pointed 
out,2v11 the birefringence is not very time dependent for times 
longer than a few seconds so that the elongation rate is not 
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Figure 2. The variation of the static strain optical coefficient K, 
with temperature for A and Q acid copolymer and 78 sodium salt. 
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E (%I I 
Figure 3. The variation of the orientation function for the a, b, 
and c crystal axes with per cent elongation at a number of tempera- 
tures for quenched acid copolymer. 

critical for these measurements. It is noted that both the Q 
and A ionized samples exhibit a maximum in K, at about 40" 
but that the unionized acid samples do not, in agreement with 
previous results.* It was proposed2 that the maximum arises 
from a transition occurring in the ionic domains within the 
amorphous regions. Since the amorphous content of the 
annealed sample is lower than that of the quenched, the higher 
maximum for the A sample indicates that annealing favors 
the domain segregation within the amorphous regions. 

The annealed acid copolymer exhibits a more pronounced 
shoulder in its K, value in the range of 30-70" than the 
quenched acid copolymer. It will be shown that this greater 
K, for the annealed sample is related to a greater degree of 
interaction between crystals arising from the more highly 
developed crystalline superstructure within these samples. 
In the following sections, these K. values will be resolved into 
crystalline and amorphous contributions. 

Orientation Functions. The variation of the orientation 
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Figure 4. The variation of the orientation function for the a, b, 
and c crystal axes with per cent elongation at a number of tempera- 
tures for annealed acid copolymer. 
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Figure 5. The variation of the orientation function for the a, b, 
and c crystal axes with per cent elongation at a number of tempera- 
tures for annealed 78 % sodium copolymer salt. 

function of the a, b, and c axes with elongation for the Q 
acid sample at a number of temperatures is presented in 
Figure 3, while values for the A acid are given in Figure 4 
and for the A 7 8 x  sodium salt in Figure 5. The variation 
of the orientation functions with elongation has been ex- 
tensively studied for the stretching of both low- and high- 
density polyethylene as a function of temperature. It is 
observed that the a and b crystal axes orient differently from 
each other, in contrast to what might be expected if we 
thought the polyethylene crystals to behave as individual 
crystals immersed in an amorphous matrix. The difference 
between the behavior of the a and b axes has been explained 
on the basis of the spherulitic structure of polyethylene.13r14 
The b axes of polyethylene crystals are uniquely oriented in 
the radial direction in the spherulites. The deformation of 
polyethylene has been explained in terms of the deformation 
of the spherulites from spheres to ellipsoids accompanied by 
the bending and twisting of lamellae within the spherulites 
and also tilting of chain axes with respect to lamellae axes. 
The orientability of these crystals is restricted because of their 
inclusion in the spherulitic superstructure, since the crystals 
must orient as a part of a larger lamella which in turn is part 
of a spherulite. 

With increasing temperature and decreasing degree of an- 
nealing lamellae become thinner and more disordered, and the 
ordering of these lamellae within the spherulite becomes less. 
This may be seen from the departure of the H, low-angle 
light-scattering patterns of the ideal spherulite. l5-17 

The annealed acid copolymer is spherulitic as seen from 
microscopic observations and by low-angle light scattering. l* 

The less crystalline quenched acid and the salt exhibit less 
spherulitic order. Spherulites cannot be resolved with the 
polarizing microscope even though a somewhat diffuse, 
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spherulite-type structure may be characterized from the four- 
leafed-clover form of low-angle light-scattering patterns which 
are obtained. 

For annealed lowdensity polyethylene, -fa exhibits a 
(negative) maximum at about 60" at a given elongation.'3 
The increase in -fa >with temperature up to 60" is attributed 
to the cy1 relaxation process which is believed to be related to 
the twisting of lamellae about the crystal b axes so as to align 
the c axis parallel to the stretching direction. This process 
becomes easier for quenched samples of polyethylene where 
the lamellae are less perfect and the disordered interlamellar 
layer is thicker. In such cases, the -fa maximum is shifted 
to lower temperatures.19 We believe that this cy1 process be- 
comes correspondingly easier for the lower spherulitic order 
found in the quenched acid and the salt. In these cases, we 
believe that lamellae can easily rotate about their b axes, lead- 
ing to a high degree of  a axis orientation perpendicular to the 
stretching direction. 

The decrease in -fa found for polyethylene at temperatures 
higher than 60" is ascribed to an cy2 process related to intra- 
crystalline motion of chains above this "crystal disordering 
temperature." This process becomes easier with increasing 
crystal imperfection. We believe that this c y 2  process occurs 
in the lower temperature range of 27-60' for the imperfect 
crystal structure probably occurring in the quenched acid and 
the salt and is largely responsible for the large temperature 
dependence offs seen in Figures 3 and 5. 

