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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 13C 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 8.0nm and a non-crystalline overlayer with a thickness of about 2.0nm. Moreover, the 
non-crystalline overlayer should consist of short loops with rather restricted molecular mobility compared 
to the mobility of the amorphous component. 
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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 1-4. 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 s. This 
region corresponds well to the interracial region, defined 
as a transition region between the highly ordered crystal- 
line and completely amorphous regions 6, in the bulk- 
crystallized polyethylene samples 5'7-9. A more recent 
study~ o.11 by dark-field electron microscopic imaging has 
also revealed for edge-on single crystals of polyethylene 
grown epitaxiaUy on NaC1 crystal surfaces that there exist 
somewhat disordered overlayers with a thickness of about 
3 nm 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--15 nm are 
produced when it is crystallized at high temperatures 
from solutions in polyhydric alcohols such as triethylene 
glycol 12-~5. 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-~s. 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 13 C n.m.r, spectroscopy 
in solution were almost the same as the tacticity reported 
previously for almost atactic PVA Is. 
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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  PVA single crystals 
A 0.3 wt% 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 ~ ° C  min-  1, 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 I°C h-1. 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. 

13C n.m.r, measurements 

High-resolution solid-state 13C 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 16. Each PVA sample was packed into 
an m.a.s, rotor with an O-ring seal to prevent the 
absorption of moisture during n.m.r, measurements 16. 
13C chemical shifts were expressed as values relative to 
tetramethylsilane (Me4Si) by using the C H  2 line at 
32.89 ppm of the orthorhombic crystalline component of 
polyethylene as an external reference. 

RESULTS AND DISCUSSION 

Formation of  PVA single crystals 
Figure 1 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 12'14'15. 
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 I°C h-1. 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 19, the final composition (TEG/glycerol) of 
the mixed solvent was set to be 9 g/1 g in this work in 
order to obtain better-shaped single crystals. 

In Table 1 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 2° of the PVA crystals to be 6.99 kJmol-1 .  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 200 kg cm-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 ofcrystallinity, long periods and melting temperatures 
of PVA single crystals with different molecular weights 

TEG/ L c Tmd 
Sample DP = glycerol ratio xc b (nm) (°C) 

SC2P 1 700 10/(3 0.635 11.6 230 
SC2 1 700 9/1 0.665 11.6 229 
SC8 7 600 9/1 0.649 12.1 232 
SC16 15 500 9/1 0.666 12.5 237 

"Viscosity-average degree of polymerization 
b Degree of crystallinity determined by d.s.c., assuming the heat of 
fusion for PVA crystals to be 6.99 kJ mol - 1 
c Long period determined by small-angle X-ray scattering for sedi- 
mented mats of single crystals 
a Determined as a peak temperature by d.s.c. 

POLYMER Volume 35 Number 12 1994 2517 



Phase structure of poly(vinyl alcohol) single crystals: S. Hu et al. 

CH CH 2 

I ~  SC2P 

$02 

~.~ $016 
,.,.,,L,,,,,,,L.,w.,,.I..,.I,.,,I,,,,,,.,,I,..,I.,,I.,,I,,,,I..,I.,,I, 

80 60 40 20 
ppm from Me4Si 

Figure 2 The 50 MHz c.p./m.a.s. 13C n.m.r, spectra of different 
single crystals at room temperature 

PVA 

Txc = 54.0 s, 12.3 s and 2.9 s 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 CH2 resonance line of SC16 and for 
both the CH and CH2 lines of other PVA single crystals. 

Table 2 lists the Txc values of the CH and CH 2 
resonance lines of the various samples, obtained by the 
CPT1 pulse sequence. Here, only the longer two Txc were 
measured for SC2P, although a similar component with 
the shortest T~c was also confirmed qualitatively for this 
sample. There is no large difference in Ttc among the 
corresponding components but the T~c 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 ~ 3C nuclei is about 1.1%, 13 C spin diffusion is normally 
suppressed to a very low level. Nevertheless, the ~aC 
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 Tac 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 Tic values 
are evidently increased with increasing lamellar thickness 

Cross-polarization~magic angle spinning (c.p./m.a.s.) 
13C n.m.r, spectra 

Figure 2 shows the 50MHz c.p./m.a.s, a3C n.m.r. 
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 1°'21 and atactic PVA fibres ~a, the CH reson- 
ance splits into three lines (labelled I, II and III) 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 tr-~a. 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. 

