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ABSTRACT: Chain asymmetry of solid-state coextruded poly(viny1 alcohol) film (PVA) was studied by 
using small-angle neutron scattering. The radius of gyration, R,! was estimated by a nonlinear least-square 
regression analysis with a theoretical scattered intensity function that is based on a model of deformed 
Gaussian chains. The R, for undeformed chains was estimated to be R,  = 2.43(n),*/' A, where ( n ) ,  is the 
r-average degree of polymerization of PVA. The R,  values for deformed PVA indicate that the poly(viny1 
alcohol) chains are deformed affinely at least up to the extension draw ratio of ca. 5 ,  which is in good 
accordance with the results of birefringence measurement. 

Introduction 
Studies of chain asymmetry of deformed polymer sys- 

tems are of importance from both the industrial and aca- 
demic points of view. Recent developments of small- 
angle neutron scattering provide a direct evaluation of 
chain asymmetry. Hadziioannou et a1.l reported that poly- 
styrene, having a degree of polymerization greater than 
that required for entanglements, was deformed affinely 
up to an extension draw ratio of ca. 10. This is the case 
of amorphous polymers. In the case of crystalline poly- 
mers, such as high-density polyethylene, Lo2 showed that 
chains are deformed more or less affinely up to an exten- 
sion draw ratio (EDR) of 5 and then become less deformed 
than the value expected from affine deformation. They 
explained this behavior with reorganization and chain slip- 
page. 

Poly(viny1 alcohol) (PVA) is a crystalline polymer for 
which the local conformation in bulk is not well under- 
stood. A fringed-micelle type structure has been accepted 
for a long time for PVA film prepared from aqueous solu- 
tion. On the other hand, folded-chain crystals are observed 
if it is solidified from an organic ~ o l v e n t . ~  It is natural 
to expect that intra- and interchain hydrogen bonds play 
an important role in local chain organization. On defor- 
mation, these hydrogen bonds may work as cross-linking 
points or entanglements. Since PVA is a polymer widely 
used in i n d ~ s t r y , ~  e.g., fibers, staples, asbestos alterna- 
tives, sheet, high oxygen barrier film, and so on, it is worth- 
while to explore chain asymmetry of deformed PVA fibers 
and/or films. 

In this paper, we examine the radii of gyration of a 
solid-state coextruded PVA film cast from aqueous solu- 
tion in both the extension and the perpendicular direc- 
tions by small-angle neutron scattering and compare the 
results with those of polystyrene. 

Theoretical Background 
Theoretical scattered intensity functions for a deformed 

chain depend greatly on the model of deformation. For 

* To whom correspondence should be sent. 
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example, the affine deformation model, the end-to-end 
pulling model, and the phantom network model are pre- 
sented in the particularly to describe defor- 
mation of polymer networks. We employ here the affine 
deformation model because of its simplicity and exam- 
ine how experimental results deviate from the value 
expected from this model. 

The segment distribution function for a pair of seg- 
ments i and j on a deformed Gaussian chain, Wij(r), is 
given by 

(1) Wi,j(r) = C exp(-3rtA-'r/(21i -jlb2)) 

C = ( 3 / 2 ~ ) i  -jlbz(A))3'2 
where b is the segment length. A is the strain matrix, 
A-' is the inverse matrix of A, and rt is the transposed 
vector of r. In the case of affine deformation A is given 
by 

where cy is the macroscopic draw ratio in the principal 
direction. The Fourier transform of Wij(r) is given by 

(3) 
where q is the scattering vector. The single-chain struc- 
ture factor P(q), i.e., the intrachain scattered intensity 
function, is obtained by 

Wij(q) = expl-li - j(b2qtAq/6) 

= - 1 + u) /u2  (4) 

u = nb2qtAq/6 (5) 

where n is the degree of polymerization of the chain and 

The absolute scattered intensity I ( q )  from a homoge- 
neous mixture of deutereous and hydrogenous polymer 
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chains having equal degrees of polymerization is given 

I(q)  = KdddhnP(q) (6) 
where 4i is the volume fraction of the i component. K is 
the contrast factor given by 

