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ABSTRACT: Crystal structures of ethylene—vinyl alcohol copolymers (EVOH) with various vinyl alcohol
(VA) compositions have been determined on the basis of the X-ray diffraction data measured for the
uniaxially and doubly oriented sample specimens. The unit cells of EVOH with a VA content higher
than 27 mol % are monoclinic of the space group P112;/m, in which the two planar-zigzag chains are
statistically packed in a mode similar to that of poly(vinyl alcohol) (PVOH). With a decreasing VA content
from 27 to 14 mol %, the crystal system approaches the hexagonol type. The unit cells of EVOH with a
VA content below 14 mol % are orthorhombic of the space group Pnam, similar to the packing mode of
orthorhombic polyethylene (PE). The crystal structure of EVOH with the VA content in the range of
14—-27 mol % is the pseudohexagonal type. In this way the transformation of the unit cell structure between
the PVOH type (>27 mol %) and PE type (<14 mol %) was found to occur via the appearance of a
hexagonal-type structure. This transformation was supported also by the change in the infrared spectral

pattern measured for a series of EVOH copolymers.

Introduction

The ethylene—vinyl alcohol copolymer (EVOH) has
excellent gas-barrier properties and is used in various
fields such as food packaging, gasoline tanks, or other
materials.! EVOH is expected to work well as one of the
soft materials for ecology because of no emission of
poisonous gas upon incineration. This is because EVOH
is composed of such elements as hydrogen, carbon, and
oxygen and is chlorine-free. EVOH chains are con-
structed by random sequencing of hydrophobic ethylene
(ET) and hydrophilic vinyl alcohol (VA) monomeric
units. Therefore, the properties vary drastically with the
copolymer composition. To understand the variation of
physical properties with the VA content, it may be
necessary to clarify the aggregation structure of chains
in both the amorphous and crystalline regions and also
in the so-called higher-order system. In particular,
information on the crystal structure and its variation
with VA content is needed first of all, which should give
us the most basic and important guideline for the
discussion of the bulk structure.

The crystal structure of poly(vinyl alcohol) (PVOH,
VA = 100%)2 and polyethylene (PE, VA = 0%)3~° were
already determined by many researchers. The unit cell
of PVOH is monoclinic with the space group
P112,/m—C2, where the chain axis is parallel to the ¢
axis, while the unit cell of PE is orthorhombic with the
space group Pnam—D%ﬁ. PE also shows another type of
crystal system, monoclinic® and hexagonal.”~10

All the members of EVOH copolymer samples with
various VA compositions can be crystallized. The melt-
ing point varies continuously with the copolymer com-
position, suggesting that the crystal structure itself
changes continuously with the change in the copolymer
composition.

In the previously reported papers about the crystal
structure of the EVOH copolymers,1*~13 the observed
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X-ray reflections were indexed and the continuous
change in the lattice parameters with the VA content
were described. Unfortunately, however, no trial had
been made to analyze the X-ray diffraction intensities
to obtain any information on the chain-packing mode
for a series of EVOH crystals with the various VA
contents. This information on the chain conformation
and chain-packing mode in the crystal lattice may also
be helpful for the quantitative interpretation of the
crystallite modulus of a series of EVOH samples.’* In
this paper we will report the results of the crystal
structure analysis made for a series of EVOH copoly-
mers on the basis of the X-ray diffraction diagrams
taken for the uniaxially oriented and the doubly ori-
ented samples.

Experimental Section

Samples. Twelve kinds of EVOH copolymers with VA
contents of 100, 95, 90, 68, 62, 56, 52, 41, 27, 14, 6, and 0 mol
% were used in the present study. These samples are labeled
as EVOHmm (e.g., EVOHG68, etc.), where mm denotes the
content of the VA unit in mol %. EVOH100 (PVOH) was the
sample POVAL commercialized by Kuraray Co. Ltd., Japan.
EVOH95~EVOH41 were also the manufactured samples
EVAL of the same company. EVOH27~EVOH®6 were prepared
by saponifying the corresponding ethylene—vinyl acetate
(EVAC) copolymers by methanolic KOH in benzene, where
EVAc copolymers were commercial products of Monomer—
Polymer & Dajac Labs, Inc., USA. The degrees of saponifica-
tion were higher than 99% for all the copolymers. EVOHO
corresponds to high-density polyethylene (HDPE), a com-
mercial product by Mitsui Chemicals Co. Ltd., Japan.

The uniaxially oriented samples were prepared for the X-ray
structure analysis. EVOH100—EVOH90 films were cast from
the 10 wt % aqueous solutions at room temperature. EVOH68—
EVOHE6 films were prepared by pressing the melts on a hot
stage at temperatures 20 °C higher than their melting points
and quenching into 15 °C. The film samples of EVOH100—
EVOH52 were drawn by 5 times or higher the original lengths
at 90 °C. The films of EVOH41-EVOHG6 were drawn in a
similar way at 60 °C. The drawn films were annealed by fixing
the sample length in vacuo for 16 h. The annealing temper-
atures were 150 °C for EVOH100—EVOH90. The EVOH68—
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Table 1. Unit Cell Dimensions and the Densities
Obtained for a Series of EVOH Copolymers

Structure of Ethylene—Vinyl Alcohol Copolymers 5861

Table 3. R Factor and the Structural Data of EVOH with
VA Content 100~27 mol %

VA
content dc2 do?
sample %) a(®) b(A) y(deg) (grem=3) (grem3)

