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The phase structure composed of the crystalline and non-crystalline phases, in particular the structure of
the non-crystalline phase and hydrogen bonding, has been examined for poly(vinyl alcohol) (PVA) single
crystals with different molecular weights by cross-polarization/magic angle spinning '3C n.m.r., differential
scanning calorimetry and X-ray measurements. Although the molecular weight is vigorously decreased for
the single crystals conventionally prepared from triethylene glycol solution, no reduction in molecular
weight occurs when they are crystallized in a triethylene glycol/glycerol mixed solvent after dissolution at
relatively low temperatures. According to the method previously reported, the triplets of the CH resonance
lines of the crystalline and non-crystalline components have been analysed to obtain information about
the intramolecular and intermolecular hydrogen bonds. It is found that the probability of formation of
intramolecular hydrogen bonds in the meso sequence greatly differs between the crystalline and non-
crystalline components, slightly or insignificantly depending on the molecular weight and the crystallization
condition. It is finally concluded that PVA single crystals are composed of a crystalline phase with a
thickness of about 8.0 nm and a non-crystalline overlayer with a thickness of about 2.0 nm. Moreover, the
non-crystalline overlayer should consist of short loops with rather restricted molecular mobility compared
to the mobility of the amorphous component.

(Keywords: poly(vinyl alcohol); solid structure; single crystals)

INTRODUCTION

It is well known that lozenge-shaped single crystals with
a thickness of about 10nm are grown when linear
polyethylene is crystallized from a dilute solution!™*. An
early selected-area electron diffraction study clearly
revealed that the chain stem of polyethylene is perpen-
dicular to the basal plane of the single crystal as a result
of chain folding on the growing lamellar surface.
However, the detailed structure of the folding part on
the single crystal overlayer is still a controversial subject,
probably owing to the scarcity of appropriate analytical
methods. We have recently found by high-resolution
solid-state 13C n.m.r. spectroscopy that the non-crystalline
overlayer of polyethylene single crystals, whose thickness
is estimated to be about 2 nm, is composed of relatively
short loops with restricted molecular mobility®. This
region corresponds well to the interfacial region, defined
as a transition region between the highly ordered crystal-
line and completely amorphous regions®, in the bulk-
crystallized polyethylene samples®’~. A more recent
study!®*! by dark-field electron microscopic imaging has
also revealed for edge-on single crystals of polyethylene
grown epitaxially on NaCl crystal surfaces that there exist
somewhat disordered overlayers with a thickness of about
3nm which do not contribute to the (002) reflection of
the edge-on polyethylene crystals.
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In the case of conventional, almost atactic poly(vinyl
alcohol), single crystals with a thickness of 10-15nm are
produced when it is crystallized at high temperatures
from solutions in polyhydric alcohols such as triethylene
glycol’>71° The molecular chains with the planar zigzag
conformation are also folded perpendicular to the basal
plane of the single crystal, but there is no report of the
detailed structure of the folding overlayer. In the work
described in this paper we have examined the phase
structure composed of the crystalline and non-crystalline
regions, especially the structure of the overlayer, of
poly(vinyl alcohol) (PVA) single crystals as well as the
hydrogen bonding in both regions by high-resolution
solid-state !3C n.m.r. spectroscopy, as used for the
characterization of PVA films or fibres!6~'% For this
purpose we have also developed a modified crystallization
method to prepare high molecular weight PVA single
crystals without decomposition at high temperatures.

EXPERIMENTAL

Samples

Three types of PVA samples with viscosity-average
degrees of polymerization (DP) of 1700, 7600 and 15 500,
provided by Kuraray Co. Ltd, were used without further
purification. The levels of saponification were more than
0.999 for these samples and the triad tacticities deter-
mined by gated scalar decoupling *3C n.m.r. spectroscopy
in solution were almost the same as the tacticity reported
previously for almost atactic PVA*S,
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Figure 1 Electron micrograph and the corresponding selected-area
electron diffraction pattern for a PVA single crystal prepared from
triethylene glycol solution