(7) 
where N is Avogadro's number and ai and u, are the scat- 
tering length and monomer volume of the i component. 
When the degrees of polymerization of d and h chains 
are different, Z(q) is modified in terms of sum rule and 
is given by9 

by 

K = N[(ad/ud) - (ah /uh)12ud 
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Table I 
Sample Characteristics 

where Pi(q) is the single-chain structure factor of com- 
ponent i. In eq 8 the Flory interaction parameter was 
assumed to be zero." If the system is a mixture of poly- 
disperse polymers, eqs 5 and 8 are modified as 

u = (n),b2qtAq/6 (9) 

K1-I (9) = [(nd)wddPd(q)l-l + [(nh)w$@h(q)I-' (10) 
where ( r ~ , ) ~  and ( are weight- and z-average degrees 
of polymerization of component i. Although eqs 8 and 
10 are derived for an undeformed polymer mixture, the 
sum rule on reciprocal intensity is valid also for deformed 
chains. 

If the magnitude of q is small, eq 10 can be expanded 
as 

(11) Pi(q) = 1 - (1/3)(Rg,i)lqtAq + ... 
where 

(Rg,i)O = ( ( n i ) J ~ ~ / 6 ) " ~  (12) 
is the radius of gyration of undeformed chains of type i. 
Therefore, tbe scattered intensity along any direction can 
be expressed as a function of q,  the magnitude of q, and 
the radius of gyration along the same direction. 

Kr ' (q)  = [(nd)wddl-' + [(nh)wdhl-' + 
[Rg,d2/(3(nd)wdd) + Rg,h2/(3(nh)wdh)lq2 + (13) 

Evaluation of R, values in the extension direction 
becomes difficult with increasing extension draw ratio 
(EDR) or the value of cy because (1) as the radius of gyra- 
tion becomes bigger, the Guinier region, q < l/R,, 
approaches the instrument limit and (2) the instrumen- 
tal smearing effects become significant when the system 
is highly oriented. These problems were discussed by 
Ullman,"*'2 Wignall et  al.,13 and Tanzer and Crist.14 

Hadziioannou et  al.' used the technique of equal inten- 
sity contour patterns and its relationship between the 
molecular draw ratio, MDR, and q values 

MDR = ( q l / q l , ) 2 / 3  = (Rg,I/Rgi)2/3 (14) 
where R,, and R,,, are the radii of gyration perpendicu- 
lar and along the extension direction. They evaluated 
R,, from a Zimm plot (eq 13) and estimated RgII using 
eq 14. This technique, however, does not give a unique 
R ,  value and its value changes depending on the contour 
(isointensity curve) chosen. This is simply due to the 
fact that  the scattered intensity cannot be expressed by 
a simple Guinier function, I - exp(-R;q2/3), over a broad 
q range. 

In principle, these problems make it difficult to esti- 
mate a large R, from an asymmetrical scattering pattern 

% saponi- 7 0  stereoregularity* 
code (n), fication deuteration" I H S 

d-PVA9OO 900 99.60 50.1 21.6 48.3 30.1 
d-PVA1850 1850 99.49 94.41 21.51 49.34 29.14 
h-PVA1750 1750 98.50 0.0 21.5 49.6 28.9 

Due to the isotope substitution reaction, the percent deutera- 
tion is calculated with respect to C,D,OH instead of C,D,O. 
bTriad tacticities, is0 (I), syndio (S), and hetero (H) were mea- 
sured by 500-MHz 'H NMR. 

since it is almost impossible to remove the instrumental 
smearing effect completely. A model or a scattering func- 
tion has to be chosen a priori for most cases. We chose 
the Debye function for the theoretical scattered inten- 
sity function. The validity of the Debye function for 
deformed PVA chains is still an open question because 
PVA is a semicrystalline polymer. However, the Debye 
function is one of the best approximate functions for scat- 
tered intensity from polymer chains if one restricts the 
q range, e.g., qR, = 1. Tanzer et  al.,15 for example, used 
the Debye function to describe scattering behavior for 
melt-crystallized polybutadienes. By fitting an observed 
scattered intensity with the theoretical function, one can 
obtain R, and the weight-average molecular weight. The 
details of the curve-fitting method are described else- 
where for the case of undeformed chains.16 This proce- 
dure was conducted on the scattered intensity curves both 
for the extensional and perpendicular directions. 

