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The polymer pair, poly(vinyl alcohol)/(N-vinyl pyrrolidone) (PVA/PVP), is thermodynamically miscible in 
the amorphous state, as judged from the detection of a single T~, which is situated between the T~s of the 
two homopolymers, over the whole range of compositions of the binary blend. The molecular orientation 
and optical anisotropy induced by uniaxial deformation of the polymer blends were characterized through 
fluorescence polarization and birefringence measurements. Two series of samples, designated as PVA/PVP-H 
and PVA/PVP-L, were examined; these were cast as films from aqueous polymer solutions containing a 
slight amount of a stilbene derivative as a fluorescent probe (the notations H and L indicate whether the 
molecular weight of the PVP is much higher or lower than that of the PVA). In both series of blends, 
development of the molecular orientation in the drawn films became gradually suppressed with increasing 
PVP content. PVA/PVP-H blends acquired a higher orientation than the corresponding PVA/PVP-L 
blends with the same composition. The optical birefringence of the oriented films, when compared at a 
given draw ratio for a series of blends, decreased drastically with an increase in the PVP fraction and 
eventually changed from positive to negative values at a certain fraction. The critical PVP fraction was 
much lower in the PVA/PVP-H series than in the corresponding series. An explanation for this is presented 
in terms of an effect of birefringence compensation, due to the positive and negative contributions of 
oriented PVA and PVP, respectively. The molecular weight dependence of the segmental relaxation of 
PVP chains in the drawing process and that of the frequency of interpolymer interactions are taken into 
account in the discussion. 

(Keywords: PVA/PVP blends; molecular orientation; optical anisotropy) 

I N T R O D U C T I O N  between the Tgs of the two homopolymers for every blend 
composition. This good miscibility can be considered as 

Polymer-polymer miscibility has been investigated for a being due to the capability of the two polymers to interact 
large number of blending pairs over the past few years, exothermally, which was supported by the evaluation of 
In the course of this extensive work, it has been elucidated 
that a specific interrnolecular interaction such as hydrogen a negative polymer-polymer interaction parameter, i.e. 
bonding, which can be defined more generally by the Z l z = - 0 . 3 5  (at 513K), from a thermodynamic melting 

point depression analysis. In fact, the presence of 
proton donor-acceptor  concept, is a driving force in the hydrogen bonding interactions between the carbonyl 
attainment of thermodynamic miscibility for many cases groups of PVP and the hydroxyl protons of PVA in this 
of polymer blends, blend system was confirmed by Fourier transform infra- 

The blend system studied in this present paper is red (FTi.r.)spectroscopy 2 and high-resolution solid-state 
composed of a typical hydroxyl-containing polymer, 13C n.m.r, techniques 3. 
poly(vinyl alcohol)(PVA), and a proton-accepting polymer, A noteworthy effect arising from the intimate mixing 
poly(N-vinyl pyrrolidone) (PVP), the latter with a of PVA and PVP can be found in the optical properties 
carbonyl moiety in the side group. As was demonstrated of their oriented blends; the two polymers show intrinsic 
in a previous publication x, this polymer pair forms a birefringences of opposite sign 1, as has been observed for 
miscible phase in the binary blends. Optically clear films several other miscible polymer pairs 4-6. When a plain 
were obtained by casting from mixed polymer solutions, PVA film is stretched uniaxially, it exhibits a positive 
and a single glass transition temperature (T o was situated birefringence, i.e. An = nrl - n ±  >0,  where nil is the refrac- 

tive index parallel to the draw direction and n± is that 
*To whom correspondence should be addressed measured perpendicular to it. In contrast, the other 
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polymer (PVP), which has pyrrolidone rings attached to were mixed in the desired proportions and then stirred 
the main chain, shows negative birefringence. Accord- overnight at room temperature. The relative composition 
ingly, drawing of the binary blend films should give rise of the two polymers in the mixed solutions ranged from 
to certain characteristic changes in the optical anisotropy, 10/90 to 90/10, expressed as ratios of weight percent, 
which vary depending on the composition, as a result of where the first number refers to the PVA content 
the cooperative orientation development of the two throughout this work. Both blend and homopolymer 
interacting polymer components. This was exemplified films of PVA and PVP were cast from aqueous solutions 
in an earlier paper 1. onto a Teflon plate by solvent evaporation at 45°C, and 

In this present paper, we provide further insight into then dried further at ~ 50°C overnight, under vacuum. 
the molecular orientation and optical anisotropy which The concentration of fluorescent molecules in the cast 
are induced by stretching of PVA/PVP blends, in con- films prepared in this way was ~ 5 × 10 5 moll  1, at 
nection with the miscibility and interaction between the which level any effect of fluorescence depolarization, 
two components. A fluorescence polarization technique caused by energy migration due to higher concentration 
is employed to obtain information about the degree and of chromophores, is negligible 9'1 
type of molecular orientation, while birefringence is used Strips (5 × 30 mm in size), cut from the cast PVA/PVP 
as a measure for the estimation of the state of optical films, were drawn uniaxially at 150-155°C, i.e. close to 
anisotropy of the drawn blends. A major discussion is the Tg of PVP, in a silicone oil bath and then cooled 
given to the results obtained from the comparative quickly to ambient temperature (25°C). After washing 
experiments carried out for two series of samples, with carbon tetrachloride, the drawn films were stored 
designated as PVA/PVP-H and PVA/PVP-L, where H in a desiccator until needed. The draw ratio of the 
and L indicate whether the molecular weight of the PVP oriented samples was determined from the positions of 
is much higher (H) or lower (L) than that of PVA. marks on the films. 