EVOH100 100 7.78 549 912 1.349 1.310

EVOH95 95 7.76 548 916 1.330 1.282
EVOH90 90 7.76 548 919 1.310 1.275
EVOHG68 68 8.03 516 90.3 1.220 1.192
EVOHG62 62 8.11 516 904 1.186 1.172
EVOH56 56 8.18 5.13 90.0 1.151 1.144
EVOH52 52 8.24 5.08 90.0 1.136 1.126
EVOHA41 41 8.26 5.03 90.0 1.088 1.083
EVOH27 27 8.28 4.94 90.0 1.035 1.019
EVOH14 14 7.84 496  90.0 1.018 0.983
EVOHG6 6 751 498 90.0 1.016 0.960
EVOHO 0 743 493 90.0 1.001 0.953

ad, = observed density; d. = calculated density.

Table 2. Fractional Coordinates of the Atoms in the
Crystal Lattices of EVOH100~Evoh27

sample atom X y z
EVOH100 C1 0.265 0.720 0.750
Cc2 0.178 0.815 0.250
o1 0.257 0.466 0.750
02 0.438 0.798 0.750
EVOH95 C1 0.268 0.722 0.750
Cc2 0.181 0.817 0.250
o1 0.258 0.466 0.750
02 0.441 0.799 0.750
EVOH90 Cl 0.268 0.730 0.750
c2 0.184 0.831 0.250
o1 0.250 0.475 0.750
02 0.444 0.798 0.750
EVOHG68 C1l 0.271 0.736 0.750
c2 0.189 0.845 0.250
o1 0.254 0.469 0.750
02 0.440 0.801 0.750
EVOH62 C1 0.270 0.702 0.750
c2 0.190 0.810 0.250
o1 0.254 0.433 0.750
02 0.436 0.770 0.750
EVOH56 C1 0.271 0.706 0.750
c2 0.198 0.826 0.250
o1 0.240 0.438 0.750
02 0.440 0.749 0.750
EVOH52 C1 0.272 0.716 0.750
c2 0.199 0.840 0.250
o1 0.239 0.446 0.750
02 0.439 0.756 0.750
EVOH41 C1 0.270 0.716 0.750
Cc2 0.209 0.856 0.250
o1 0.215 0.454 0.750
02 0.440 0.718 0.750
EVOH27 C1 0.265 0.706 0.750
Cc2 0.209 0.854 0.250
o1 0.202 0.443 0.750
02 0.434 0.693 0.750

EVOHG6 samples were annealed at temperatures 20 °C lower
than their melting points. The thickness of the thus-obtained
samples was about 0.6 mm.

Doubly oriented samples were prepared for EVOH90,
EVOHG68, and EVOH56 by rolling the uniaxially oriented
samples at 100 °C along the drawn axes. The samples were
annealed by sandwiching them between a pair of glasses in
vacuo at the same temperatures as those used in the heat-
treatment of the uniaxially drawn samples.

Thin films of 10—20 um thickness were prepared for the
measurements of FTIR spectra. The EVOH27 film was cast
at 80 °C from the 10 wt % dimethyl sulfoxide solution. The
EVOH16, EVOHG6, and EVOHO films were cast at 80 °C from
10 wt % o-dichlorobenzene solutions. These films were dried
in vacuo at 80 °C for 1 day.

Measurements. The X-ray diffraction data were collected
by using an X-ray imaging plate (IP) system (DIP1000, MAC

sample N2 R factor (%) 6P (deg) B(C) (A2 B(O) (A?)
EVOH100 24 17.2 36.8 7 6
EVOH95 25 19.5 37.0 6 3
EVOH90 25 13.9 39.3 8 5
EVOH68 20 14.7 40.8 14 8
EVOH62 16 16.4 40.1 12 5
EVOH56 14 12.3 45.6 13 3
EVOH52 12 (99) 2.58 46.3 15 4
EVOH41 7 (59) 3.1¢ 54.4 19 12
EVOH27 7 (49) 2.78 57.3 25 8

aNumber of the observed reflections. P Setting angle of the
planar-zigzag chain measured from the a axis (see Figure 6).
¢ Isotropic temperature factors of C and O atoms. 9 Number of the
observed equatorial reflections. ¢ Calculated only for the equatorial
reflections.

Table 4. Fractional Coordinates of the Atoms in the
Crystal Lattices of EVOH14 and EVOH6

sample atom X y z

EVOH14 C1 —0.045 0.052 0.250
o1 —0.214 —0.037 0.250
02 —0.042 0.333 0.250

EVOH6 C1 —0.044 0.056 0.250
o1 —0.224 —0.017 0.250
02 —0.030 0.337 0.250

Table 5. R Factor and the Structural Data of EVOH with
VA Content 14 and 6

sample Na R factor 6°(deg) B(C)(A) B(O) (A)
EVOH14 10 (69) 5.9¢ 36.3 23 5
EVOH6 30 22.3 39.7 9 5

aNumber of the observed reflections. P Setting angle of the
planar-zigzag chain measured from the a axis (see Figure 6).
¢ Isotropic temperature factors of C and O atoms. ¢ Number of the
observed equatorial reflections. ¢ Calculated only for the equatorial
reflections small.

