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defects might be revealing in this regard. 
Conclusions 

Thin-film, bulk crystallization of sPP was shown to 
produce rectangular lamellar crystals with a unit-cell 
structure different from that originally proposed from 
doubly oriented samples. The new unit cell involves the 
presence of both left- and right-handed helices, consistent 
with the (t292)2 conformation of sPP, whereas the existing 
unit cell was based implicitly upon helices of a single hand. 
In most crystals, the different packing schemes coexist, 
giving rise to a specific structural disorder of magnitude 
b/2 .  The two packing schemes depend upon the identical 
or opposite hand of crystallizing helices in relation to those 
on the crystal growth face. In addition, sheets on each 
(200) plane can also contain helices of opposite hand, which 
introduces a doubling of the b axis and necessitates the 
newly observed intersheet packing scheme. 
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ABSTRACT A pole inversion formula is derived for textures with an axis of symmetry, for example, planar 
and fiber orientation obtained by uniaxial and biaxial deformation processes, respectively. The  measured 
pole density distribution function of an (hk2) reflection is expressed as an integral transform of the (required) 
pole density distribution function (which is usually the chain axis in polymers). Unlike other methods for 
pole inversion, this formulation does not involve any series expansion of the orientation functions. The integral 
equation is analytically solved for the special case when the (hk l )  reflection is perpendicular to the chain axis, 
a common feature to  most of the semicrystalline and liquid-crystalline polymers. 

Introduction 
The physical properties of (semicrystalline and amorp- 

hous) polymers, such as tensile modulus and strength, 
electrical and thermal conductivity, mass diffusion, and 
thermal expansivity, are dependent on chain orientation 
and extension. For semicrystalline polymers, a fraction 
of the chain (equal to the crystallinity) resides in the 
crystals, which are easier to orient compared to the 
amorphous phase. The changes in physical properties are 
thus dependent on the overall crystal texture. One method 
to tailor the crystal texture for improving a particular 
property in a given direction is by deformation. For ex- 
ample, by uniaxial extension, the tensile modulus is en- 
hanced by 100-fold in polyethylene electrical con- 
ductivity is improved by 10-fold in polyacetylene at  a draw 
ratio of - 3.3 Thermal conductivity increases by 30-fold 
on drawing polyethylene by 32X: and diffusivity of toluene 
in polypropylene drops by 30-fold a t  a draw ratio of 
However, the properties in the orthogonal directions are 
inferior to those in the initial, undeformed sample. A more 
“uniform” enhancement of properties (with some sacrifice 
of highest possible property enhancement) can be attained 

‘Dedicated to Prof. Roger Porter on the occasion of his 60th 
birthday. 

by more complex deformation geometries, such as biaxial 
uniaxial c o m p r e s s i ~ n , ~ ~ J ~  planar deforma- 

and combinations of various deformation geom- 
etries.16-18 

Wide-angle X-ray diffraction (WAXD) is a suitable 
method for crystal texture analysis of polymers obtained 
by the above-mentioned deformation geometries.1*222 The 
crystal texture is expressed in the form of a “pole figure”. 
Pole figure plots represent the orientation distribution of 
a given (hkl)  reflection with respect to the lab-frame. For 
isotropic orientation, the tip of the R(hkl) vector (per- 
pendicular to the (hkl)  plane) scribes a uniform orientation 
density sphere. For anisotropic orientation, a nonuniform 
orientation density is expected. The orientation density 
distribution on the sphere is represented by three pro- 
jections along three orthogonal directions (usually the 
lab-frame axes). These three projections of the orientation 
sphere are called the pole figures. The tip of the R(hkl) 
vector is called the pole of the (hkl)  reflection on the 
orientation sphere, and the orientation distribution is also 
called the pole density. Thus, for isotropic sample, the pole 
density is constant on the orientation sphere for any (hkl)  
reflection. 