13C spin-lattice relaxation 
In Figure 3 the logarithmic peak intensities of the CH 

carbon line II, measured at room temperature by the 
CPT1 pulse sequence 2°, are plotted against the decay 
time for PVA 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 16't8, this decay curve 
was resolved into three components with different 
spin-lattice relaxation times (Ttc), 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~c values in this sample. By 
analogy with the case of PTCA films xr, the plots with 

( 
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Figure 3 Semilogarithmic plots of the peak intensities (Mc(t)) for line 
II of the CH resonance for PVA single crystals (SC16) as a function of 
time 

Table 2 13C spin-lattice relaxation times of the various resonance 
lines of different PVA single crystals, measured at room temperature 

T~ c (s) 

Sample I II II1 CH 2 

SC2P 53.8,8.0, -~ 46.5, 8.5, -a 50.1,10.2, -= 54.8,10.4, -= 
SC2 38.0,8.8, 1.9 46.0, 10.9,2.5 45.0, 7.3,0,9 48.0, 7.1, 1.4 
SC8 44.8,8.0,2.3 52.0,10.9,1.4 53.0,10.0,2.0 50.0, 8.7,0.3 
SC16 45.0,7.1,0.8 54.0,12.3,2.9 50.0, 9.3,2.2 52.0, 9.5,1.0 

, 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 5,23 

for linear polyethylene samples isothermally crystallized 
from the melt 5'22. Accordingly, in the case of PVA the 
increase in T~c 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~c 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 ~ 3C spin-lattice relaxation process, it was practically 
difficult to make precise measurements because of the 
long Tic 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~c 
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 2°, which 
includes the c.p. technique, inappropriate for the precise 
determination of the degree of crystallinity. We have 
employed the saturation recovery pulse sequence 5'23 
modified for solid-state measurements in this work. 

Figure 4 shows partially relaxed 13C n.m.r, spectra of 
SC2P measured at 100°C by the modified saturation 
recovery method 5'23, where t 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 < 1 s, 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 Tic in which intramolecular 
and interrnolecular hydrogen bonds are rapidly exchanged 
or partly broken by the enhanced molecular motion 
above T~. In Figure 5 the integrated intensities of the CH 2 
lines shown in Figure 4 are plotted against decay time t 
as open circles. These observed points are nicely analysed 
by assuming the existence of three components with 
different Tic 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 Tlc=35s,  which corresponds to the 
component with T~c = 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. 
As expected, 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~c, 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~c values for the CH line. 
The plot with Txc=2.4 s should be simply assigned to 
the glassy, non-crystalline component, because 100°C is 
still close to the Tg (70 or 85°C 24) 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 2° by setting 
the delay time 16 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 (Me(t)) for the CH 2 
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 Tic 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 IIIf, was also observed for the crystalline 
components in almost atactic PVA films containing some 
water 16 and in PVA fibres with different draw ratios ~8. 
According to an earlier assignment, line IIIf is assigned 
to the CH carbon connected to the OH group with no 
intramolecular or intermolecular hydrogen bonds. Line 
IIIf does not appear for dried PVA films 16 and the 
fraction of this line is increased for PVA fibres with 
increasing draw ratio 1 a. The existence of line IIIf 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 III, designated as line III b, corresponds 
to the original line III~6 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 ~6 and 
using the results of lineshape analyses from the least- 
squares method. In this case, the composite curves 
(dashed lines) from lines I, II 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 IIIf is not detected for the 
non-crystalline components of these single crystals. 

Table 3 compiles the integrated fractions, chemical 

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~c for 
the respective lines of the crystalline components, the 
fractions in the non-relaxed state were obtained using 
the Tic values shown in Table 2 by a procedure reported 
elsewhere ~6. Moreover, there is no significant difference 
in T~c between lines III b and IIIf. 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 16. 
In Table 4 the corrected fractions thus obtained are 
shown as observed fractions. In addition, the sum of the 
fractions of lines III b and IIIf 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, 
II 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 Pa for the 
formation of intramolecular hydrogen bonds in the meso 
sequence and the fractions F a of OH groups associated 
with intramolecular hydrogen bonds. In this optimization 
we used equations previously derived by statistical 
treatments 17'25 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. 26 and Bunn 27. 

11 
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Figure 7 Lineshape analyses for the CH lines of the non-crystalline 
components of different PVA single crystals 

2520 POLYMER Volume 35 Number 12 1994 



Phase structure of poly(vinyl alcohol) single crystals." S. Hu et al. 