Measurements 
EXPERIMENTAL Differential scanning calorimetry (d.s.c.) was conducted 
Sample preparation with a Seiko DSC-200 apparatus equipped with a thermal 

Atactic poly(vinyl alcohol) (PVA) was purchased from analysis station (SSC-5000). The measurements were 
Polysciences, Inc.; the nominal molecular weight was carried out using 6 8mg samples at a scanning rate of 
78 000 and the saponification value was 99.7 mol%. Two 20°C min-  1 over the temperature range 1(~250°C. The 
commercial samples of poly(N-vinyl pyrrolidone) (PVP), instrument was calibrated with an indium standard. The 
which differ in molecular weight, i.e. 350 000 (PVP-H) thermal data reported in this paper were recorded during 
and 24 500 (PVP-L), were obtained from Nacalai Tesque, the second scan, which gave stable d.s.c, traces for a series 
Inc. A water-soluble stilbene derivative, Whitex RP of the PVA/PVP blends. 
(Sumitomo Chemical Co.), was used as a probe for The birefringence (An) of drawn PVA/PVP samples 
orientation estimation by a fluorescence polarization was determined by using an Olympus polarizing micro- 
technique 7 12. Its chemical structure is shown below: scope equipped with a Berek compensator. The thickness 

of each film specimen was measured separately with a 
dial gauge. 

~ N H C O H N - ~ " ~ - ~ H C = C H - - ~ N H C O H N ~  Fluorescence polarization measurements were made 
by using an apparatus that had been built in our 

S03Na Na03S laboratory, which employed the optical system depicted 
in Figure 1, where the coordinate system O - X Y Z  is 
'applied' to a drawn film so that the Z-axis is in the draw 

Dried powdered samples of PVA and PVP(-H or -L) direction and the Y-axis is normal to the plane of the 
were separately dissolved in distilled water at a concen- film surface. Light from a suitable source (a mercury arc 
tration of 6.0 wt% (with continuous stirring), both at 70°C lamp) was rendered parallel to the Y-axis by using a lens 
and at room temperature. A small amount  of Whitex RP system. The light beam was then made monochromatic 
was dispersed into the two aqueous solutions at a by means of a glass filter (Toshiba UV-D36B), which 
concentration of 2.5 x 10 .6 mol l -1 .  The two solutions transmits a 365 nm mercury line, suitable for excitation 

Hg 3 6 5 n m  I ] D r a w  
d i r e c t i o n  

LS Z 

Sarnp  1 e 

Figure 1 Schematic representation of the optical system used for measuring the polarized components of the fluorescence intensity: LS, mercury 
lamp (light source); F~, monochromatic  glass filter; P1, polarizer; P2, analyser; F2, cut-off filter 
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of the Whitex RP fluorescent probe. The incident light where N(co, q~) is a normalized function representing the 
was linearly polarized by a polarizer before reaching the molecular orientation distribution. The two moments can 
sample. The fluorescence light emitted from the sample be combined with the observed quantities, i.e. the 
was detected by a phototube multiplier after passing polarized components of the fluorescence intensity, as 
through an analyser and a cut-off filter (SC-42, Fuji Photo shown below. 
Film Co.), employing a cut-off wavelength of 420 nm. The selective light absorption of fluorescent molecules 

Four polarized components of the fluorescence intensity and the polarization characteristics of the emitted 
were measured by using the following combinations of fluorescence are, in general, explicable in terms of an 
the angles ct I and ~2, which specify the alignments of the oscillator model (see Fioure 2b): when a fluorescent 
transmission axis of the polarizer (P1) and that of the molecule having an absorbing oscillator A is excited by 
analyser (P2), respectively: let Izz be a polarized corn- polarized light with an electric vector Ei, the probability 
ponent of the fluorescence intensity which is observed of excitation, ia, is proportional to the square of a scalar 
when the axes P~ and P2 are both parallel to the Z-axis, product of Ei and A, i.e. 
i.e. ~1 = c~ 2 = 0 °, and Izx be a component obtained when 
P~ and P2 are parallel to the Z- and X- axes, respectively, i a = k(EiA) 2 (2) 
i.e. c~ 1 =0  ° and a2 =90°. Ixx and Ixz can be defined in a Subsequently, if the fluorescence light emitted from an 
similar way. These components are not affected by a oscillator F of the excited molecule is detected as a 
so-called birefringence effect ~°'~2 due to the optical component with its vibration axis E~, the probability of 
anisotropy of the polymer medium, since the coordinate detection, if, is represented as 
axes X, Y, and Z were chosen so as to coincide with the 
'optically privileged' axes. if = qb(FEj) 2 (3) 