Preparation of PV A single crystals

A 0.3wt% PVA solution in triethylene glycol (TEG)
was prepared as follows. The dried PVA sample with
DP=1700 was immersed in TEG under an atmosphere
of argon, heated up to 250°C at a rate of about
3-4°Cmin !, and then dissolved for about 1 h by stirring.
After complete dissolution, the solution was rapidly
cooled to 194°C. Crystallization was carried out by
cooling the solution at a rate of 1°Ch~?, Alternatively,
PVA samples with different molecular weights were also
crystallized in a mixed solvent of TEG and glycerol in
order to suppress degradation by dissolving them at
somewhat lower temperatures (see later). After separation
from the crystallization medium with a glass filter, the
PVA single crystals were purified by immersing them in
methanol at 40°C. The crystals were then dried as a
powder at 50°C for about two days under vacuum.

3C n.m.r. measurements

High-resolution solid-state !*C n.m.r. measurements
were conducted on a JEOL JNM-FX200 spectrometer
operating at a static magnetic field of 4.7 T and equipped
with a variable temperature/magic angle spinning (v.t./
m.a.s.) system. The detailed procedure has been described
in an earlier paper'®. Each PVA sample was packed into
an mas. rotor with an O-ring seal to prevent the
absorption of moisture during n.m.r. measurements'®.
13C chemical shifts were expressed as values relative to
tetramethylsilane (Me,Si) by using the CH, line at
32.89 ppm of the orthorhombic crystalline component of
polyethylene as an external reference.

RESULTS AND DISCUSSION

Formation of PV A single crystals
Figure I shows a transmission electron micrograph

and the corresponding selected-area electron diffraction
pattern for the PVA single crystals with DP =1700 pre-
pared from the TEG solution. It has been confirmed that
the same PVA single crystals are grown in TEG as those
previously reported by Tsuboi and coworkers!?!4:13,
Nevertheless, gel permeation chromatography (g.p.c.)
revealed for a sample acetylated in an acetic anhydride-
pyridine system that the molecular weight of the single
crystals is reduced to about one fifth that of the original
PVA sample. Since such a vigorous degradation will
occur during dissolution at 250°C, we have reduced the
dissolution temperature to 185°C by using a TEG/glycerol
(1 g/1 g) mixed solvent. After complete dissolution a given
amount of TEG was added, keeping the temperature at
193-195°C, and the crystallization was carried out by
decreasing the temperature at a rate of 1°Ch™!. As a
result, it has been confirmed that somewhat longer
parallelogram-like single crystals are also produced for
PVA samples with different molecular weights in this
solvent system. Moreover, almost no reduction in
molecular weight has been found for the single crystals
by g.p.c. performed after the conversion to poly(vinyl
phenyl ether) with phenyl isocyanate. Since the ratio of
the length to the width of the single crystals is increased
with increasing content of glycerol in accord with an
earlier result'®, the final composition (TEG/glycerol) of
the mixed solvent was set to be 9g/1 g in this work in
order to obtain better-shaped single crystals.

In Table I are summarized the degrees of crystallinity,
long spacings and melting temperatures of PVA single
crystals with different molecular weights. Here, the
degrees of crystallinity were determined by differential
scanning calorimetry (d.s.c.) assuming the melting en-
thalpy?? of the PVA crystals to be 6.99kJmol ™!, The
long spacing was determined from a small-angle X-ray
scattering pattern, which was obtained as an edge view
for several stacked mats of PVA single crystals. These
mats were prepared by hot pressing at 181°C under a
pressure of 200kgcm ™2 The melting temperature was
determined as the peak temperature of the d.s.c. endo-
thermogram. Although the crystallinity is almost the
same (0.64-0.67) for all these samples, the long spacing
somewhat increases with increasing molecular weight for
PVA single crystals prepared in the TEG/glycerol mixed
solvent. Such a dependence of the lamellar thickness is
also evidently reflected in the change in melting tem-
perature. This fact suggests that thicker lamellae should
be grown for a higher molecular weight sample because
higher molecular weight PVA will be crystallized at a
higher temperature in this solvent system.