Table 3 Integrated fractions, chemical shifts and linewidths of lines I, II and 1II of the CH carbons for the spectra of the crystalline and non-crystalline 
components of different PVA single crystals 

Integrated fraction a Chemical shift (ppm) Linewidth (Hz) 

Sample I II III b IIIf I II III b IIIf I II III b IIIf 

Crystalline 

SC2P 0.131 0.474 0.333 

SC2 0.097 0.477 0.364 

SC8 0.097 0.473 0.364 

SC 16 0.093 0.476 0.370 

Non-crystalline 

SC2P 0.195 0.491 0.314 

SC2 0.211 0.510 0.279 

SC8 0.186 0.509 0.305 

SC16 0.181 0.503 0.316 

0.062 76.9 71.1 65.0 62.5 172 194 163 91 

0.062 77.2 71.4 65.0 62.5 164 193 171 97 

0.066 76.8 71.0 64.7 62.3 169 190 166 95 

0.061 77.5 71.5 65.0 62.4 169 190 172 93 

77.0 71.6 66.3 186 188 193 

76.7 71.0 65.5 195 211 183 

76.7 70.9 65.5 178 215 191 

76.8 71.1 65.5 176 209 202 

"Uncor rec ted ;  for corrected fractions, see Table 4 

Table 4 Observed and calculated fractions of the CH lines I, II and 
III for different PVA single crystals 

Observed fraction Calculated fraction 

Sample I II III I II III pa ~ Fa b 

Crystalline 
SC2P 0.12 0.50 0.38 0.12 0.50 0.38 0.51 0.38 
SC2 0.12 0.46 0.42 0.10 0.48 0.42 0.36 0.35 
SC8 0.11 0.47 0.42 0.10 0.48 0.42 0.36 0.35 
SC 16 0.11 0.45 0.44 0.09 0.46 0.45 0.29 0.34 

Non-crystalline 
SC2P 0.22 0.46 0.32 0.16 0.53 0.31 0.87 0.52 
SC2 0.21 0.51 0.28 0.18 0.54 0.28 0.98 0.66 
SC8 0.17 0.53 0.30 0.17 0.53 0.30 0.91 0.55 
SC16 0.16 0.49 0.35 0.16 0.52 0.32 0.80 0.44 

a Probability for the formation of the intramolecular hydrogen bond 
in the meso sequence 
bFraction of OH groups associated with intramolecular hydrogen 
bonds 

Figure 8 shows some examples for the formation of 
intramolecular and intermolecular hydrogen bonds in the 
triad-tetrad and triad-triad sequences according to the 
crystal structure model of Sakurada et al. 26. 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 II, III and I in that order from the top 
to the bottom in Figure 8. 

The agreements between observed and calculated 
fractions are quite good for the respective components 
of different single crystals. The Pa and F a values are in the 
ranges 0.29-0.51 and 0.34-0.38, respectively, for the 
crystalline component. Since pa=0.5 means that intra- 
molecular and intermolecular hydrogen bonds are equally 
probable, such low Pa 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 Pa for 
the crystalline component, some significant increase in 
Pa can be recognized for single crystals (SC2P) prepared 
in TEG compared to Pa for other samples crystallized in 
the TEG/glycerol mixed solvent. 

Such a difference in Pa may be related to the difference 
in shape of single crystals and then to the difference in 
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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 aL26: ( 0 )  CH carbons associated with the triplet splitting 
of the c.p./m.a.s, taC 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 Pa 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  a/. 26, 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 Pa 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 16A7 and fibres ~s. 

Phase structure o f  PVA 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 c and l,, respec- 
tively, are calculated from the following equations 

lc = Lye 

t .  = L ( 1  - v o ) / 2  

where L is the lamellar thickness, which is deduced to 
be equal to the long period, and v c is the volume fraction 
of the crystalline phase. Assuming the densities 24 of the 
crystalline and non-crystalline phases to be respectively 
1.345 and 1.269 g cm-3, the lc 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 2.0-2.2 nm for these PVA single crystals. 
This thickness is almost the same as for polyethylene 
single crystals 5. 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 Tlc=0.3s is observed at 100°C to- 
gether with the glassy non-crystalline component with 
Tic= 2.4 s. 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. 28, 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 

of 1.5-2.0nm for polyethylene. We have also experi- 
mentally determined the thickness of the interphase to 
be about 3.0 nm for polyethylene fractions isothermally 
crystallized at 130°C from the melt 5. 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 2.0 nm seems to be composed of only 
the interphase, resulting in no appearance of the rubbery 
amorphous component above T r In fact, 13 C spin-spin 
relaxation measurements have revealed that the non- 
crystalline component does not contain a rubbery 
amorphous component with a 13C spin-spin relaxation 
time (T2c) of the order of millisecondsS; instead, it 
contains a less mobile component with T2c less than 
100/~s, 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. 28, and thus no rubbery amorphous component ever 
appears above T~. 
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