Science Co. Ltd., Japan). Graphite-monochromatized Mo—Ka
radiation was used as an X-ray source (50 kV, 200mA). The
sample-to-1P distance was about 90 mm, which was calibrated
by using Si powder as a standard. The thus-obtained X-ray
diffraction data were transferred to a workstation in a digitized
form. The fiber diagrams were transformed from the Cartesian
coordinate system to the cylindrical coordinate system (&, §).'®
This transformation was made to convert the curved layer lines
to the horizontal lines, making the data analysis easier. The
data were corrected for the Lorentz and polarization factors.
Evaluation of the integrated intensities and indexing of the
observed reflections were performed by using software devel-
oped by Tashiro et al.'> Indexing of the reflections and the
determination of the cell parameters were carried out by a
trial-and-error method by referring to the crystallographic data
of PVOH and PE. The separation of the overlapped reflections
was carried out by the method described in ref 15 and the
integrated intensities of the thus-separated reflections were
evaluated. The accidentally overlapped reflections were sepa-
rated by taking into account the ratio of the structure factors
calculated in the course of the least-squares refinement of the
crystal structure.®

The FTIR spectra were measured by a Shimazu FTIR-
8200PC spectrometer at a resolution of 1 cm™2.

The densities of the samples were measured by a flotation
method (hexane—carbon tetrachloride system) at 25 °C.

The DSC thermograms were measured by using a Perkin-
Elmer DSC7 differential scanning calorimeter at a heating rate
of 10 °C/min.

Results and Discussion

X-ray Analysis. The X-ray fiber diagrams taken for
the uniaxially oriented EVOH90, EVOH68, EVOH56,
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Figure 1. X-ray fiber diagrams. (a) EVOH90; (b) EVOHES; (c) EVOH56; (d) EVOH27; (e) EVOH14; (f) EVOHG6. The vertical axes

are along the fiber axes.

EVOH27, EVOH14, and EVOHG6 samples are shown in
Figure 1, where the drawn axes of the samples are
vertical in the photographs. The fiber axis was assigned
to the ¢ axis. The c-axis length was evaluated from the
interlayer distances. The fiber periods of all the EVOH
samples were found to be essentially the same as those
of PVOH and PE within experimental error, 2.54 A,
which corresponds to the fiber period of the planar-
zigzag conformation. As already clarified,?2 the OH
groups of atactic PVOH are arranged randomly on the
right and left sides of the zigzag plane at a statistical
weight of /5. According to the NMR data, configurations
of the EVOH copolymers are atactic and the VA and
ET monomeric units are linked randomly along the
EVOH chain.t® In the X-ray fiber diagrams of a series
of EVOH samples, any additional layer lines were not
observed between the equatorial and the first-layer lines

which were expected for the structures with a longer
fiber period than 2.54 A. This indicates that the EVOH
chains take the statistically random array of VA and
ET monomeric units along the planar-zigzag-type skele-
tal chains.

The observed X-ray reflections could also be indexed
reasonably by assuming a random arrangement of the
VA and ET segments in the common unit cell. By
referring to the crystal structure of PVOH, the unit cells
of all the EVOH members were found to be monoclinic
or orthorhombic. The unit cell dimensions a, b, ¢, and
y, the densities calculated for the crystalline region (d)
and the observed densities of the bulk sample (d,) are
given in Table 1. The VA content dependence of the unit
cell dimensions a and b is shown in Figure 2. The
densities calculated for the crystalline region and those
observed for the bulk samples are shown in Figure 3.
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Figure 2. VA content dependence of the unit cell dimensions
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1.4

—QO— calculated
—@— observed

-
N
T

-
-
T

Group A
(PVOH type)

Density / g cm®

Group B
(PE type)

1.0 \‘( )}
09 1 " 1 1 1 1 1 1
100 80 60 40 20

Vinyl Alcohol Content / mol%

o

Figure 3. VA content dependence of the calculated and
observed densities of EVOH samples.

The calculated and observed densities are relatively
close to each other, indicating a high crystallinity of the
EVOH copolymers despite random arrangements of the
monomeric units in the crystal lattices. The VA content
dependence of the melting point is shown in Figure 4.

As indicated in Figures 2—4, the series of EVOH
copolymers may be classified into two groups, judging
from the X-ray reflection patterns and the dependence
of the lattice parameters, melting points and densities
on the copolymer composition; group A covers the range
of EVOH100—EVOH27 and group B is in the range of
EVOH14—EVOH6. Group A is assumed to behave
similarly to PVOH, while group B is of the PE type. The
space group P112;/m was assumed for group A and the
space group Pnam was assumed for group B. These
assumptions were found reasonable as described in a
later section.