Table 1 Degrees of crystallinity, long periods and melting temperatures
of PVA single crystals with different molecular weights

TEG/ I T, ¢
Sample Dpe glycerol ratio x.’ (nm) °C)
SC2p 1700 10/0 0.635 11.6 230
SC2 1700 9/1 0.665 11.6 229
SC8 7600 9/1 0.649 12.1 232
SC16 15500 9/1 0.666 125 237

“Viscosity-average degree of polymerization
*Degree of crystallinity determined by d.s.c., assuming the heat of
fusion for PVA crystals to be 6.99 kJ mol ~*
‘Long period determined by small-angle X-ray scattering for sedi-
mented mats of single crystals

4Determined as a peak temperature by d.s.c.
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Figure 2 The 50 MHz c.p./m.as. *3C n.m.r. spectra of different PVA
single crystals at room temperature

Cross-polarization/magic angle spinning (c.p./m.a.s.)
3C n.m.r. spectra

Figure 2 shows the 50MHz c.p./m.as. 3C nmr.
spectra of different PVA single crystals at room tem-
perature. Here, the contributions from the materials used
for the m.a.s. rotor and the probe were removed by
subtracting spectra obtained for blank measurements. In
accord with the spectra of PVA films with different
tacticities!®%! and atactic PVA fibres'®, the CH reson-
ance splits into three lines (labelled I, IT and II) for the
respective single crystals. These lines can be assigned to
the CH carbons with two, one and no intramolecular
hydrogen bonds in the triad sequences in both the
crystalline and non-crystalline regions' '8, In order to
separate the contributions of the crystalline and non-
crystalline components, we have examined the !3C
spin-lattice relaxation process for these single-crystal
samples in detail.

I3C spin-lattice relaxation

In Figure 3 the logarithmic peak intensities of the CH
carbon line II, measured at room temperature by the
CPTI1 pulse sequence?®, are plotted against the decay
time for PV A single crystals with DP =15 500 (SC16). The
total decay curve, indicated by open circles, appears not
to be described in terms of a single exponential. Similarly
to the cases of the films and fibres!5-18 this decay curve
was resolved into three components with different
spin-lattice relaxation times (T, ¢), as shown by the dashed
lines in Figure 3. Since the composite line (solid line) of
the three components is in good accord with the observed
points, it should be concluded that there exist three
components with different T, values in this sample. By
analogy with the case of PVA films'é, the plots with
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Ti¢=54.0s,12.3s and 2.9s are assigned to the crystalline,
the less mobile non-crystalline and somewhat more
mobile non-crystalline components, respectively. Such a
difference in molecular mobility in the non-crystalline
components may be due to the difference in conforma-
tional freedom. Three similar components were also
recognized for the CH, resonance line of SC16 and for
both the CH and CH, lines of other PVA single crystals.
Table 2 lists the T values of the CH and CH,
resonance lines of the various samples, obtained by the
CPT]1 pulse sequence. Here, only the longer two T, were
measured for SC2P, although a similar component with
the shortest T, was also confirmed qualitatively for this
sample. There is no large difference in 7, among the
corresponding components but the T, values of the
crystalline components increase slightly with increasing
molecular weight for the single crystals prepared in the
mixed solvent. This fact seems to correspond to the
increases in long period and T;, with increasing molecular
weight, as shown in Table 1. Since the natural abundance
of 1*C nuclei is about 1.1%, *3C spin diffusion is normally
suppressed to a very low level. Nevertheless, the '3C
magnetization of the crystalline region will be relaxed in
the non-crystalline region through spin diffusion from
the crystalline region to the non-crystalline region when
the Tic in the crystalline region is considerably longer
than that in the non-crystalline region. Under such
circumstances T;c values observed for the crystalline
component should be assumed to depend on the size of
the crystallites. In fact, it has been found that T, values
are evidently increased with increasing lamellar thickness
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Figure 3 Semilogarithmic plots of the peak intensities (M(t)) for line
I of the CH resonance for PVA single crystals (SC16) as a function of
time