The orientation distribution of the molecular axis In photostationary measurements, the overall intensity 
(M-axis) of the fluorescent probes was estimated in terms (Iu) of the polarized component of the fluorescence 
of the second and fourth moments, (cos 2 09) and obtained from the system can be written in the following 
(cos 4 co), respectively, which are defined by equation (1) fashion: 
in the next section. The quantities can be determined (.2 . {,. 
from equations (5)-(7)(see below) by using data for the I u = k~ Jo Jo N(co, tp)(EiA) 2 (FEj) 2 sin co de)dq~ (4) 
polarized components of the fluorescence intensity, I u 

(i,j= X or Z). In this formulation, some potential distribution of the 
oscillators A and F around the molecular axis M is also 

BACKGROUND AND PRELIMINARY taken into account, i.e. the excitation and detection 
CONSIDERATIONS probabilities are averaged with respect to a pair of angles 

(6, e) and (t/, ~), respectively, which specify the orientation 
Fluorescence polarization and molecular orientation of the absorbing and emitting oscillators in the molecular 

In Figure 2a, the orientation of the molecular axis M framework O-KLM,  as shown in Figure 2b. 
of a fluorescent molecule is specified by a set of polar In the optical arrangement where the electric vectors 
and azimuthal angles (co, ~o) in the sample coordinate E~ and Ej are parallel to the X- or Z-axis of the polymer 
system O-XYZ. The second and fourth moments of the sample, the polarized component of the fluorescence 
molecular orientation about the Z-axis are defined in the intensity I u (i,j = X or Z) can be calculated as follows: 

following way: Izz=(kq)/9)[1 +(a o + fo)W1 +aofoW2] (5a) 

(cos" co) cos" coN(c0, ~0) sin co do9 dq~ (n = 2, 4) Izx = (k~b/9)[1 + (1/2)(2ao - fo)Wt - (1/2)aofo W2] (5b) 
- - ,1o ~o 

Ixx = (kq~/9)[1 - (1/2)(ao + fo)W, 
(1) 

+ (1/4)aofoW 2 + (9/8)aof o W3] (5c) 

M 

/2-~P /~ 

09 K E 

X K 

(a) (b) 
Figure 2 Angular specifications for the orientation axes: (a) molecular axis M of a fluorescent probe, oriented at the polar and azimuthal angles, 
~,J and q~, respectively, in a O - X Y Z  coordinate system fixed to a polymer sample; (b) absorbing (A) and emitting (F) oscillators lying along the 
directions of (6, e) and (r/, 4), respectively, within the O - K L M  molecular framework 
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lxz=(k(o/9)[1 +(1/2)(2fo-ao)Wx-(1/2)aofoWz] (5d) method, however, it is not so easy to precisely stipulate 
the size of the orientation unit S; here, for convenience, 

where we let the unit be a statistical chain segment which is less 
W1 = 3(cos z c o ) -  l (6a) than several angstroms in length. 

On the other hand, the structural unit for orientation 
W 2 = 9 ( C O S  4 t O ) - - 6 ( C O S  2 co)+ 1 (6b) measurement by the fluorescence method is a rod-like 
W3 = (cos 4 co) - 2(cos z co) + 1 (6c) probe (M) of a definite molecular size, which is incorpor- 

ated into the amorphous regions of the polymer material; 
and for example, its length is ~ 2.5 nm in the case of Whitex 

ao=(3cos26-1)/2 (7a) RP. The illustrations given in Figure 3 clarify the 
differences in size and orientation angle between the two 

fo = (3 COS 2 ~ - -  1)/2 (7b) structural units S and M as defined above. As shown on 
Equations (7a) and (7b) indicate that ao and fo are the left side of the figure, the vectors S and M are oriented 
parameters that characterize the intrinsic photophysical at angles cos and co, respectively, to the Z-axis, while the 
anisotropy of the fluorescent molecule which is used as orientation of S to the M-axis is specified by 0 and Z. 
an orientation probe. For the stilbene derivative Whitex Using a theorem taken from spherical trigonometry, the 
RP, the anisotropy of light absorption and that of following relationship holds among all of these angles: 

emission were found to be similar in extent, i.e., ao~fo, cos cos = cos co cos 0 + sin co sin0cosT~ (10) 
since the observed intensities Izx and Ixz were almost 
equal to each other, irrespective of the degree of Assuming the distribution of S around the M-axis to be 
orientation of the drawn samples. In the present study, rotationally symmetrical, i.e. to be independent of X, we 
a value of ao~fo=0.91  was adopted, which was can derive the following expression from equation (10): 
evaluated from the following relationship applicable t o  (3( cOS2 cos) -- 1)/2 = [ ( 3 ( c o s  2 O) - 1)/2] 
undrawn samples with a random orientation distribution: 

x [(3(cos 2 co) - 1)/2] (11) 
( l z z -  Izx)/(Izz + 2Izx) = (2/5)aofo (8) 

which expresses a relationship among the following three 
Relationship between birefringence and orientation orientation functions: 
functions 