The crystal structure model of the PVOH type is
shown in Figure 5. The OH groups are set on the mirror
planes perpendicular to the chain axis at the heights
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Figure 4. VA content dependence of the melting points of
EVOH samples.
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Figure 5. Crystal structure models of EVOH100~EVOH27.
1/, and 3/, and are arranged randomly on the right and
left sides of the planar-zigzag chains. An averaged
occupancy of the OH groups at one site is given by (1/,)
x (VA content). When the two zigzag chains are packed
in the cell, 2 degrees of freedom are assumed: the first
one is an interchain distance in the ab plane and the
second one is a setting angle (0) of the chains which is
defined as an angle between the a axis and the C—C
zigzag plane (Figure 5). In addition to these two
variables, the isotropic temperature factors of the C and
O atoms and the scale factor between the observed and
calculated reflection intensities were used as the adjust-
able parameters for the crystal structure refinement.
The molecular chains were assumed to be rigid: The
bond distances were fixed to 1.531 A for the C—C bond
and 1.398 A for the C—0 bond. The bond angles were
0C—C—C 111.0°, HO—C—0 109.3°, and OC—C—0 109.4°.
The crystal structure model of the PE type is shown
in Figure 6. The OH groups were assumed to be
attached apparently to all the carbon atoms with equal
weights from the requirement of space group symmetry.
Therefore, the fraction of the OH groups at one carbon
atom is (Y/4) x (VA content). Because the chain has the
direction —CH—CH(OH)— along the c axis, the upward
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Figure 6. Crystal structure models of EVOH14 and EVOHS6.
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Figure 7. Crystal structures of EVOH100~EVOH27. The
existence weights of oxygen atoms are represented by the sizes
of the corresponding balls.

and the downward chains were assumed to be located
at the same site at the same probability. The packing
of the two chains is represented by a setting angle (6)
of the chains or an angle between the a axis and the
C—C zigzag plane (Figure 6). The intramolecular geo-
metry of the chain is essentially the same as that of the
PVOH-type model.

The least-squares refinement of the structural models
was carried out by the quantitative comparison of the
calculated structural factors |Fcac(hkl)| with the ob-
served ones |Fops(hkl)|. The reasonability of the thus-
obtained structure was evaluated by using the following
reliability factor (R factor):

D IF(hK)gpl — [F(hKID) gl
> IF(hKi) |
The structures of EVOH100—EVOH56 and EVOH 6

were refined by using all the reflections of the equatorial
and layer lines. Different from these cases, the struc-

R factor =
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Figure 8. An illustration of pairs of O2 groups forming
hydrogen bonds.

Table 62
EVOH100 EVOH94.8 EVOH90
|Fobs | Fealc | Fobs | Fealc ‘ Fobs |Fcalc
hki  (hkl)  (hkl)]  (hkD)]  (hkD)]  (hkD]  (hKI)]|
100 2.6 2.8 1.9 2.5 2.3 2.6
010 1.6 1.9 1.2 1.4 1.0 0.8
110 {10.1 {9.6 {8.7 {8.3 {9.8 {9.3
110 9.9 9.4 8.5 8.1 9.5 9.0
200 7.7 7.8 6.7 6.8 75 7.5
210 2.0 3.2 1.3 2.8 1.5 2.8
210 {1.9 {3.0 {1.1 {2.5 1.4 2.1
020 4.9 4.3 3.8 3.8 3.3 3.7
120 0.9 1.0
300 {1 .6 {2.3 {1.2 {20 2.2 2.4
120 2.0 3.0 1.6 2.8 3.1 3.5
310 1.7 2.1 1.7 2.1 1.8 2.2
220 {0.4 {0.7
220 0.5 0.9
400 3.3 2.4 4.2 2.5 3.3 2.7
030 2.6 25 29 2.8
410 3.1 3.4 3.4 3.2 3.1 2.9
130 2.5 2.8 29 2.7 2.4 2.3
130 2.3 2.5 25 2.3 1.9 1.8
420 1.1 1.4
420 0.8 1.6 1.2 1.6 1.3 1.7
330 1.6 2.3 2.4 2.4 2.0 2.0
510 {1 0 {1.5 {1.7 {1.7 15 15
230 1.2 1.2
040 0.9 1.3 1.2 1.1
101 2.3 2.8 1.6 25 1.8 2.5
111 7.7 4.9 7.5 4.6 6.7 4.8
201 4.2 3.1 4.6 2.9 4.2 2.7
211 0.9 1.1 0.7 1.1 0.9 1.3
311 3.1 2.9 3.4 2.9 2.5 2.7
221 2.8 2.6 3.1 2.6 2.6 2.4
031 1.4 1.4 1.6 1.6 1.6 1.7
411 {1.1 {1.1 {1.1 {1.1 {0.7 {0.7
131 1.3 1.3 13 1.3 0.8 0.8
401 0.5 1.0
501 2.5 2.3 2.5 2.6 2.2 2.2
511 {1.2 {1.2 {1.1 {1.1
041 11 1.0 0.8 1.0
521 1.0 0.9 0.8 1.0 0.7 0.7
141 15 1.4 1.4 1.8 1.6 1.7
241 1.8 1.4 21 1.8 1.5 1.2
601 1.2 0.9 15 1.3 1.2 0.9
241 1.4 1.1 15 1.3 1.3 1.0
611 1.3 1.0 1.3 1.1 1.2 1.0
611 13 1.0 1.2 1.0 0.7 0.5
621 0.9 0.8
022 0.9 0.8 0.9 0.9

2The sum of the observed reflections and the sum of the
calculated reflecions were set to 100.

tures of EVOH52—EVOH14 were refined using only the
equatorial reflections because only a few diffuse X-ray
reflections were observed on the first layer and therefore
the exact evaluation of the intensity of layer-line reflec-
tions was difficult. The temperature factor of the oxygen
atom was determined to be ca. 5 A2 for EVOH100—
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EVOH27. This value was applied also to the cases of
EVOH14 and EVOH6 because the presence probability
of oxygen atoms was too low to determine the temper-
ature factors. The standard deviations were estimated
to be about /599 for all the cases.