Table 2 !3C spin-lattice relaxation times of the various resonance
lines of different PVA single crystals, measured at room temperature

Tic(s)
Sample 1 i1 I CH,
SC2P  53.8,80,—  46.5, 85-" 501,102,  548,104,-°
SC2 380,8.8,19 460,109,25 450, 73,09 480, 7.1,14

SC8 44.8,8.0,2.3
SC16  45.0,7.1,08

52.0,109,1.4
54.0,12.3,29

53.0,100,20 50.0, 8.7,0.3
500, 93,22 520, 95,10

“Not measured
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Figure 4 Partially relaxed !3C n.m.r. spectra of PVA single crystals
(SC2P) measured at 100°C by the modified saturation recovery
method®-??

for linear polyethylene samples isothermally crystallized
from the melt®>22. Accordingly, in the case of PVA the
increase in T, values mentioned above may also be due
to the increment in lamellar thickness with increasing
molecular weight. This also suggests the existence of some
contribution of the '3C spin diffusion to the T, values
in PVA samples.

As described above, the degrees of crystallinity deter-
mined by d.s.c. are listed in Table 1. Although we tried
also to determine the degrees of crystallinity by analysing
the 13C spin-lattice relaxation process, it was practically
difficult to make precise measurements because of the
long T, values of the crystalline components at room
temperature. In this work, therefore, we have analysed the
spin-lattice relaxation process at 100°C, where the T,
values of both crystalline and non-crystalline components
are significantly reduced by the onset of enhanced
molecular motions. However, the cross-polarization (c.p.)
efficiencies should be very different in the crystalline and
non-crystalline regions owing to the significant difference
in molecular mobility between these two regions. This
makes the use of the CPT1 pulse sequence®®, which
includes the c.p. technique, inappropriate for the precise
determination of the degree of crystallinity. We have
employed the saturation recovery pulse sequence’23
modified for solid-state measurements in this work.

Figure 4 shows partially relaxed '3C n.m.r. spectra of
SC2P measured at 100°C by the modified saturation
recovery method>*3, where ¢ is the decay time for the
spin-lattice relaxation. In this case the backgrounds from
the materials used for the m.a.s. rotor and the probe were
removed by subtracting spectra obtained for blank
measurements from the observed spectra. As is clearly
seen for spectra obtained for t<1s, the CH resonance

line seems to be a singlet with a rather broad linewidth.
This indicates that there exists a non-crystalline com-
ponent with a very short T ¢ in which intramolecular
and intermolecular hydrogen bonds are rapidly exchanged
or partly broken by the enhanced molecular motion
above T,. In Figure 5 the integrated intensities of the CH,
lines shown in Figure 4 are plotted against decay time ¢
as open circles. These observed points are nicely analysed
by assuming the existence of three components with
different T, values. Here, the solid line indicates the
composite curve for the three components whose decays
are shown as dashed lines. As a result, the fraction of the
component with T,-=35s, which corresponds to the
component with T,.=54.8 s at room temperature shown
in Table 2, is estimated to be 0.622, in good accord with
the degree (0.635) of crystallinity determined by d.s.c. This
plot is therefore assigned to the crystalline component.
Asexpected, it is also found that the degree of crystallinity
can be determined for PVA by the saturation recovery
method, although it may frequently be time consuming.
The other two plots should be ascribed to the non-
crystalline components. Of these the component with the
shortest T, ., which may undergo much enhanced motion,
corresponds to the component detected as a broad CH
singlet in Figure 4, because there also exist three similar
components with different T, values for the CH line.
The plot with T;-=2.4s should be simply assigned to
the glassy, non-crystalline component, because 100°C is
still close to the T, (70 or 85°C?*) of PVA.