Optical birefringence derives from the orientation of fs = ( 3 (  cOS2 c o s ) -  1)/2 (12a) 
polymer chains which have inherently the anisotropy of 
the polarizability. In the simplest case of uniaxial f = ( 3 ( c o s 2 c o ) - l ) / 2  (12b) 
stretching of amorphous homopolymers, the extent of f ' = ( 3 ( C O S  2 0 ) - 1 ) / 2  (12c) 
birefringence An varies monotonically with the degree of 

Accordingly, equation (9) can be rewritten, by using 
orientation, irrespective of whether An is positive or 
negative, according to the following equation: equations (11) and (12), as follows: 

An = (1/2)(3(cos 2 cos) - 1) An° (9) An = fsAn ° = f ' fAn  ° (13) 
In the case of the stretching of a blend composed of 

where An ° is a limiting birefringence for the perfect polymer 1 and polymer 2, An of the deformed sample 
uniaxial orientation of polymer chains, and (cos 2 cos) is 
the second moment of orientation for an anisotropic unit may be represented by 
S with a certain polarizability. In the birefringence An=vlAn~+vzAn2 114) 

z s )  

Figure 3 Schematic representations of two structural units M and S oriented at different angles to the stretching axis Z: M is the molecular axis 
of a fluorescent probe with a length of ~2.5 nm, and S is a statistical segment, of shorter length, having a specific anisotropy in polarizability 
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where viAn i (i= 1, 2) indicates the contribution of an Within the scope of the above considerations, we deduce 
oriented polymer component i to the total birefringence the following predictions, using equation (15): 
and vl denotes the volume fraction of that component. (i) A composition range where PVA/PVP drawn blends 
If the sample contains a crystalline phase of a component show negative optical anisotropy, will be much wider 
i, Ani should be divided into two terms, taking account 
of the degree of crystallinity. In the following treatment, in the PVA/PVP-H series than in the case of the 
the polymer blend, for convenience, is considered to be PVA/PVP-L series, i.e. a critical PVP concentration, 
an overall amorphous material which exhibits a high level v~c, above which drawn samples show a negative 
of miscibility, value of An, will be much lower in the PVA/PVP-H 

Let us consider the case where the upper scale limit in series. 
heterogeneity of the polymer-polymer mixing is corn- (ii) PVA/PVP-H drawn blends will give a smaller An 
parable to the length of the fluorescent probe used, value, compared with PVA/PVP-L blends of the same 
.-. 2.5 nm in this present study. This is quite a reasonable composition, even if both series of samples are 
assumption for the PVA/PVP system, as a mixing scale elongated to give an equal degree of orientation (f) 
of 2-3 nm has been determined for the miscible phase in a structural unit of ~ 2.5 nm scale. 
in a recent study by solid-state n.m.r, spectroscopic 
techniques 3. On stretching films of such a blend, ideally RESULTS AND DISCUSSION 
the two component polymers would be oriented equally 
at the miscibility level, and their orientation behaviour The results of d.s.c, measurements carried out on a 

number of PVA/PVP-H samples are shown in Figure 4. 
may be characterized in terms of a common function f, For all of the compositions investigated, a single glass 
referring to an orientation probe of the same size as the transition is detected, with the temperature (Tg) varying 
mixing scale. On a few angstroms scale, however, it may with composition between the Tg values of the two 
be plausible that different kinds of chain segments behave component polymers. It is therefore considered that the 
rather differently. Therefore, equation (14) can be re- 
written as follows, by using the relationship (13) for An i 
of each component: 

An = v l f s l A n ~  -F VEfs2An~ ~ '  , , 

= (vlJ~An°l + VEj~An°2)f (15) '~ ~ 

where f~i and f /  refer to the segmental orientation ~ ~  ~ -Nx f 
functions for the component i. ~ l f ,  " ! 

Birefringence compensation 
In the PVA/PVP system, the two constituent polymers 

show intrinsic birefringences of opposite sign, i.e. 70/30 ~ \ J f  

An~<0 and An~>0 1 0 / i d ~ ~ ~ ~ ~  ~ 
where the subscripts, 1 and 2, are used to designate the ~ - x ~ k ~ " -  
PVP and PVA components, respectively. Therefore, there 
should be some compensation between the positive and ~ ~ ~,,.-- 
the negative contributions to the total birefringence in ' w '  
the drawn blends. Of particular interest in this present "oO ~ ~ ~ . . . ~  50150 
paper is the dependence of the overall birefringence on t- 
the molecular weight of the PVP component. Let us make la.I 
a comparison here between the two series of blends, 
PVA/PVP-H and PVA/PVP-L, which have been de- V 
formed under the same conditions. 40160 

In the drawing process, the PVP-H molecules of longer ~ - ~ ~  
chain length (and therefore longer relaxation times), when 30/70 
compared to the PVP-L molecules, have a greater 
advantageintheattainmentofahigherdegreeofsegment ~ ~ ~ . _ _  20100. 
orientation. In addition, it may be expected that the 
higher the molecular weight of PVP, the higher will be ~ ~ . ~  10/90 
the frequency of occurrence of the carbonyl-hydroxyl 
interactions between PVP and PVA, at least for the PVP ' ~ ~  
chain, resulting in a more effective restraint of the 
orientation relaxation of the PVP segments. A recent 
FTi.r. study 2 supports this assumption of a chemical 

i I I interaction effect. Therefore, appreciable differences will 10 70 130 190 250 
occur in the magnitude of the functions f,1 and ./'1' with 
respect to the orientation of the PVP segments, between Temperature (*C) 
the two series of blends, i.e. 