PVAs studied here were polymerized by radical poly- 
merization of vinyl acetate, followed by saponification 
of poly(viny1 acetate). Therefore PVAs are expected to 
have a most probable distribution of degree of polymer- 
ization. The ratios of the number-, viscosity-, weight-, 
and z-average degree of polymerization, (n),,, (n)" ,  
( r ~ ) ~ ,  and ( n ) * ,  are given byI8 

( r ~ ) ~ : ( n ) ~ : ( n ) ~ : ( n ) ~  = 1:1.77:2:3 (15) 

Experimental Section 
1. Samples. Deutereous and hydrogenous poly(viny1 alco- 

ho1)s were supplied by Kuraray Co., Ltd. (Certain commercial 
materials and equipment are identified in this paper in order 
to specify adequately the experimental procedure. In no case 
does such identification imply recommendation or endorse- 
ment by the National Institute of Standards and Technology, 
nor does it imply necessarily the best available for the pur- 
pose.) The details of the preparation of the deutereous poly- 
(vinyl alcohol) are described elsewhere." Table I shows the 
sample characteristics of the deutereous and hydrogenous poly- 
(vinyl alcoho1)s. They are coded as d-PVA and h-PVA fol- 
lowed by the viscosity-average degree of polymerization, respec- 
tively. The viscosity-average degree of polymerization was mea- 
sured by viscometry by using the following equations" 

= 8.29 x 10-4(n)$62 (16) 

in water at 30 "C, where [ T I ,  [qlSp, and c are the intrinsic vis- 
cosity, specific viscosity, and polymer concentration in g/L, respec- 
tively. Table I1 shows the moments of degree of polymeriza- 
tion and the heterogeneity indexes ( r z i ) w / ( r z i ) n  and (rz i )* /  
( r ~ , ) ~  for i = d and h. They were obtained by a GPC measurement 
on the corresponding PVA derivatives, i.e., poly(viny1 N -  
pheny1carbamate)s." Since the observed relationship between 
different average degrees of polymerization was different from 
the theoretically expected one, i.e., eq 15, we used the values 
obtained from GPC in the rest of this paper. The tacticity, 
degree of saponification, and degree of polymerization of d- 



1440 Shibayama et a1 Macromolecules, Vol. 23, No. 5, 1990 

the polychromatic nature of the beam, and a Monte Carlo 
simulation technique was used to generate a smeared inten- 
sity curve from a model function. Lo2 employed this tech- 
nique and found that the nominal I (0 )  value evaluated 
from a Zimm plot may have an  error of more than 50% 
for a coextruded polystyrene film of EDR = ca. 10. This 
is the case for the experiments carried out a t  the 30-m 
SANS facility at Oak Ridge (ORNL), and only a very 
limited q range was used to evaluate radius of gyration 
because of the Guinier criterion. The standard devia- 
tion of the scattering vector q, gq, can be expressed in 
terms of the following equation17 

gZq = (h2/4)[ (R1/L1)2  + (R2/L'I2 + (2/3)(A, /LJ2 + 
(2/3)f12(AJX,)21 (18) 

where k = 2 x / x N  ( A N  being the wavelength of a neutron) 
and R ,  and R, are the radii of the apertures of the entrance 
and exit slits. L,  and L,  are the distances between the 
entrance slit and exit slit and between the exit slit and 
the detector, respectively. L' is the effective length defined 
by L,L2/(L,  + L2).  A, and A, are the FWHM of the 
detector resolution and the wavelength, respectively, 
uq's for NIST and ORNL facilities were estimated to be 
7.68 X 8, at q = 0, respectively. 
The following parameters were used at the ORNL facil- 
ity: L ,  = 7.5 m, L,  = 19 m; R,  = 0.75 cm, R, = 0.5 cm. 
The values of the wavelengths were chosen to be 9 and 
4.75 8, respectively for NIST and Oak Ridge. Therefore 
there is no significant difference in angular resolution 
between these two facilities at q = 0. uq for the NIST 
facility, however, increases faster with q than that of ORNL 
because of the broad distribution of the wavelength. 