Group A: The thus-determined atomic fractional
coordinates of EVOH100—EVOH27 are shown in Table
2. The corresponding R factor, the setting angle (0), and
the temperature factor are shown in Table 3. The
calculated and observed structure factors of EVOH100—
EVOHO90 are shown in Appendix A. Those of EVOH68—

EVOH56 and EVOH52—EVOH27 are shown in Appen-
dices B and C, respectively.

Group B: The obtained atomic fractional coordinates
of EVOH14 and EVOH6 are shown in Table 4. The
corresponding R factor, the setting angle (0), and the
temperature factor are shown in Table 5. The calculated
and observed structure factors of EVOH14 and EVOH6
are shown in Appendices D and E, respectively.

For both groups A and B, the calculated structure
factors agree relatively well with the observed structure
factors as seen in the appendices. The determined
crystal structure of EVOH100 or poly(vinyl alcohol) is
essentially the same as the reported structure.?

Detailed Description of the Analyzed Crystal
Structures. Densities of the crystalline region (d;) are
higher than those of the bulk samples (d,) by 10—20%
for all the EVOH copolymers as seen in Figure 3. Both
the d; and d, change continuously depending on the VA
content, suggesting the reasonability of the assumption
that the VA content in the crystal lattice is essentially
equal to that of the bulk sample.

The melting point changes continuously depending on
the VA content, as shown in Figure 4. With a decrease
in VA content, the melting point decreases in group A
while it increases in group B.

The lattice constants also change continuously de-
pending on the VA content, as shown in Figure 2. With
a decrease in VA content from EVOH100, the crystal
system changes from monoclinic of PVOH to hexagonal.
For example, the ratio a/b calculated for EVOH27 is
1.66, which is close to the value a/b = 1.73 expected for
the hexagonal system. The lattice constants change
rapidly between EVOH27 [group A] and EVOH14
[group B]. The unit cell of EVOH14 approaches that of
PE as the VA content decreases furthermore. The
crystal structures of EVOH are consisted of the statisti-
cally disordered packing of VA and ET units. The OH
groups are arranged on the right and left sides of the
zigzag planes. The orderliness of the crystal structure
is considered to be low for the samples located in the
transition region between groups A and B. In fact, the
number of the observed X-ray reflections decreases in
group A with a decrease in VA content, while it
increases in group B from EVOH14 to EVOH6. We
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Figure 12. (a) X-ray photograph taken along the end direction (the draw direction) of the doubly oriented sample of EVOH90.
The rolled plane is horizontal in this photograph; (b) indexing of the observed reflections on the reciprocal lattice plane a* b*; (c)

the relationship of the rolled plane with the unit cell structure.
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Figure 13. (a) X-ray photograph taken along the end direction (the draw direction) of the doubly oriented sample of EVOH56.
The rolled plane is horizontal in this photograph; (b) indexing of the observed reflections on the reciprocal lattice plane a* b*; (c)

the relationship of the rolled plane with the unit cell structure.

might also expect the diffuse scatterings coming from
the statistically disordered packing structure, but they
could not be detected in the X-ray fiber diagrams of all
the EVOH samples.

Group A. As shown in Figure 7, the packing mode of
the chains changes with a decrease in VA content. The
setting angle (0) changes remarkably, depending on the
VA content (Table 3). The 6 becomes larger with a

decrease in VA content. The C—C zigzag plane of
EVOH100 in the unit cell is parallel to the (110) plane.
This geometry is broken in the crystal of EVOH with
lower VA content. The hydrogen bonds between the
oxygen atoms are indicated by broken lines in Figure
7. Pairs of PVOH chains in one unit cell are connected
by the hydrogen bonds of 3.08 A (H1). Also, these chains
are connected along the b axis by another type of
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Figure 14. Orientation of crystallites in the doubly oriented

samples of EVOH56. (a) Along plane 1; (b) along plane 2; (c)
along plane 3 (refer to Figure 13).
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Figure 15. X-ray photograph taken along the end direction
of the doubly oriented sample of EVOH68. The rolled plane is
horizontal in the photograph.

intermolecular hydrogen bonds of 2.71 A (H2), forming
a kind of sheet structure along the b axis. Despite the
atactic configuration, the H1 and H2 hydrogen bonds
are formed efficiently and only few OH groups are free
in the unit cell of PVOH. In the EVOH cases, the setting
angle changes and this hydrogen-bonding system of
PVOH is deformed more or less. Although the change
is slight and the experimental error also needs to be
considered, the hydrogen bond H1 tends to become
longer for the samples with a VA content lower than
52 mol %. The H2 becomes longer for VA content lower
than 56 mol %. In the EVOH sample with low VA
content, another type of hydrogen bond (H3) is formed
as shown in Figure 7h,i. Many free OH groups are
expected for these EVOH samples because of the dif-
ficulty to form hydrogen bonds of the H1 and H2 types.
The population of free OH groups can be evaluated
roughly in the following two cases. The first one is the
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Figure 16. IR spectra of unoriented EVOH samples with VA
=0, 6, 14, and 27 mol %.
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Figure 17. VA content dependence of the setting angle (0) of
the EVOH chains (refer to Figures 5 and 6).

case where the H1 and H2 hydrogen bonds are formed
(case H1 + H2), and the second one is the case where
the H3 hydrogen bond is formed (case H3).