Figure 4 D.s.c. thermograms for a series of PVA/PVP-H samples; the 
f~I(PVP-H) >f~(PVP-L) sensitivity of the scans for the samples of composition 50/504)/100 is 

about three times that of the others. Arrows indicate a Tg position 
f;(PVP-H) > f;(PVP-L) which is taken as the onset point of the discontinuity in heat flow 
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polymer pair is miscible, at least in the non-crystalline ' ' . . . .  __/--o-----o-;, 
fraction of the mixture. A melting peak of PVA, with its ~ ~ . . v  "~'- '0010- 
maximum originally at 229°C, systematically shifts to 0.8 " 6 ~ ~  - 80110 
lower temperatures as PVP is blended (up to a content ,, 80121) 
of 40wt%); at a 50/50 composition it barely becomes ~ 
discernible in the d.s.c, curve. An endothermic peak . . . - ~  ~ ' ~ 1 3 0  
appearing in the d.s.c, data for a PVA/PVP (60/40) sample ~ - ~  
is due to the fusion of PVA crystals that takes place during 0.6 / ~ ~ 60140 
the heating scan; a cold-crystallization phenomenon ^ 
takes place after the glass transition of the blend on ~ / ~ 50•50 
heating, with the resulting exothermic peak being of ~ ~ o 
almost the same area as that of the melting peak. Such o 4015111 
effects of a depression in the melting point and a X/0.4 
repression in the development of crystallinity of the 
crystallizable component (i.e. PVA), due to addition of 
the second component (PVP), are common features which 
are shared with other crystalline/amorphous polymer 0.2 
pairs that are capable of forming a miscible phase in their 
blends13 1 6 .  

The thermal transition behaviour of a series of 
PVA/PVP-L samples has already been described in detail a 
in a previous paper 1. Comparing these present results for 0 l ~ , ~ , ~ , 
the PVA/PVP-H series with those obtained for the 0 100 200 300 

% EIongation 
i i i i i i i i , 1 

. . . . . . .  0.4 ' .,,(,~0180 v _...,-- 20180 _ 
/ / b / ~ ~ o  1 0 0 1 0 "  ~ 0 1 9 0  

_ . 1100 0.8 

/ ~ 0 1 1 0 .  ~.n 0 

0.6 80120. v 
A 0.3 

o 0 200 400 600 800 i000 t,..) 
V 0'4 [ ' ~ ~ i ~ - ~ n - a Z ~ r e  5 ° 1 5 ° 1 = z ~ ~  % ELongation 

I ~ l ~ - - - ~  40160 Figure 6 Plots of (cosZo)) versus % elongation for PVA/PVP-H 
blends, with PVP-H contents: (a) O-60wt%: (b) 60-100wt% 

0 . 2  

PVA/PVP-L series (see Figures 3 and 6 in ref. 1), we find 
that the former blends give rather higher Tgs especially 
for compositions which are rich in PVP, i.e. by ~ 10-25°C 

a for PVA/PVP (40/60-0/100) compositions. In addition, 
0 ' ' ' ~ ' ' ' the PVP concentration at which the crystal fusion of 0 I00  200 300 

PVA no longer becomes observable is lower in the case 
% Etongat ion  of the PVA/PVP-H blends, i.e. AHf is essentially zero at 

. . . . . . .  PVP concentrations ~>50wt% for PVA/PVP-H and 
0.4 ~>70wt% for PVA/PVP-L, where AHf is an apparent 

40/60 v e ~ " C  ~ 20180 enthalpy of fusion, which is proportional to the area of 

~ 10190 a melting peak. This is in accordance with results 
A v [] ~ obtained from FTi.r. measurements 2, i.e. the higher the 

. . 01100 
~n molecular weight of the PVP, the more effective is the 
o hindrance to PVA crystallization. u 
V In Fi�ures 5 and 6, the second moment of molecular 

orientation, (cos2~o), evaluated by the fluorescence 
polarization method, is plotted against the percentage 

0.3 b elongation of film specimens of PVA/PVP-L and PVA/ 
T_ . . . . . . . . . . .  PVP-H blends, respectively. In both series of blends, the 
0 200 400 600 800 1000 value of ( C O S 2 ( . 0 )  increases monotonically from 0.333 