Calculations were conducted to estimate the smearing 
effects at the NIST facility. Both random-coil (Debye 
function) and hard-sphere models were used to  generate 
data between 0.005 and 0.020 A-l. The results indicted 
that for R less than 200 8, the smearing introduced an 
error less &an 5% for both models. Thistpoint was ver- 
ified experimentally; a calibration standard from ORNL 
with R, of 207 8, was measured and a value of 199 8, was 
obtained. 

With R, greater than 200 8, the instrumental smear- 
ing is detrimental to the scattering data for the hard- 
sphere model; an  error greater than 50% was observed 
for R, = 350 A. However, for the random-coil model the 
error caused by instrumental smearing remained less than 
20% with R, up to 700 A, which is near the upper limit 
of our experimental results. Apparently, this estimated 
error depends strongly on the model chosen and the q 
range used. For this model calculation a range of 0.005- 
0.020 8,-' was used, in accordance with the experimental 
condition. As mentioned in the foregoing section, the 
SANS data were fitted with a Debye function to  find R,. 
For the magnitude of R, encountered in this work, the 
error due to the smearing effect is about 20% if the choice 
of the random-coil model is a correct one. Otherwise the 
error could be significantly larger. 

2. Radii of Gyration of Undeformed PVAs. Two 
sets of PVA isotope blends were analyzed in order to check 
the molecular weight dependence of the radius of gyra- 
tion. One is a blend of d-PVA9OO and h-PVA1750 and 
the other is d-PVA1850 and h-PVA1750. The scattered 
intensity was plotted in the form Z-l(q) versus q2 (Zimm 
plot) and a nonlinear least-square regression was con- 
ducted by using eq 10. Figure 1 shows the plot of I - l ( q )  
versus q 2  for an undeformed PVA film of d-PVA1850/ 
h-PVA1750. The circles and the curve denote the observed 
data points and the calculated intensity curve, respec- 

8, and 14.5 X 

Table I1 
Moments of the Degree of Polymerization 

viscometry GPC" 

code ( n ) ,  ( n ) ,  (n)w ( n ) ,  (n),.,/(n)" ( n ) J ( n L  

d-PVA185O 1850 1270 3130 6030 2.47 1.934 
h-PVA1750 1750 1525 2875 4851 1.88 1.69 

a GPC measurement was conducted on the corresponding PVA 
derivatives, poly(viny1 N-phenylcarbamate). 

PVA1850 are very close to  those of h-PVA1750. Hence we 
expected no phase separation on mixing. 

A 50/50 (by weight) mixture of d-PVA and h-PVA powder 
was dissolved in boiling distilled water. The solution of ca. 10 
w t  70 was stirred for a few hours at 90 "C and then cooled grad- 
ually to room temperature. Films of the PVA mixture were 
prepared by solution casting onto a glass plate at 60 "C. The 
thickness of the films was around several hundred microme- 
ters. 

The films were coextruded with a poly(oxymethy1ene) billet 
at 165-170 "C at a crosshead speed of 1 mm/s. The extension 
draw ratio (EDR) was varied by changing the aspect ratio of 
the conical die. Coextrusion with an EDR larger than 5 was 
difficult because of the extruded film becoming inhomoge- 
neous. 

2. Small-Angle Neutron Scattering. Small-angle neu- 
tron scattering (SANS) experiments were conducted at the 
National Institute of Standards and Technology. A combina- 
tion of cold neutrons of 9-8, wavelength and a focusing collima- 
tion system was employed to improve the spatial resolution. 
The incident beam was collimated by a series of holes with dif- 
ferent diameters to converge the beam at the detector plane. 
The entrance and exit slit diameters are 9 and 4 mm, respec- 
tively, and they are 4.1 m apart. The exit slit to detector dis- 
tance is 4.0 m. The sample to detector distance is 3.6 m. The 
incident beam profile on the detector is nearly triangular in 
shape, having FWHM = 1.3 mrad. The wavelength distribu- 
tion is also approximated to be triangular, having FWHM = 
2.25 A. The details of the performance of the NIST facility 
were reported by Glinka et al." The range of the magnitude 
of scattering vector covered was between 0.005 and 0.1 Scat- 
tered intensity was corrected for detector inhomogeneity, inco- 
herent scattering, absorption, and so on. A circular average on 
a two-dimensional scattered intensity profile was taken for unde- 
formed PVA, whereas a sector average of 10 deg was taken along 
directions both parallel and perpendicular to the extension direc- 
tion for deformed samples. 