Spectra of the crystalline and non-crystalline components

Figure 6 shows the CH resonance lines for the
crystalline components of the different PVA single
crystals, which were selectively measured at room
temperature using the CPT1 pulse sequence?® by setting
the delay time!® to 60s. In this figure the results of
lineshape analyses obtained by a computer-aided least-
squares method are also shown. Although an additional
contribution must be introduced to line III, the composite
curve (dashed line) of lines I, II and III is in good accord
with the observed spectrum for each sample. Here, the
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Figure 5 Plots of the integrated intensities (Mc(t)) for the CH,
resonance line shown in Figure 4 as a function of time: (—-) composite
curve of the three components obtained by the least-squares method;
(-—-) components with different T}, values
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Figure 6 Lineshape analyses for the CH lines of the crystalline
components of different PVA single crystals

respective component lines can be assumed to be
Gaussian curves. The up-field component of line III,
referred to as line I11;, was also observed for the crystalline
components in almost atactic PVA films containing some
water!® and in PVA fibres with different draw ratios!®.
According to an earlier assignment, line III; is assigned
to the CH carbon connected to the OH group with no
intramolecular or intermolecular hydrogen bonds. Line
I11; does not appear for dried PVA films!® and the
fraction of this line is increased for PVA fibres with
increasing draw ratio!8. The existence of line III; for PVA
single crystals suggests, therefore, that some strain may
be induced in the crystalline region with the progress of
crystallization. On the other hand, the down-field
component of line ITT, designated as line III,, corresponds
to the original line I11'® and thus should be assigned to
the CH carbon having the OH group only associated
with intermolecular hydrogen bonds.

Figure 7 shows the CH resonance lines of the
non-crystalline components for different PVA single
crystals, obtained by subtracting the spectra of the
crystalline components (Figure 6) from the total spectra
(Figure 2) by use of a previously reported method'® and
using the results of lineshape analyses from the least-
squares method. In this case, the composite curves
(dashed lines) from lines I, IT and III, which are assumed
to be Gaussian, are also in good accord with the observed
spectra for the respective single crystals. From these
results, it is concluded that there is no OH group free
from intermolecular hydrogen bonding in the non-
crystalline region, because line III; is not detected for the
non-crystalline components of these single crystals.

Table 3 compiles the integrated fractions, chemical
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shifts and linewidths of the respective components of the
CH resonances for the crystalline and non-crystalline
components of different single crystals, obtained by the
lineshape analyses in Figures 6 and 7. The chemical shifts
and linewidths almost stay constant irrespective of the
crystalline or non-crystalline component for different
single crystals. Since the integrated fractions shown in
this table contain the effects of the difference in T, for
the respective lines of the crystalline components, the
fractions in the non-relaxed state were obtained using
the T, values shown in Table 2 by a procedure reported
elsewhere!®. Moreover, there is no significant difference
in T between lines III, and ITl;. It should also be noted
here that the relative intensities of the respective
resonance lines are almost proportional to chemical
composition for spectra of dried PVA samples obtained
even by the c.p. method under the conditions employed
in this work, as discussed in detail in an earlier paper®®.
In Table 4 the corrected fractions thus obtained are
shown as observed fractions. In addition, the sum of the
fractions of lines 111, and III; is assumed to be the fraction
of line III for the further treatment described below.

Table 4 also shows the calculated fractions of lines I,
IT and III for the crystalline and non-crystalline com-
ponents of different single crystals, obtained so as to fit
the observed fractions by the least-squares method,
together with the optimal probabilities p, for the
formation of intramolecular hydrogen bonds in the meso
sequence and the fractions F, of OH groups associated
with intramolecular hydrogen bonds. In this optimization
we used equations previously derived by statistical
treatments'”2° for the formation of the intramolecular
or intermolecular hydrogen bond in all possible triad-
tetrad and triad-triad pairs in the neighbouring two or
three chains on the basis of the crystal structures
proposed by Sakurada et al.>® and Bunn?’.