To relate the crystal texture to the modified anisotropic 
property, the orientation distribution of the chain axis 
(which is usually labeled as the c-axis in the crystal) is the 
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most important measurement. In other words, the pole 
figure of the (001) reflection is of interest. This can be 
directly measured by tilting the sample on a four-circle 
goniometer and measuring the relative intensity of the 
(001) r e f l e~ t ion .~~  However, most of the polymers either 
have a weak (001) reflection or the reflection is absent.24 
The methods to obtain complete distribution function of 
a chain axis indirectly from one (or more) (hkl) reflection(s) 
(not parallel to the chain axis) are referred to as pole 
inversion  technique^.^^^^^-^^ The pole inversion problem 
is important to obtain a structure-property relationship 
in semicrystalline polymers. 

The crystal texture on uniaxial extension has a fiber 
symmetry, where the draw direction is the axis of sym- 
metry. The crystal texture can be completely described 
by measuring the orientation distribution of the chain axis 
with respect to the draw axis. An important parameter 
relating the property and crystal texture in a uniaxially 
drawn sample is the average chain orientation distribution 
function, also called the Hermans orientation f u n c t i ~ n . ~ ~ ~ l  
Wilchinsky obtained a generalized formula, where the 
orientation function for chain axis can be calculated from 
the orientation functions of other measurable (hkl) re- 
f l e c t i o n ~ . ~ ~ ~ ~ ~  However, the method measures an average 
quantity, which may not be sufficient for understanding 
deformation mechanism and textures in more complex 
deformation processes. More general methods to obtain 
pole inversion involve series expansion of the measured 
function (i.e., the relative intensity of (hkl) reflection) and 
desired function (i.e., the pole density distribution of chain 
axis) (ref 34, 18, and related references). The pole density 
distribution function expressed in terms of a generalized 
spherical harmonic function (since the pole distribution 
function is mapped on a sphere) is related to the measured 
relative intensity (as a function of Euler angles) expanded 
as a spherical harmonic series. The coefficients of the 
generalized harmonic series are then determined by or- 
thogonal property of the basis functions and the symmetry 
of the orientation distribution. For the uniaxial defor- 
mation case with fiber symmetry, the method was further 
extended to obtain an average orientation function for a 
general pole figure.% Techniques other than WAXD have 
also been reported in the literature. Bower obtained the 
average orientation distribution function by polarized 
Raman scattering and polarized f luore~cence.~~ In prin- 
ciple, the complete orientation function can be obtained 
by the above-mentioned technique of pole inversion using 
series expansion; in practice, the analysis has an error due 
to series t r u n ~ a t i o n . ~ ~ , ~  The series truncation error is large 
for high orientation. Several (hkl) reflections are required 
for an accurate computation of the distribution func- 
t i ~ n . ~ ~ b '  

In this paper, an integral equation is developed to invert 
the pole figure without series expansion. The assumptions 
on the symmetry of the chain distribution function are the 
same as the series expansion method. The texture as- 
sumed has the following symmetry: (i) the crystal is ran- 
domly oriented about the unique axis; (ii) the unique axis 
is randomly oriented about at least one of the sample axes. 
It must be noted that assumption ii is more general than 
the fiber texture obtained by uniaxial drawing. For ex- 
ample, in uniaxial compression, the chain is randomly 
oriented around the compression axis, but it is parallel to 
a plane rather than an axis (as in the case of uniaxial 
extension). 

Crystal Texture Problem 
Figure l a  shows a typical WAXD texture analysis, where 

the incident beam is along the unit vector go and the 
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Figure 1. (a, Top) V, H ,  and q are the lab-frame axes. The 
incident beam along Ho and the diffracted beam along H are in the 
H-q plane. The scattering vector ij is the bisector of Ho and H. 
At tilt angles = 0 and \k = 0, the sample axes, x,  y, and z are 
parallel to the V, H ,  and q axes, respectively. (b, Bottom) In 
general, for an anisotropic sample, R(hkl) is a function of and 
4 defined with respect to the reciprocal axes, X, Y,  and 2. For 
cylindrical symmetry, the R(hkl) orientation distribution is only 
a function of 4. 