3. Birefringence Measurement. A Cary-14 spectropho- 
tometer operated in the visible range was used to determine 
the birefringence of the samples. The sample was placed between 
two high-extinction polarizers set at 90" relative to each other. 
The angle of the orientation direction of the sample was set at 
45" to the axes of the polarizers. The spectral transmittance 
of this train of optical elements consists of a pattern of max- 
ima and minima. The linear retardation, r, of the sample is 
related to the wavelength ( A )  at which the extreme occurs by 
the following relations: maxima, rmax = NX,,,; minima, rmln 
= ( N  + l/2)Xmln; N is an integer and denotes the order of extinc- 
tion. 

The birefringence (An) of a given specimen can therefore be 
deduced from the relation r = Ant, where t is the specimen 
thickness. 

The number of maxima and minima was sufficiently large 
and the dependence of r on X was such a weak one that the 
value of r at the wavelength of green light can be determined 
rather precisely. 

Results and Discussion 
1. Instrumental Smearing Effects. Before the dis- 

cussion of the SANS results, we examine here the instru- 
mental smearing effects for the evaluation of the radius 
of gyration. As discussed by Wignall e t  al.,I3 the smear- 
ing effects resulted from (1) the finite divergence of the 
beam, ( 2 )  the finite resolution of the detector, and (3) 
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Figure 1. Plot of Z-'(q) versus q2 for an undeformed PVA film 
of d-PVA1850/h-PVA1750. The circles and solid line denote 
the observed data points and the calculated curve, respec- 
tively. 

u- 
i a  I m.3.60 I. J M9.4.76 

Figure 2. Scattered intensity contour curves for an unde- 
formed PVA film (a) and for coextruded PVA films with an 
extension draw ratio (EDR) of 1.50 (b), 2.16 (c), 3.60 (d), and 
4.76 (e). Each contour indicates an isointensity curve of 30,60, 
120,240, and 480 cm-'. 

tively. The range of the curve fitting was between 0.005 
and 0.02 A-'. The estimated radii of gyration of deute- 
reous PVA were 183 and 143 A, respectively, for d- 
PVA1850 and d-PVASOO. The estimated radii of gyra- 
tion should scale to the root square of the degrees of poly- 
merization. The ratio of the estimated radii, however, is 
1.27 whereas the square root of the ratio of the degrees 
of polymerization is 1.43. This discrepancy may result 
from the uncertainty of molecular weight determina- 
tion. By taking into account the experimental error, the 
radius of gyration is estimated as 

(Rg,j)o = (b/6'") (nj)21'2 

= 2.43(ni),liz (19) 
for i = d and h. The best fitted value for the segment 
length, b,  is ca. 5.96 A. This value is between the values 
appearing in the Polymer Handbook,22 6.3 A, and in the 
paper by Matuo and Inagaki,23 4.09 A, for a PVA-water 
system. This discrepancy may result mainly from the 
uncertainty of the molecular weight measurement. 

3. Radii of Gyration of Coextruded PVAs. Figure 
2 shows the scattered intensity contour curves for unde- 
formed PVA film (a) and for coextruded PVA films a t  
the extension draw ratios (EDR) of 1.50 (b), 2.16 (c), 3.60 
(d),  and 4.76 (e). Each contour indicates an isointensity 
curve of 30,60,120, 240, and 480 cm-l. With increasing 
EDR, the patterns are flattened in the direction perpen- 

Figure 3. Inverse scattered intensities along the directions par- 
allel and perpendicular to the extension direction, (4) and 
Z-ll(q), as a function of q-2 for the sample of EDR = 3.80. The 
open circles, open squares, and solid lines denote the observed 
data points for the parallel and perpendicular directions and 
the calculated curves, respectively. 

Table I11 
Radii of Gyration of d-PVA 

deformed Gaussian chain 

Zimmb R,ll 
EDR MDR" R,, R,,, RZ, '  direct' contour 

1.00 1.00 242 242 183 183 182 
1.50 1.43 211 430 179 303 305 
2.16 2.04 161 708 127 420 368 
3.60 2.97 140 124 661 625 
4.76 3.92 122 111 575 818 

Estimated from isointensity curves. * Estimated from a Zimm 
plot by using eq 13. Estimated by using eq 10. 

dicular to the extension draw direction, indicating that 
chains are deformed in the extension direction. 