SC2

ppm from MeySi

Figure 7 Lineshape analyses for the CH lines of the non-crystalline
components of different PVA single crystals
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Table3 Integrated fractions, chemical shifts and linewidths of lines I, II and ITI of the CH carbons for the spectra of the crystalline and non-crystalline

components of different PVA single crystals

Integrated fraction”

Chemical shift (ppm)

Linewidth (Hz)

Sample 1 i 111, I, I 1 11, 1L, I I 1L, I,
Crystalline
SC2p 0.131 0474 0.333 0.062 76.9 711 65.0 62.5 172 194 163 91
SC2 0.097 0477 0.364 0.062 717.2 714 65.0 62.5 164 193 171 97
SC8 0.097 0.473 0.364 0.066 76.8 71.0 64.7 62.3 169 190 166 95
SC16 0.093 0.476 0.370 0.061 71.5 71.5 65.0 62.4 169 190 172 93
Non-crystalline
SC2P 0.195 0.491 0314 770 71.6 66.3 186 188 193
SC2 0.211 0.510 0.279 76.7 71.0 65.5 195 211 183
SC8 0.186 0.509 0.305 76.7 70.9 65.5 178 215 191
SCl16 0.181 0.503 0316 76.8 71.1 65.5 176 209 202
9 Uncorrected; for corrected fractions, see Table 4
Table 4 Observed and calculated fractions of the CH lines I, IT and e ST L_,
111 for different PVA single crystals i —0 |
! \O_' I
. ! 1
Observed fraction Calculated fraction ' () I
n, SNO—4 1!
Sample 1 11 m 1 8| m pt  Fp 1 O | !
) O—
Crystalline ] I
SC2P 012 050 038 012 050 038 051 038 P m— m* -
SC2 012 046 042 010 048 042 036 035
SC8 011 047 042 010 048 042 036 035 U S o
SCl16 011 045 044 009 046 045 029 034 : 0 11
. i et |
Non-crystalline | |
SC2P ~ 022 046 032 016 053 031 087 052 ! 5 pot o J LU
SC2 021 051 028 0.18 054 0.28 098 0.66 ! :
SC8 017 053 030 017 053 030 091 0.55 'O O |
SCl6 016 049 035 016 052 032 080 044 Sl I I
mr mr
“ Probability for the formation of the intramolecular hydrogen bond
in the meso sequence | e Sttt i
®Fraction of OH groups associated with intramolecular hydrogen ! 00— !
bonds | —'(‘J }
I ( ’
] ,__O }
: : 1Y ol
Figure 8 shows some examples for the formation of } 0 :
intramolecular and intermolecular hydrogen bonds in the ; ~0— !
triad-tetrad and triad-triad sequences according to the B fn_r_r_'J

crystal structure model of Sakurada et al.?®. Here, each
arrow indicates the direction of the hydrogen bond
involving the OH group. In these cases, the CH carbons
in the triads, designated as filled circles, contribute to
resonance lines I, IIT and I in that order from the top
to the bottom in Figure §.

The agreements between observed and calculated
fractions are quite good for the respective components
of different single crystals. The p, and F, values are in the
ranges 0.29-0.51 and 0.34-0.38, respectively, for the
crystalline component. Since p,=0.5 means that intra-
molecular and intermolecular hydrogen bonds are equally
probable, such low p, values indicate somewhat prefer-
ential formation of the intermolecular hydrogen bonds
in the meso sequence in the crystalline region. Although
there is almost no effect of molecular weight on p, for
the crystalline component, some significant increase in
p. can be recognized for single crystals (SC2P) prepared
in TEG compared to p, for other samples crystallized in
the TEG/glycerol mixed solvent.

Such a difference in p, may be related to the difference
in shape of single crystals and then to the difference in

Figure 8 Triad-tetrad and triad-triad pairs which may form intra-
molecular and intermolecular hydrogen bonds along three PVA chains
in the crystalline region in the case of the crystal structure proposed
by Sakurada et al.2°; (@) CH carbons associated with the triplet splitting
of the c.p./m.a.s. 13C n.m.r. spectrum; (O) oxygen atoms

growth rates of growing planes in the two solvent systems;
as mentioned above, the ratio of the length to the width
of parallelogram-like single crystals is larger for the single
crystals prepared in TEG/glycerol than for those crystal-
lized in TEG. Since the long and short sides correspond
respectively to the (101) and (100) planes, the growth rate
of the (100) plane is much higher than that of the (101)
plane in the TEG/glycerol solvent compared to the case
in TEG. It should therefore be noted that the higher
growth rate of the (100) plane may be associated with
the smaller p, value, and thus it may originate from the
dominant formation of intermolecular hydrogen bonds
perpendicular to the (100) plane. Although the crystal
structure of PVA is still a controversial subject, the above
discussion supports the model of Sakurada et al.?®, where
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Figure 9 Schematic structure of PVA single crystals

the intermolecular hydrogen bonds are formed almost
along the a axis.