diffracted beam is along the unit vector s  ̂ at a Bragg angle 
OB with respect to the incident beam. The Bragg angle 
corresponds to a reflection (hkl) suitable for pole figure 
measurement. The intensity measured along ŝ  is pro- 
portional to the number of planes perpendicular to Q = ŝ  
- go. In a texture analysis the source (parallel to So) and 
detector (parallel to 2) are kept stationary, implying the 
reciprocal vector, Q, is constant. The sample is rotated 
along the vertical axis, V,  and horizontal axis, H (Figure 
la). The H axis is in the plane P defined by So X s  ̂ and 
perpendicular to Q. The V axis is perpendicular to the 
plane P. Let x ,  y ,  and z be the sample coordinates. The 
tilt angles 9 and \k are defined such that, at 9 = 0 and \k 
= 0, z axis jl Q, x axis II V axis, and y axis II H axis. A 
complete pole figure can be obtained by tilting 9 from 0 
to 2 a  and \k f rom-~/2 to ~ 1 2 . ~ ~  The orientation distri- 
bution of the hkl planes (defined by the vector R(hk1) 
perpendicular to the (hkl) planes) is proportional to the 
measured relative intensity of the (hkl) reflection corrected 
for path length and absorption. The orientation distri- 
bution function of R(hk1) is described with respect to Euler 
angles $I and $ in the reciprocal space X Y Z  (Figure lb).  
In the real space to reciprocal space transformation the 
directionality is preserved, therefore x axis 1 1  X axis, y axis 

1 1  Y axis, and z axis I( Z axis. Furthermore, by comparing 
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R(hk1) is located by the angles 4 and $, as shown in Figure 
2. With respect to the unique axis, iii, the angular coor- 
dinates for R(hkl) are y and p. The angle y locates the 
position of the unique axis (for a given w )  and p is defined 
along the circle C’ (as shown in Figure 2). 

The direction of the unique axis iii is defined by the 
angles, w and y (as shown in Figure 2). Since the crystals 
are randomly oriented around the 2 axis, the unique axis 
is oriented uniformly around the 2 axis. For a fixed angle, 
w ,  OC will scribe a constant density circle (not shown in 
the Figure 2) on the orientation sphere. The center of this 
circle is at  2 = R sin w ,  where R = IR(hkl)l. Let p c  be the 
one-dimensional (pole) density of rii on this circle. Since 
the orientation is random around the 2 axis, p c  is inde- 
pendent of y and only a function of w. The total number 
of iii at a f ixed angle w are q1 = [27rR cos w]p,(w). Thus, 
the number of ri i  on an elemental length, R cos w dy, is, 

(1) 

Let p be the one-dimensional (pole) density of the R(hkl) 
pole on the circle centered a t  C’ (as shown in Figure 2). 
Since the orientation of R(hk1) is random around rii, the 
density p is constant on the circle. For a fixed location 
o f  the  unique axis, rii(w,y), the total number of R(hkl) 
planes is q2 = [2a R sin a i ] p ( w ) .  Thus, on an elemental 
length, R sin ai p 

(2) 

For each rii at angles w and y, there are q2 number of 
R(hk1) vectors. Therefore, for dq, number of iii, the 
number of poles is q2 dq,. Thus, for constant w ,  the total 
number of R(hkl) poles in an elemental length [R sin ai] 
d/3 due to f i i  in an elemental length [R cos w ]  dy is 

dq = dq, dq2 = p p c  cos w sin ai R2 dy do (3) 

Equation 3 is the total number of R(hk1) in an elemental 
area dA = R2 dy dp for rii at  constant w and in the ele- 
mental length, [R cos w ]  dy. 

The next step is to change variables from (y,P) to 
spherical angles ($,$). The experimental data are in terms 
of the latter angles because of the measurement 
The transformation is computed by using Figure 2 in the 
Appendix. 

Substituting eq A8 from the Appendix into eq 3 yields 
the total number of R(hkl) poles, dq, for constant w as 

dq, = p$ COS w dy 

dq, = pR sin ai do 

- dq _ -  
dA 

(4) ’&[-cos 4 + sin (a, + w)l1/2[cos 4 + sin (ai - w ) l 1 / 2  

where dA = R2 sin 4 dd d$ is the elemental area on the 
orientation sphere. Note that the pole density, dq/dA, is 
not a function of $ (as expected). 