Figure 3 shows the inverse scattered intensities along 
the directions parallel and perpendicular to the exten- 
sion direction, I- lI l(q), 1-lL(q), as a function of q-2 for 
the sample EDR = 3.60. The open circles, open squares, 
and solid lines denote the observed data points for the 
parallel and perpendicular directions and the calculated 
curves, respectively. The range of the curve fitting was 
between 0.005 and 0.015 A. The observed data points 
were well fitted by the calculated curves. In addition, 
both l-',l(q) and I-l1(q) approach a point a t  q = 0, indi- 
cating that the molecular weight obtained from the scat- 
tered intensity a t  q = 0 is independent of the direction 
of observation. The R, values along the directions par- 
allel and perpendicular to the extension direction esti- 
mated from this figure were 660 and 124 A, respectively. 
Similarly, the radii of gyration were evaluated for EDR 
= 1.50, 2.16, and 4.76. The evaluated radii of gyration 
were corrected for the wavelength distribution smearing 
effect. Table I11 summarizes the R, values of d-PVA chains 
for undeformed and coextruded films. The extension draw 
ratio is given in column 1 and the molecular draw ratio 
estimated from the isointensity contour scheme (eq 14) 
is listed in column 2. The values of R, in both the par- 
allel and the perpendicular directions were estimated from 
a Zimm plot (eq 13), and the results are listed in col- 
umns 3 and 4. The values from the Zimm plot seem to 
be an overestimation because the q range used in linear 
regression was bigger than the Guinier limit of qR < 1. 
The estimated values from a nonlinear regression fit based 
on eq 10 are listed in columns 5 and 6 under the head- 
ing of deformed Gaussian. The best-fit value of for 
the case of EDR = 4.76 cannot be estimated reliably 
because the data points are scattered. Alternatively, the 
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Figure 5. Inverse scattered intensity, Z-'(O), as a function of 
EDR. 

values of R,, were calculated as the products of R,, of 
column 5 and MDR of column 2, and the results are given 
in column 7 as a reference. 

Figure 4 shows the variation of R and R,, as a func- 
tion of EDR. The open circles and squares denote R,,, 
and R,, calculated from a nonlinear regression fit using 
eq 10. The solid lines denote the theoretical values based 
on the assumption of affine deformation. This shows that 
PVA chains are deformed affinely at  least up to EDR = 
ca. 4. The deviation of Rgl, for EDR = 4.76 from the 
affine assumption is discussed as follows. 

Figure 5 shows the Z-'(O) values in the perpendicular 
directions as a function of the extension draw. Since I-'(O) 
is related to the weight-average degree of polymeriza- 
tion, i t  should not change on deformation unless mole- 
cules are scissored. This plot is useful to check void for- 
mation on extension as well as the validity of the non- 
linear regression analysis. If voids are formed on extension, 
Z(0) should increase so that I-'(O) decreases with EDR. 
Similarly, if' the nonlinear regression does not work well, 
it will give an unreasonable Z-'(O) value. Figure 5 shows 
that Z-lL(0) values are constant within an experimental 
error until EDR reaches 4.76. The R,,, value of EDR = 
4.76 calculated by using the nonlinear regression reveals 
some anomaly; its value is smaller than that of EDR = 
3.60. 

The weight-average degree of polymerization esti- 
mated from Z(0) was 3720, which is close to the value 

4 

3 

3 
* 2  

E 
Q 

1 

0 
i 

Figure 6. Birefringence of the deformed PVA films as a func- 
tion of EDR. 

measured by GPC, 3130. On the other hand, the weight- 
average degree of polymerization estimated from the value 
obtained from viscometry by assuming the most proba- 
ble distribution of the molecular weights is 2030, which 
is much smaller than those observed by SANS and by 
GPC. This discrepancy in degree of polymerization may 
result mainly from the relationship between degree of 
polymerization and intrinsic viscosity, i.e., eqs 16 and 17. 
Although these equations have been used to character- 
ize PVA, the exact relationship between the viscosity- 
average degrees of polymerization and the intrinsic vis- 
cosity has to be re-examined. 