On the other hand, the p, values of the non-crystalline
components are much higher than those of the crystalline
components, being 0.80-0.98. This indicates that the
intramolecular hydrogen bonds are predominantly formed
in the meso sequences in the non-crystalline region.
Similar results were also obtained for the non-crystalline
components of PVA films!®!7 and fibres!3,

Phase structure of PV A single crystals

On the basis of the results obtained in this work, the
schematic structure of PVA single crystals is shown in
Figure 9. Here, the thicknesses of the crystalline and
non-crystalline phases, designated as I, and [, respec-
tively, are calculated from the following equations

l.=Lv,
L=L(1-v)/2

where L is the lamellar thickness, which is deduced to
be equal to the long period, and v, is the volume fraction
of the crystalline phase. Assuming the densities?* of the
crystalline and non-crystalline phases to be respectively
1.345 and 1.269 gcm 3, the I_ values are estimated to be
7.2-8.2 nm for PVA single crystals, and these are slightly
increased with increasing molecular weight for single
crystals prepared in the TEG/glycerol system. On the
other hand, the thickness of the non-crystalline overlayer
is as small as 2.0-2.2nm for these PVA single crystals.
This thickness is almost the same as for polyethylene
single crystals®. From the model structure of polyethylene
single crystals, it should therefore be concluded that
rather short loops also form the non-crystalline overlayer
for PVA single crystals. Moreover, intramolecular and
intermolecular hydrogen bonds are formed in both
crystalline and non-crystalline regions, and the prob-
ability of formation for the intramolecular hydrogen
bond is less than 0.5 in the crystalline region, whereas
its probability increases up to over 0.8 in the non-
crystalline region.

As shown in Figures 4 and 5, the mobile non-crystalline
component with T;-=0.3s is observed at 100°C to-
gether with the glassy non-crystalline component with
T,c=2.4s. However, the former cannot be the rubbery
amorphous component, as in the case of polyethylene
single crystals. According to the calculation of Flory
et al?®, based on the lattice model, the crystalline—
amorphous interphase, defined as a transition region
between the oriented crystalline region and the com-
pletely disordered (amorphous) region, has a thickness
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of 1.5-20nm for polyethylene. We have also experi-
mentally determined the thickness of the interphase to
be about 3.0nm for polyethylene fractions isothermally
crystallized at 130°C from the melt>. In the case of PVA,
the interphase should not be much thinner compared to
polyethylene, although the effect of hydrogen bonds is
not quantitatively elucidated yet. Accordingly, the non-
crystalline overlayer of PVA single crystals whose
thickness is about 2.0nm seems to be composed of only
the interphase, resulting in no appearance of the rubbery
amorphous component above T,. In fact, 1*C spin-spin
relaxation measurements have revealed that the non-
crystalline component does not contain a rubbery
amorphous component with a !3C spin-spin relaxation
time (Tyc) of the order of milliseconds®; instead, it
contains a less mobile component with T,c less than
100 us, which corresponds to the interfacial component.

In summary, PVA single crystals consist of a crystalline
phase with a thickness of about 8.0nm and a non-
crystalline overlayer with a thickness of about 2.0 nm.
The overlayer is composed of relatively short loops folded
back to the crystalline phase similar to the non-crystalline
region of polyethylene single crystals. Accordingly, the
non-crystalline phase of PVA single crystals corresponds
to the crystalline—-amorphous interphase defined by Flory
et al.*®, and thus no rubbery amorphous component ever
appears above T,
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