Case H1 + H2: Existence weights woy of the O1 and
02 hydroxy groups as the side groups are equal to each
other, 0.5, if the statistically random conformation is
assumed for the chains. When the ethylene units are
introduced into the PVOH chain, the probability that
the neighboring substituent is not an OH group is 1 —
WonXva = 1 — Xva/2, where Xya is the VA content. The
02 group is surrounded by six OH substituents as
shown in Figure 8, where the circumstances of one OH
group (0O2) are shown from the various directions.
Therefore the probability that the O2 has no OH groups
as neighbors is (1/2)(1 — Xya/2).® In the same manner,
the probability that the O1 group has no neighboring
OH groups is (/2)(1 — Xva/2).4 As a result, the total
probability to possess the free OH groups is (}/2)(1 —
Xval2)* + (M)A — Xyal2).6

Case H3: The probability that an OH group does not
form any hydrogen bond is calculated to be (X/2)(1 — Xva/
2)4 + 1Y,

The calculated relative populations of the free OH
groups of the above-mentioned two cases are shown in
Figure 9a. When we apply these calculated curves to
the actual cases, we have to consider that the hydrogen-
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Figure 18. lllustration of the transformation of the crystal structure of EVOH samples with different VA content. The structure
of the EVOH27 sample can be assumed as either (c) and (d) (refer to the text).

bonding mode changes depending on the VA content,
as indicated in the previous section. That is, the
observed curve must be compared with the calculated
curve H1 + H2 in the VA content of 100—52 mol % and
with the curve H3 in the VA content of 41—27 mol %.
Akahane et al. measured the near-IR spectra for a series
of EVOH samples and evaluated the relative intensity
of the IR bands of free OH groups as | = Afree/(Atree +
Abonded), Where Agee IS an absorbance of the O—H
stretching band of the free OH groups and Aponded is that
for the hydrogen-bonded OH groups.t” Xu et al. reported
a similar result by measuring the IR band intensities
of the C—O0 stretching modes.'® The relative intensities
of free OH bands reported by Akahane et al. and Xu et
al. are shown in Figure 9b. According to their results,
the relative amount of free OH groups increases steeply
in the vicinity in the VA content of ca. 50 mol %. By
comparing Figure 9a with 9b, we may say the calculated
curve corresponds to the observed curve, indicating that
the steep change of the observed IR intensity ratio
originates from the drastic structural change between
the monoclinic (H1 + H2) type and hexagonal (H3) type.
Group B. The crystal structures of EVOH14 and
EVOHG6 are shown in Figure 10. The setting angle (0)
of the chain is close to that of orthorhombic PE.
Temperature Factors. VA content dependence of the
temperature factors of the carbon atom [B(C)] is shown
in Figure 11. In group A, the B(C) tends to become
larger with a decrease in VA content and is maximal at
EVOH27. B(C) becomes smaller again with a further
decrease in VA content. This behavior of the tempera-
ture factor is similar with the change in the lattice
constants (Figure 2). An increase of the temperature
factors is accelerated as the crystal lattice approaches
the hexagonal type. The temperature factor determined
in the structure analysis is contributed apparently not
only by the thermal motion of the atoms but also by the
structural irregularity such as lattice strain, etc. There-
fore, the increase of the temperature factor is considered

to reflect the increasing disorder of the chain-packing
structure as well as the increasing thermal behavior.

Double Orientation. The X-ray diffraction pattern
of the doubly oriented EVOH90 sample is shown in
Figure 12a where the X-ray beam was incident along
the chain axis. Indexing of the X-ray reflections is shown
in Figure 12b. The (110) planes orient parallel to the
rolled plane, and the unit cells orient into two possible
directions by sharing the (110) plane or the twin
structure [Figure 12c]. All these features are similar to
those observed for PVOH.19

The double orientation of EVOH56 shown in Figure
13a is clearly different from that of EVOH90 shown in
Figure 12a. Indexing of the X-ray reflections is shown
in Figure 13b. Three types of orientations were possible
as shown in Figure 13c, indicating that the planes 1, 2,
and 3 can become parallel along the rolled plane, as
shown in Figure 14. The planes which give the compact
atomic arrangement may tend to be parallel to the rolled
plane. X-ray scattering intensities of the three 100
reflections shown in Figure 13a are approximately the
same and the possibility of the plane being parallel to
the rolled plane is almost the same. That is to say, the
fractions of the microcrystallites shown in Figure 14 a—c
are considered almost the same. Another assumption
may be possible that the C—C zigzag planes are statisti-
cally randomly oriented along the planes 1, 2, and 3 in
one unit cell. But the structure factors calculated for
such a model did not agree with the observed data at
all.

The X-ray diagram of the doubly oriented sample of
EVOHG68 is shown in Figure 15. The 100 reflection
appeared upward and downward in the X-ray photo-
graph like that in EVOH56. The model shown in Figure
14b is considered to be applicable to this case. But the
intensities of these 100 reflections are relatively week
compared with those of 110 reflections, suggesting that
the probability of the presence of microcrystallites
shown in Figure 14b is low. The EVOH52, EVOHA41,
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Table 72 Table 92
EVOH68 EVOH62 EVOH56 hkl  |Feps(hkl)]  |Feac(hkl)]  hkl  [Fops(hkl)]  |Feac(hkl)]|
‘Fobs ‘Fcalc |Fobs |Fcalc |F0bs |Fcalc 110 {37-5 {37-6 011 44

hkl (hKl)| (hKI)| (hKl)| (hkl)| (hk)| (hKI)| 200 32.0 32.1 111 m 3.6
100 31 28 21 25 2.4 25 o "9 s o °0
110 { 13.0 { 12.2 13.2 13.1 13.5 13.5 220 2.6 4.6 311 w 1'9
110 13.9 129 14.9 14.8 16.0 16.1 400 4'3 4'4 221w 1'4
200 9.9 11.3 134 134 14.5 14.5 ’ ’ '