A particularly large drop in -fa is seen in Figure 5 in the 
temperature interval from 40 to 45". This is the temperature 
range which has been ascribed to a glass temperature of a 
proposed ionic domain. This observation suggests a second 
reason for the change of fa with temperature. We believe 
that the forces tending to twist crystalline lamellae are trans- 
mitted between crystals through the interlamellar amorphous 
phase. The ionic domains serve to reinforce and cross-link 
this phase, increasing its modulus and its ability to transmit 
force between lamellae. This may, in part, be responsible for 
the high value of -fa found for the ionized salt. Upon heat- 
ing past 40") these domains are believed to soften so that the 
transmission of force between crystals decreases, leading to 
the observed decrease in -fa. 

Orientational comlpliances, Ci, were calculated by dividing 
the orientation function by the static strain and extrapolating 
to zero strain. These are plotted in Figure 6 for the a and c 
axes for the three types of samples. These values reflect 
the changes in the orientation functions themselves and are 
used to calculate crystalline contributions to the birefringence 
in the next section. 

Resolution of Birefringence into Crystalline and Amorphous 
Contributions. As with 2 1  it is assumed that 
the total birefringence may be expressed as a sum of crystal- 
line and amorphous parts 

A = <5crAcr + (1 - 9or)Aam + AF (1) 

where q5cF is the volume fraction of crystals. Acr is the specific 
birefringence of the polyethylene crystals given by21 

A,, (Ha - no)fa -I- (nb - (2) 
where n,, nbr and n, are the refractive indices of polyethylene 
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crystals given byz2 n, = 1.514, n b  1.519, and no = 1.575 as 
derived from measurements on Gr4 crystals. 

The specific birefrigence of the a,rphous part may in turn 
be resolved into contributions fr0rr.e ionic domains and the 
un-ionized acid2 

Amn = +ionAion + (1 4ion)AWid (3) 

where $ion is the volume fraction the amorphous phase 
which is ionized and Aion and Ancide the specific birefrin- 
gence values for the ionized and uonized regions of the 
amorphous phase. These are given 

Aim = AionOfir (4) 

20 

ID 
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Figure 7. The variation of the total birefringe and the crystal- 
line contribution with elongation for a number temperatures for 
the Q acid copolymer sample. 
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Figure 8. The variation or- total strain optical coefficient, the 
crystalline contribution, a] the amorphous contribution with 
temperature for the Q acid OlYmer Sample. 

and 

A = Aacidyacid ( 5 )  

where Jon, for examplfs the orientation function of the 
ionized region and Aiors the intrinsic birefringence of the 
perfectly oriented ionizregion. 

The form birefringet AR, in eq 1 is believed to be small 
and is neglected in thesonsiderations. 

From the measuredeight fraction crystallinity and den- 
sity, $,or may be calculd. The values of fa and fb are used in 
eq 2 to obtain &Acbich is plotted along with the total 
birefringence AtOtal irigure 7 for the Q acid sample at a 
number of temperatu. It is seen that the crystalline con- 
tribution represents aut one-third of the total birefringence. 
Similar plots have besbtained for the other samples. From 
the orientational caliance of the crystals, the crystalline 
and amorphous coibutions to the strain optical coeffi- 
cients have been deinined and are plotted against tempera- 
ture in Figures 8,g,d 10. 

A significant obgation is that $,,,Kc, decreases with tem- 
perature and does t show a maximum as is seen for poly- 
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Figure 9. Thiriation of the total strain optical coefficient, the 
crystalline co bution, and the amorphous contribution with 
temperature bhe A acid copolymer sample, 
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Figure 10. The variation of the total strain optical coefficient, 
the crystalline contribution, and the amorphous contribution with 
temperature for the A 78 % sodium salt sample. 

ethylene homopolymer.lg The maximum in Kc, for poly- 
ethylene is interpreted13 as being a result of the competition 
between two processes as discussed earlier, the a1 which re- 
sults in an increase in K,, with temperature and which is 
associated with interlamellar slip and the az which is related to 
intracrystalline chain motion which causes KO, to decrease 
with increasing temperature. The absence of a maximum for 
the copolymer suggests that these processes are shifted to 
lower temperatures. Such a shift has been observed for 
quenched p~Iyethylene.~g Thus, it is apparent that the a! 
maximum in K, observed for the ionized copolymer salt is not 
a consequence of the same sort of crystalline processes that 
leads to the K, maximum for polyethylene. 

A comparison of Figure 10 with Figures 8 and 9 indicates 
that the contribution of the crystals to the birefringence at low 
temperatures is greatest for the ionized acid and the contribu- 
tion of amorphous regions is least. The temperature region 
of the a transition is characterized by a large increase in 
amorphous orientation occurring simultaneously with a de- 
crease in crystalline orientation. We have seen that both of 
these changes are consistent with an explanation in terms of 
the softening of ionic domains. Below this transition tem- 
perature we believe that the amorphous regions are interlaced 
with glasslike ionic domains which lead to a low compliance, 
so that the major change produced by external strain is to 
orient crystals. At the a! transition, the domains may soften, 
permitting greater amorphous orientation. As discussed 
previously, when this happens, less force is transmitted to 
crystal lamellae so that the crystal orientation becomes less. 
In the same temperature region, mobility increases within the 
crystal, leading to a slipping of chains through the crystal, also 
resulting in lower crystal orientation. 