Thus, the total pole density at  a given latitude, 4, is the 
sum of all the R(hk1) that intersect (or are tangent) to the 
latitude. Rigorously the summation should be over w and 
y, but integration over y is a constant (because of the fiber 
symmetry). Thus, the total pole density is given as 

sin ai cos w 

t Z  
I 

Figure 2. 0-XYZ is the frame of reference in the reciprocal space. 
The unique axis fii makes an angle w and y with respect to the 
Z and Y axes, respectively. The reciprocal lattice vector, R(hkl), 
is located by angles ai and p with respect to the unique axis, fii. 
The polar coordinates of R(hkl) in the reciprocal space are 4 and 
4. 

parts a and b of Figure 1: at  \k = 0 ,d  = 9 and $ = “12; 
a t  9 = 0, 4 = \k and $ = a. 

The texture for evaluation considered in this paper 
possesses a uniaxial symmetry, where the unique axis 
(usually the chain axis in polymeric materials) is randomly 
oriented about one of the sample axes (say, the z axis). 
Thus the orientation distribution is only a function of 4 
and is independent of I). The distribution function of (hkl) 
can be measured along \k = 0 or 9 = 0 or a combination 
of the two depending on the sample geometry. Two typical 
cases where such a texture may occur are (i) in a uniaxially 
stretched sample, where the unique axis is the chain axis 
and the z axis is the draw direction, and (ii) in a biaxially 
stretched sample, where the unique axis is the chain axis 
and the z axis is perpendicular to the stretch plane. 

Let iii be an arbitrary direction of the unique axis a t  
Euler angles w and y (Figure 2). As assumed above, the 
axis of symmetry is the z axis in the sample. The texture 
may thus be described as follows: (i) rii is randomly or- 
iented around the 2 axis; (ii) R(hkl) is randomly oriented 
around the corresponding rii. The question is: What is 
the orientation distribution function of the unique axis, 
given the orientation distribution function of the (hkl) 
reflection? In other words, how does one invert the pole 
figure(s) of one (or more) (hK1) reflections to obtain the 
pole figure of the unique axis. Due to the fiber symmetry 
around the 2 axis, the orientation distribution of rii is 
independent of y and only a function of w. Similarly, the 
orientation distribution of R(hk1) can be described with 
a one-variable (or dimensional) function of 4. Equation 
10, relating the two functions, is consistent with the 
mentioned symmetries. 

Pole Figure Inversion 
Let the unit vector along the unique axis iii be along OC 

in Figure 2. 0 is the center of the orientation sphere, C 
lies on the surface of the sphere, and OC makes an angle 
w with the r-8 plane. The reciprocal vector, R(hk1) is at  
an angle ai with respect to the unique axis. Since R(hk1) 
is randomly oriented around f i t ,  P (the tip of the vector 
R(hkl)) scribes a constant pole density circle on the ori- 
entation sphere. The center of the circle C’ is in the in- 
terior of the orientation sphere. 

The position of the R(hk1) pole is defined with respect 
to two sets of coordinate systems. With respect to 0-XYZ, 

,where w1 and w2 are the maximum values of w for the circle 
C’ to touch the (given) latitude $. By simple geometry, 
w1 = 7r/2 - (ai + 4) and w2 = a/2 + (ai - 4). Substituting 
eq 4 into eq 5 yields 
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(77/2)-(a,+d 
dw X -- - m($) 

dA L / 2 ) + ( @ , - $ )  
sin ai cos w 

[-cos 4 + sin (ai + ~ ) ] l / ~ [ c o s  4 + sin (ai - w ) ] ' / ~  
(6) 

Consider the physical meaning of the product p p c  next. 
The number of Ai in a given direction defined by spherical 
angles w and y is proportional to pc. The total number of 
R(hkl) is q2 (distributed on the circle C' in Figure 2 ) .  The 
corresponding Ai along this given direction is also pro- 
portional to p c ,  because the ratio of the number of iii planes 
and the (hkl) plane is a constant if the crystals are large 
and the crystal shape is fairly uniform over all orientations. 
The latter is a valid assumption in most cases. From eq 
2 

q2 = 27rR sin ai p - p c  

Since ai and R are constants for a given (hkl) reflection 

PPC 

P = BPC 

where B is constant. The total number of Ai in an ele- 
mental area ( R  cos w)(R dw) is dNc = (p$  cos w dT)(p$ 
dw) ,  since p c  is linear density and is constant over the arc 
dy. Rearranging and replacing p: by p g / B  yield the total 
number of Ai in the elemental as 