°/o Elongation with increasing extent of elongation, irrespective of the 
Figure 5 Plots of (cos2~o) versus % elongation for PVA/PVP-L composition. As is well known 9'1°'17"18 PVA homo- 
blends, with PVP-L contents: (a) 0-60wt%; (b) 60-100wt% polymer films show quite a high level of molecular 
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orientation on stretching. The capability of this polymer equivalent PVA/PVP proportions, it is found that the 
for high degrees of orientation may be attributed to PVA/PVP-H samples exhibit a higher degree of orient- 
the strong hydrogen-bonding interactions between the ation than the PVA/PVP-L samples. One can readily 
hydroxyl groups. In contrast, a considerably lower level understand this observation, since the molecular mobility 
of orientation prevails in drawn PVP films even after ex- and orientation relaxation are more limited in a more 
tremely large deformations; the specimens were, actually, viscous medium which contains a polymer species with 
highly susceptible to plastic flow during deformation at a higher molecular weight. In addition to this primary 
the drawing temperature of ~150°C. It should be feature, the higher the molecular weight of PVP, the 
stressed, however, that the drawn films give a decidedly greater is the number of carbonyl groups associated with 
'positive' orientation function, i.e.f =(3(cos 2 ~o)-  1)/2 >0, hydrogen bondings with the PVA hydroxyls, as is again 
indicating a normal trend for molecular orientation in confirmed by the FTi.r. results 2. Therefore, at a given 
the draw direction. PVP content the PVA/PVP-H blend could be considered 

If we consider the blends of PVA and PVP(-L or -H), as a more dense, 'quasi-network system', when compared 
the (cos2c@ versus percentage elongation plots are to the corresponding PVA/PVP-L blend. A higher 
always located between the corresponding plots obtained density of cross-links is also in favour of a restriction of 
for the two homopolymers. The degree of orientation the possible relaxation of the molecular orientation in 
decreases monotonically with an increase in PVP content, the deformed polymer network. 
when compared at a given stage of elongation. According Using the fluorescence polarization technique, it is 
to the FTi.r. data presented by Ping et al. 2 on the blending possible to obtain information about not only the degree, 
of PVA with PVP of a less self-associating nature, more but also the type of molecular orientation in the 
and more of the hydroxyl-hydroxyl bonds in PVA are non-crystalline regions of polymeric solids 7-12. A con- 
broken as the PVP content is increased. Concomitantly, venient method for estimating the type of molecular 
some of the hydroxyl protons liberated from interactions orientation is to construct a plot of the fourth moment 
with the oxygen atoms of other hydroxyl groups, in turn, against the second moment of orientation and to then 
become involved in hydrogen bonding with the carbonyl search for conformity of the plot to a relationship between 
oxygens of PVP, which has inherently less capability for the moments calculated in terms of some potential model 
orientation. In view of this convincing argument, it is of the orientation distribution. Various examples of 
conceivable that the two polymers must have been construction of the (cos4 o)) versus (cos2 o)) plot are 
oriented, considerably cooperatively, in the miscible shown in Figure 7 for selected blends of PVA with PVP-L 
amorphous regions of the blend films during the course (Figure 7a) and PVP-H (Figure 7b), with the films being 
of the uniaxial stretching process, deformed to a draw ratio (2) of 3.1-3.5. The continuous 

Comparing the molecular orientation behaviour shown lines in the respective figures represent a relationship 
in Figures 5 and 6 between the two series of blends at derived by assuming that the molecular orientation 
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Figure 7 Plots of (cos4eJ) v e r s u s  (cos2o))  for (a) PVA/PVP-L and (b) PVA/PVP-H samples deformed uniaxially to a draw ratio (2) of 3.1-3.5. 
The continuous lines represent a relationship between the two moments calculated in terms of a model of a prolate ellipsoid of rotation for the 
type of molecular orientation distribution 
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distribution obeys a type of prolate ellipsoid of rotation 25 , , , .., , , , - 
about the stretching axis. The calculated curve is virtually 0 o// 'o ~ / . . ~  ~ 
equivalent to a theoretical curve predicted by a Kratky- lo0/ /10 a / . / / .  type affine deformation scheme 19, proposed for the 
orientation of rods floating in a bulk matrix. In the case 20 4 1  

of uniaxial stretching of PVA homopolymer films ¢ / -  . ~ " ~ 8 0 / 2 0  
containing Whitex RP, it is already known 9'1°n1 that / 

the type of orientation distribution of the fluorescent 15 / 70/30 
molecules fits this model satisfactorily. ~_. / When PVP is incorporated with PVA, as has already × 
been revealed in Figures 5 and 6, the molecular ~ °o~ 
orientation development in the drawn blends is somewhat 10 ~ • 60140 
delayed, when compared with the rapid transformation 
observed for 'pure' PVA on stretching. Corresponding 
to this behaviour, the position of the data points in the [] 
(cos 4 to) versus (cos / to) plots in Fioures 7a and 7b shift 5 
progressively toward the lower and left side with 
increasing PVP content, with the blending effect being 
usually more prominent in the PVA/PVP-L series. 0 
However, the experimental data for all of the composi- I00 200 300 
tions lie on the calculated curve. In such an application % Elongation 
of the combined use of the second and fourth moments, 
it was confirmed that the type of molecular orientation 1.0 '50/5'0 ' ' b 
distribution in the uniaxially deformed PVA/PVP blends 
followed well the model of a prolate ellipsoid of rotation 0 