4. Birefringence and Orientation Factor. Figure 
6 shows the birefringence of the deformed PVA films as 
a function of EDR. Since the intrinsic birefringence of 
PVA is 4.43 X 10-2,24 the increase in birefringence with 
EDR is remarkably high. If the system is composed of 
two phases (crystal and amorphous), the birefringence is 
given by 

(20) 
where f ,  and Aoi are the orientation factor and intrinsic 
birefringence of amorphous (a) and crystal (c) phases, 
respectively, and X, is the degree of crystallinity. Form 
birefringence is neglected. In the case of PVA, since we 
know fa = f, = f for large EDR,'8,26 Le., EDR > 1, and 
Lo, is only slightly smaller than A',, we assume 

A = XJcAo,  + (1 - Xc)faAoa 

A = fA0,  (21) 
Figure 7 shows the estimated orientation factor from 

eq 21. The solid line in the figure shows the calculated 
orientation factor based on a floating rod model pro- 
posed by K r a t k ~ ~ ~  and using the value of MDR as the 
macroscopic deformation ratio. The calculated orienta- 
tion factor is given by 

f =  [3(c0S20) - 1]/2 (22) 
where 

where I9 is the angle between molecular axis and the stretch- 
ing direction and a is the molecular draw ratio MDR. As 
shown in the figure and listed in Table IV, the calcu- 
lated values of birefringence are very close to the observed 
ones. It is noteworthy that the orientation factor increases 
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deformed for extension up to EDR = ca. 5. Birefrin- 
gence measurements also show the affine nature of the 
deformation of PVA chains. Birefringence measure- 
ments show that PVA is more effectively deformed than 
polystyrene, which is explained by a positive effect of 
hydrogen bonding on extension. 

"O 7 
0.8 

0.6 

c 

0 . 4  

0.2  

1 
1 2 3 4 5 6  

E D R  ( t l m o s l  

Figure 7. Estimated orientation factor from eq 21. The solid 
line in the figure shows the calculated orientation factor based 
on a floating rod model and by assuming that EDR is equal to 
MDR. 

Table  IV 
Birefringence of PVA Films 

EDR 1 0 3 ~  A/A' 
1.50 
2.16 
3.60 
4.76 

1.71 
2.59 
2.97 
3.28 

0.176 
0.585 
0.671 
0.740 

a A', the intrinsic birefrigence of PVA; A' = 4.43 X lo-'. 

to 0.74 a t  EDR = 4.76. Nomura and Kawai also observed 
high values for orientation factors in isotactic and syn- 
diotactic PVA as well as in atactic PVA.'6 This value is 
surprisingly larger than the value reported by Lo for 
polystyrene' where f = 0.29 for EDR = 9.5. In the case 
of polystyrene, affine deformation was observed until the 
value of EDR reached 9.5. This comparison illustrates 
that  PVA chains are deformed more effectively by coex- 
trusion than polystyrene. A possible explanation is that 
the hydrogen bonding in PVA films prevents slippage of 
chains on deformation and effectively transfers the exter- 
nal strain to the molecular level. 

In the case of deformed polymer networks, the molec- 
ular draw ratio is much smaller than the expected value 
from affine deformation and networks behave like phan- 
tom chains.28 In addition, swelling results in very little 
change in the radius of gyration. This behavior is explained 
by topological rearrangement of network chains. Candau 
et a1.29 discussed that affine deformation could be expected 
for highly cross-linked networks since topological rear- 
rangement became less probable. This may be the case 
for the PVAs studied here since a high density of "cross- 
links" due to hydrogen bonding is quite likely. This phe- 
nomenon can be considered a positive effect of hydrogen 
bonding on extension. 

Further investigation of crystal orientation is now being 
conducted using wide-angle X-ray diffraction, which will 
be reported i n  a forthcoming paper.30 

Conclusion 
Chain dimensions of undeformed PVA were measured 

by small-angle neutron scattering. The statistical seg- 
ment length for PVA is found to be 5.96 A. Chain asym- 
metry of solid-state coextruded PVA was examined by 
both small-angle neutron scattering and birefringence mea- 
surements. It was found that PVA chains were affinely 
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