The increase in birefringence with increasing temperature 
resulting from the increase in amorphous orientation is greater 
than the decrease resulting from the decrease in crystal orienta- 
tion. Consequently, the value of Ktotnl is observed to increase 
in the temperature region of 27-45'. 

After the ionized regions have softened, further heating 
leads to viscous flow in the amorphous regions so that a de- 
crease in the amorphous birefringence contribution occurs at 
temperatures above 45". The amount of this decrease is 
related to the molecular weight of the polymer, the amount of 
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residual hydrogen bonding between chains, and the time scale 
of the experiment. This decrease in (1 - at higher 
temperatures results in a maximum in the vicinity of the a 
transition temperature. 

The contribution of C $ ~ ~ K , ,  continues to decrease at tem- 
peratures above 45 " because of the increasing contribution of 
the a2 process as well as the decreasing transmission of force 
between lamellae. Thus Ktotal will decrease as a consequence 
of the decrease in both the crystalline and amorphous con- 
tributions to birefringence. A maximum in Ktotal will be 
found in the vicinity of the temperature of the a dispersion as 
a result of the competntion of the low- and high-temperature 
processes. This maxiimum will be near but not precisely at 
the same temperature as the maximum in (1 - &)Kam. 

A negative value of (1 - &)Kam is observed for the co- 
polymer salt at temperatures less than 33" where the crystal- 
line contribution to the birefringence is greater than the total. 
The variation of (1 - &)Aam with elongation at low tempera- 
ture, as shown in Figure 11, shows an initial decrease toward 
a minimum at 5 % elongation at 27" followed by an increase 
to positive values at elongations past 10%. This behavior is 
similar to that found for branched polyethylene homopoly- 
mer20 and for p~lyprcipylene~~ and has been attributed to an 
initial perpendicular orientation of the amorphous chains 
with respect to the crystalline orientation within the crystal- 
line superstructure. I t  may result in part from a contribution 
from distortional birefringence at low temperatures associated 
with processes such as bond bending as is found, for example, 
for poly(viny1 chloride).*4 

These changes observed for the ionized salt may be com- 
pared with the observations for the quenched and annealed 
acid in Figures 8 and 9. In these cases, no abrupt increase in 
(1 - &)K,, is found in the vicinity of 40") indicating the 
absence of a process believed to occur in the amorphous re- 
gions of the ionized salt. 

It is seen from Figure 8 that (1 - &)K,, for the Q acid 
copolymer sample decreases appreciably with temperature in 
the vicinity of 30". This is consistent with the proposed 
explanation that the amorphous phase undergoes a glass 
transition at  about 23'. 

The amorphous birefringence contribution does not de- 
crease with temperature in the range of 27-40' for the an- 
nealed acid (Figure 9) as it does for the quenched acid. In 
fact a slight increase in (1 - &)K,, with temperature is ob- 
served. We believe that the difference is a consequence of the 
acid approaching the inorphology of low-density polyethylene 
with increasing annealing. For polyethylene, it is thought 
that at low elongations, forces are transmitted directly be- 
tween crystals. l %  19g26 A decrease in (1 - &)Kam with increase 
in temperature is no1 observed for low-density polyethylene 
at temperatures below the a dispersion. l9 

Further interpretation requires the resolution of the amor- 
phous birefringence into contributions from the hydrocarbon, 
acid, and ionic regions. Such resolution is, in principal, 
possible through use of infrared dichroism as has recently 

(23) R. Samuels, J .  Polym. Sci., Part A ,  3,1741 (1965). 
(24) A. Utsuo and R. S, Stein, ibid., Part A - 2 ,  5 ,  5 8 3  (1967). 
(25) E. P. Cheng, Ph.D. Thesis, University of Massachusetts, Am- 

herst, Mass., 1970. 
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Figure 11. The variation of the total birefringence and the crystal- 
line and amorphous contributions for the A copolymer sodium 
salt at 27". 

been demonstrated, for example, for polyurethanes, by Cooper, 
et al. 26 Preliminary measurements on such copolymers have 
been reported by Read and Stein,27 where different degrees of 
orientation are found for hydrocarbon and carboxyl group 
parts of the chain. Measurements on the copolymer acid and 
salts as a function of temperature have been carried out by 
Uemura and will be reported in a following publication. l1 

Conclusions 
It has been possible, through a combination of birefrin- 

gence and X-ray diffraction measurements to resolve orienta- 
tional changes occurring upon stretching ethylene-meth- 
acrylic acid copolymers and their salts into contributions 
arising from crystalline and amorphous regions. The results 
of this resolution clearly demonstrate that there is a basically 
different relaxation process occurring in the ionized salt in the 
vicinity of 40" than in the acid. The relaxation in this a 
dispersion region of the salt is dominated by an abrupt increase 
in amorphous orientation with increase in temperature of 
stretching, whereas little change or a small decrease is found 
for the acid. This observation indicates that some structural 
restriction which has prevented amorphous orientation at the 
lower temperatures is "melted out" at about 40", and is con- 
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