25 I I  

~ -1.0 
a 100/0 c / O  / 9o/10 o ~ . 1  

20 <~ -2,0 30/70 

m 15 - 20180 0 -- ~ 70/30" X I I I I I I l I ] 

c:: 0 200 400 600 800 "1000 

,4 10 0•40 % ELongation 

[ ~ / ~ y . f  • Figure9 Birefringence versus % elongation for drawn PVA/PVP-H 
50150 blends, with PVP-H contents: (a) 0-50wt%: (b 50-t00wt% 

r' /9- /  [] / [ 3  -j...-----1 

5 ~ J ' ~  ~ r ~ 4 0 1 6  o at every stage of elongation, irrespective of the compo- 
~ . ~ _  ~ ~ ~  sition or the PVP molecular weight. 
kz( ..~'." ~_...----,w ----'--~ 30170 Fiyures 8 and 9 show the results of the birefringence 

~ - - - - - ~  , . - ~ ,  0 ~ , - , measurements carried out on drawn PVA/PVP-L and 
0 100 200 300 PVA/PVP-H films, respectively. Plots of An versus 

% Elongat ion percentage elongation are constructed for a wide range 
of compositions of the respective series of blends. As 

. . . . . . . . .  demonstrated in Figures 8a and 9a, PVA homopolymer 
b exhibits positive optical anisotropy (An > 0) on stretching; 

1.0 the value of An shows a remarkable increase with 
increasing elongation. On the other hand, drawn PVP 

,, films show a definitely negative birefringence, as seen in 
0.5 ~ , , , - " ~  " Figures 8b and 9b, notwithstanding the fact that the % 

_ ~ v __ v v 20/80 induced optical anisotropy is relatively low, particularly 
× ~ v . . . . .  in the PVP-L samples. The small magnitude of An e- 0 
'~ ~ , observed for the PVP samples can be attributed primarily 

"~ " ~ " t r - ~  ~ 0/100 to the prevalence of a lower degree of orientation of the 
-0.5 [] ~ 0  polymer molecules in the stretched samples. 

Of particular interest is the dramatic change in the An 
[] versus percentage elongation plot with composition. The 

' I ] '  0 '  200 4 0 6 0 800 1000 ways in which the changes occur in the two series of 
blends are rather different from each other and also 

• /. Elongat ion distinct from the monotonic suppression in the rise of 
Figure 8 Birefringence versus % elongation for drawn PVA/PVP-L the (cos 2 to~ versus percentage elongation curves with 
blends, with PVP-L contents: (a) 0--70wt%; (b) 70-100wt% an increasing PVP content. The following observations 
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concerning the birefringence data are worth noting, in above indicate that the negative contribution of PVP is 
comparisons between the two series of PVA/PVP blends: more intensely pronounced in the drawn blends con- 
(l) In the composition range of 100/0-60/40, there is less taining higher-molecular-weight PVP. Observation (2) is 

in fact consistent with a prediction deduced in a difference in the location of the An versus percentage 
elongation curves between the two series; however, preliminary consideration of the molecular weight de- 
caution should be given to the fact that the PVA/ pendence of the birefringence compensation effect, i.e. the 
PVP-H blends exhibited a higher degree of molecular higher the molecular weight of PVP, the wider is the 

composition range where drawn PVA/PVP blends show orientation than the PVA/PVP-L blends at every 
stage of elongation. With the PVA-rich compositions, a negative birefringence. 
PVA crystallinity persists in the blends (see Figure 4), From observation (3), it can be said that orientation 
and hence it should also be noted that the orientation of the PVP molecules is appreciably enhanced in the 
of the PVA crystals makes a positive contribution to presence of PVA, possibly by virtue of the interpolymer 

interactions that occur through hydrogen bonding be- the total birefringence of the drawn samples, and to 
an appreciable extent. At compositions containing tween the hydroxyl and carbonyl groups. This observa- 
~>50wt% PVP, the PVA/PVP-H series, which is tion is also one of the pieces of evidence for good 
capable of higher orientation, gives decidedly much miscibility in the present system. In interpreting the 
lower An values than the other series, cooperative behaviour of the two components, however, 

(2) A minimal PVP fraction, wlc, above which the drawn caution should be exercised regarding the following point: 
blends show negative birefringence, is much smaller it is most likely that the PVA and PVP molecules are 
in the PVA/PVP-H series (0.5<wlc<0.53) than oriented in a still different way at the segmental level in 
in the case of the PVA/PVP-L system, where the drawn blends, in spite of the indication of considerable 
wl~ appears to have a value which is slightly larger miscibility. If the segmental orientations of both corn- 
than 0.8. ponents were identical to each other, i.e. a relationship 