= 130 1.9 2.7 231 0.9
210 1.4 2.4 131 w {O 7
210 0.9 1.5 '
020 4.0 4.0 6.7 6.5 7.1 6.2 a The sum of the observed zero-layer’s reflections and the sum
120 1.8 1.8 of the calculated zero-layer’s reflections were set to 100. The
300 2.5 2.5 observed first-layer’s reflections were indicated as medium (m) or
120 45 45 weak (w).
310 2.0 3.3 2.7 3.1 3.2 3.1
220 1.2 1.4 1.4 2.6 2.3 2.8 Table 102
pETSRD D - SN Nkl [Foos(MkD)l  [Feathk)| Al [Faos(hkD|  [Foare(kD)|
030 {3.3 {2.4 {0.8 { 1.0 110 16.9 15.8 211 2.7 1.9
130 2.4 1.8 2.2 2.8 { 1.8 { 2.3 200 12.0 13.4 121 4.0 3.0
130 1.8 1.4 2.6 3.4 2.9 3.7 210 1.9 2.2 311 2.8 3.1
420 1.0 1.2 020 6.5 7.1 221 1.2 1.8
230 1.1 1.3 310 3.2 4.8 401 1.8 3.4
420 1.3 1.6 { 1.6 { 2.0 220 2.8 4.3 321 { 1.0 1.4
510 1.3 1.6 1.5 1.9 1.6 2.0 400 2.7 2.8 411 0.4 0.6
101 1.7 2.6 1.1 3.1 0.8 3.2 320 {1.7 {2.5 031 2.4 2.6
111 5.9 5.0 {9.2 {6.2 {10.0 {6.9 410 1.2 1.7 231 2.0 1.8
201 3.8 3.1 5.7 3.8 5.1 35 130 1.8 2.2 511 1.9 2.0
211 0.9 1.3 230 1.4 1.7 141 2.4 1.3
311 3.3 2.6 4.2 3.6 4.0 3.6 520 1.1 1.4 621 1.0 0.7
221 2.5 2.0 2.9 2.8 2.6 2.6 600 0.3 0.2 531 {0.7 {0.5
401 1.2 0.8 430 1.9 1.7 341 0.9 0.6
031 1.5 1.4 0.7 1.7 040 0.4 0.4 022 1.2 1.1
501 { 1.5 {1.6 340 1.2 1.0 312 0.9 0.8
231 1.2 1.3 1.4 1.0 0.9 0.8 011 5.0 2.9 222 0.6 0.7
511 0.7 0.8 2.0 1.4 {2.0 { 1.8 111 {3.3 {2.1 322 {0.5 {0.4
601 1.5 1.1 201 6.1 3.9 412 0.4 0.3
611 1.0 0.7 i
431 1.0 0.8 2 The sum of observed reflections and the sum of the calculated
431 0.9 0.7 reflections were set to 100.

aThe sum of the observed reflections and the sum of the
calculated reflecions were set to 100.

Table 82
EVOH52 EVOH41 EVOH27

‘ Fobs ‘ Fcalc | Fobs | Fcalc | Fubs | Fcalc
hkl (hk)]| (hk)] (k)] (hki)| (hki)| (hkI)
100 3.0 3.2 2.1 2.1 0.8 0.8
110 18.7 18.6 19.9 20.0 21.4 21.4
110 22.1 22.0 24.4 24.4 26.7 26.7
200 20.3 20.2 22.8 22.8 25.3 25.3
020 7.9 7.2 6.1 5.8 5.3 4.9
310 3.7 35 4.1 3.8
310 45 4.6 5.9 5.6 5.3 5.0
220 2.8 3.2 3.8 4.3 3.8 4.3
400 5.9 57 45 5.1 3.6 4.1
410 3.8 4.3 1.4 1.6 1.3 1.5
130 {2.4 {2.4 0.5 0.4
130 3.6 3.6 2.6 2.2 2.5 2.1
420 {2.6 {2.4
510 2.6 2.4 2.4 2.0
111 {8.4 {6.9 {6.4
201 m 4.3 m 2.9 m 2.3
311 w 4.2 w {3.1 W {2.2
221 w 3.0 2.4 1.5

a The sum of the observed zero-layer’s reflections and the sum
of the calculated zero-layer’'s reflections were set to 100. The
observed first-layer’s reflections were indicated as medium (m) or
weak (w).

and EVOH27 samples were found to show the double-
orientation character similar to that of EVOH56.

IR Spectra. The IR spectra observed for EVOH27—
EVOHO are shown in Figure 16. A pair of bands at 719

Table 112
hkl [Fobs(hKI)] [Feaic(hKI)]
100 0.8 08
110 215 21.4
110 27.8 27.8
200 25.5 25.4
020 6.9 6.9
310 1.4 1.4
310 5.0 5.0
220 3.1 3.2
400 45 4.7
410 0.1 0.2
130 23 2.1
111 6.0
201 m {3.2
311 { 1.9
221 w 0.9

2 The sum of the observed zero-layer's reflections and the sum
of the calculated zero-layer’s reflections were set to 100. The
observed first-layer’s reflections were indicated as medium (m) or
weak (w).

and 731 cm~! of EVOHO(PE) corresponds to the cor-
relation splitting of the methylene rocking modes by
intermolecular vibrational coupling. A pair of bands at
1462 and 1473 cm~1 are the splitting pair of methylene
bending modes (6(CHy)).2° With an increase in VA
content, the splitting width is smaller and the relative
intensity of the 731-cm~1! band is weaker. These behav-
iors are similar to those observed in the phase transition
of PE from the orthorhombic to hexagonal phase.?! In
other words, the correlation between the ethylene
sequences of the neighboring chains becomes lower,
resulting in the observed change of the IR band profile.
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As already pointed out in the previous sections, the
EVOH27 takes the pseudohexagonal system, and the
EVOH copolymers with lower VA content change to the
structure of the orthorhombic PE type. The IR spectral
change is consistent with this structural transition
revealed by the X-ray analysis.

Crystal Structure Change of EVOH. The setting
angles 6 of EVOH samples are shown in Figure 17. 6
increases with a decrease in VA content in group A. This
tendency is seen also in group B: the 6 decreases with
an increase in VA content. The crystal structure change
deduced from the behavior of 6 is illustrated in Figure
18 where the structures of (d—f) are not actually found.
In group A, the crystal structure changes from (a) to (c)
as the VA content is decreased. Because the OH groups
can be located randomly at the various carbon atoms
in such a case of low VA content, then another model,
(d), is also possible for the crystal structure of the VA
27 mol % sample. This model, (d), can give a similar
X-ray scattering pattern to the model (c) because the
contribution of the O atoms to the scattering intensity
is relatively low. The indexing of the lattice plane and
the structure factors calculated for the two types of
structures taken for the EVOH27 sample are compared
between Appendices C and F. As a whole, the calculated
and observed intensities are relatively in good agree-
ment for both models. This result is important. The
X-ray diffraction data of the VA 27 mol % sample can
be interpreted in the two ways of monoclinic and
hexagonal unit cells. Therefore, we cannot say which
model is more proper for the VA 27 mol % sample. In
other words, we might assume the coexistence of the
structures (¢) and (d) for the samples with the VA
content close to 27 mol %, where the preferability to take
the model (c) or (d) depends sensitively on the VA
content. That is, VA content of ca. 27 mol % may be a
boundary in the structure transition between groups A
and B. If we accept model (d) for the VA 27 mol %
sample, then we can take another type of unit cell as
shown by broken line in model (e). The structure shown
by the broken line is equivalent to model (f) with the
unit cell parameters a' and b’, which is the unit cell of
the orthorhombic type. Figure 18h is the crystal struc-
ture of EVOHO(PE) and Figure 18g is that of EVOH14.
The setting angle 6 tends to decrease with an increase
in VA content in group B. If the 6 decreases furthermore
and approaches zero, then the crystal structure results
in that shown in Figure 18f, which is just equal to the
structure (e) or (d). In this way, the packing mode of
chains can change gradually and continuously by in-
troducing the ethylene unit into the PVOH chain. To
confirm the reasonability of this structural transforma-
tion model shown in Figure 18, an existence of the
structure model (e) must be checked. More concretely,
a structural change from model (g) to model (f) is needed
to be checked. For example, the structure analysis of
the sample with a VA content of ca. 20 mol % is
required, although it has not yet been made because of
a lack of a corresponding sample.

Conclusions

The crystal structure was determined for a series of
ethylene—vinyl alcohol copolymers (EVOH). It was
revealed that all the EVOH samples can crystallize and
the crystal structure changes continuously with change
in the copolymer composition. Such a continuous struc-
tural change is considered to come from the statistically
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disordered packing structure which consisted of a
random arrangement of ethylene and vinyl alcohol
units. EVOH samples with 100—27 mol % VA content
take the structure of the poly(vinyl alcohol) (PVOH) type
and approach the hexagonal structure with a decrease
in VA content. EVOH samples with 14—6 mol % VA
content show the crystal structure of the polyethylene
(PE) type. A boundary of crystal structure transforma-
tion between the PVOH type and PE type is considered
to be located at a VA content between 27 and 14 mol %
because the X-ray pattern can be interpreted almost
equally on the basis of both the PVOH- and PE-type
structure models. The continuous structural change
between PVOH- and PE-type structures may be caused
by a continuous change of the setting angle of the zigzag
chains as shown in Figure 18. Computer simulation
might be useful to confirm this speculative structure
change.
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Appendix A

Table 6 shows a comparison between the observed and
calculated intensities of different reflections of EVOH100,
EVOH95, and EVOH90.

Appendix B

Table 7 shows a comparison between the observed and
calculated intensities of different reflections of EVOHG68,
EVOH62, and EVOH56.

Appendix C

Table 8 shows a comparison between the observed and
calculated intensities of different reflections of EVOH52,
EVOH41, and EVOH27.

Appendix D

Table 9 shows a comparison between the observed and
calculated intensities of different reflections of EVOH14.

Appendix E

Table 10 shows a comparison between the observed
and calculated intensities of different reflections of
EVOHS6.

Appendix F

Table 11 shows a comparison between the observed
and calculated intensities of different reflections of the
model (d) shown in Figure 18.
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