(3) At PVP-rich concentrations above w1¢, drawn blends of theft1 =f~2 holds for the orientation functions defined 
tend to show more negative birefringence than drawn, previously, there would be a determinate composition 
pure PVP; this is observed as a common feature in which is characteristic of the polymer pair being 
both series, considered, at which the blend remains a birefringence- 

free material, no matter how much molecular orientation 
In the present oriented system, there evidently exists is induced. This is because, according to equation (15), 

a compensation effect due to the positive and negative such a composition is given uniquely by a ratio of the 
contributioas of the PVA and PVP, respectively, to the intrinsic birefringences of the two polymer species, on the 
overall birefringence. Observations (1) and (2) presented assumption that An=0 while f~ =f~2>0. However, as 

(¢3,) 70130 2 (C) 30170 

15 ° ~  " ~  

°.9. % o . . . . . . . . . . . . . . . . . . . . . . . . .  
x 10 x 

<3 

5 -2 

0 / I I l l I I I I I I I I 

0.3 0.5 0.7 0.33 0.35 0.37 0.39 
<COS2(O> <C0S2~> 

10 / (b )  50•50 (d)  0 / 1 0 0  
• 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 0 
CI 

x o - 1  o 

,~ 5 e- 

- 2  

0 0 0 

-3  
0 J a I I 
0.3 0.4 0.5 0.6 0.33 0.35 0.37 0.39 

< C O S 2 u j >  < C 0 S 2 ( ¢ 9 >  

Figure 10 Birefringence v e r s u s  (cos 2 (o) for selected compositions of PVA/PVP-L (0 )  and PVA/PVP-H (C)): (a) 70/30; (b) 50/50; (c) 30/70; (d) 0/100 
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stated in observation (2), we found too large a difference acquired a higher degree of orientation than the PVA/ 
in the critical PVP concentration (wlc) between the two PVP-L drawn blends with corresponding compositions. 
series of blends, with both being a thermodynamically The two component polymers showed a mutually 
miscible system composed of the same pairs of polymer opposite sign in the intrinsic birefringence, and the 
species. An ideal way to evaluate this critical concen- drawing of the blend films gave rise to a characteristic 
tration is to specify the composition which gives rise to change in the optical anisotropy with composition. The 
zero-birefringence, irrespective of the draw ratio of the extent of birefringence (An) of the drawn films, when 
blend or the degree of molecular orientation which is compared at a given draw ratio for a series of blends, 
induced. In view of this fact, it is reasonable to assume decreased rapidly with an increase in the PVP fraction 
that the chain segments of the two polymer components (wl) until wl reached a certain value (Wlc) at which An 
orient differently when subjected to uniaxial extension, changed from positive to negative. At PVP-rich concen- 
despite the compatible nature of the blends. This is the trations above w~c, the negative birefringence observed 
same conclusion as the one drawn by Monnerie and for the drawn blends was generally greater in absolute 
co_workers6,20 22 for the orientation behaviour of a value than that of the drawn, pure PVP. This implies 
range of blends composed of various miscible polymer that the two constituent polymers can orient coopera- 
pairs, tively to a considerable extent as a result of their 

In Figure 10, An values are plotted as a function of the miscibility. The critical PVP fraction wlc was much 
second moment of orientation for selected compositions smaller in the PVA/PVP-H series (0.5 < w~c < 0.53) than 
of the two series of PVA/PVP blends. As is evident from in the case of the PVA/PVP-L series 10.8 < wlc < 0.9). 
the plots, even though PVA/PVP-H and PVA/PVP-L Therefore, the higher the molecular weight of PVP, the 
samples of the same composition are oriented to an equal wider is the composition range over which drawn 
degree when viewed in a structural unit with an PVA/PVP blends show negative optical anisotropy. Even 
approximate 2.5 nm scale, the former shows a smaller if both series of blends were deformed to give an equal 
birefringence than the latter. At a PVA-rich composition degree of orientation when viewed in the fluorescent 
of 70/30 (see Figure lOa), there appears to be a relatively probe unit of 2.5 nm, PVA/PVP-H drawn films exhibited 
small difference in the An v e r s u s  ~cos 2 (D) data between a smaller birefringence than the corresponding PVA/ 
the two series. A large, positive contribution of the bire- PVP-L samples. In the deformation process, the seg- 
fringence arising from the orientation of the remaining mental relaxation of PVP-H molecules with longer chain 
PVA crystals to the total birefringence may be responsible lengths is possibly more restricted than in the case with 
for this apparent small difference, shorter lengths, by virtue of the higher frequency of 

The above result also clearly demonstrates that PVP-H specific interactions with the PVA molecules. This results 
acquires a higher 'segmental' orientation and hence in more prominence of the negative contribution of 
makes, more effectively, a negative contribution to the oriented PVP to the overall birefringence in the series of 
birefringence, than does the same concentration of drawn blends with PVP-H rather than with PVP-L. 
PVP-L. This is explicable in terms of the molecular weight 
dependence of the extent of relaxation of the PVP chains 
which occurs during the experimental stretching process, REFERENCES 
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