P 
B dNc = p c - R 2  COS w dy dw 

Furthermore, due to symmetry around the 2 axis, the 
integration over dy is 2 ~ .  Thus, the total number of chains 
is 

(7) 

Except for the constant factor (R2/B), f i ( w )  = p c p  is the 
area population density or pole density function of Ai. (The 
proportionality constant is incorporated by proper nor- 
malization at the end of the calculation.) If p p c  is replaced 
by the Ai pole density function f i ( w ) ,  the above equation 
becomes 
W(4) (77/2)-(ac+d 

dNc = ( 2 r R 2 / B ) p C p  COS w dw 

do  f i ( w )  X 

sin ai cos w 
-=i dA 77/2)+(a,-6) 

(8) 

The intensity I (4 ) ,  proportional to the total number of 
poles in the solid angle, AQ,(@,+) = AA,/R2, is given by 

[-cos $ + sin (ai + w)]'/~[cos 4 + sin (ai - 

or 

where AQ, and AAs are the solid angle and corresponding 
area (on the orientation sphere) sampled in the WAXS 
experiment. K (or K?  is a proportionality constant. The 
sampling size depends on instrumental parameters such 
as beam size and collimation, monochromaticity of the 
beam, and the detector (Le., solid-state or photographic 
film). In the photographic film method, integrated in- 
tensity is measured. Thus, AA8 (or AQs) is further modified 
by the Lorentz correction factor depending on the optics 
of the camera. No orientation angle dependent Lorentz 
correction is required when the sample is tilted on a 
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four-circle goniometer, keeping the detector and source 
position fixed (i.e., OB constant), and the intensity is 
measured by employing a solid-state detector. For sim- 
plicity, the latter case is considered. Substituting eq 8 into 
eq 9 yields 

I ( $ )  = KAA, 1 (77/2)+(a,-d 
dw X 

f i(o) cos w sin ai 

[sin w - cos (ai + 4)]'/2[cos (ai  - 4) - sin w]l jZ  

(T/2)+,+$) 

(10) 

On substituting x = sin w 

I(4) = KAA, s dx 
b($)=cos(ar$) f i ( x )  sin ai 

a($)=cos(ai++) [x - ~($)] ' /~[b($)  - x ] ' / ~  
(11) 

Equation 10 (or 11) is a Voltera integral equation of the 
I kind, where I ($)  is known and f i (w)  is to be determined. 
Thus for a random orientation around the unique axis and 
fiber symmetry about the z axis, eq 10 prescribes a method 
to experimentally determine the orientation distribution 
function of the unique axis. The equation can be solved 
numerically to obtain f i (w)  from the (hkl) pole figure. The 
integral equation can be solved exactly for special cases 
described below. 

Solution to Integral Equation: Special Cases 
The integral equation given by eq 10 or 11 can be nu- 

merically solved for a general case. However, under certain 
conditions the integral can be inverted analytically. The 
cases considered in this paper are for (i) isotropic orien- 
tation and (ii) (hkO) reflection. 

Isotropic Orientation. For an isotropic sample, the 
crystals are randomly oriented. Therefore, the pole density 
distribution of the chain axis is uniform over the orien- 
tation sphere, i.e., f i ( x )  = C (a constant). Equation 11 then 
leads to 

- I ( $ )  = KAA,C sin air (12) 

Equation 12 suggests that the intensity is independent of 
4 (as is expected for isotropic sample). Equation 12 can 
also be used to calculate (on a relative scale) the constants 
K and AA, for a given polymer, provided the same optics 
are used to characterize the oriented and unoriented sam- 
ple. Furthermore, the sample thickness and differences 
in crystallinity between the oriented and isotropic sample 
have to be corrected. The former is an absorption factor, 
and the latter is a multiplicative constant equal to the 
corresponding volume fraction. Thus quantitative com- 
parison between samples as a function of extent of orien- 
tation can be made. 

Exact Solution for (hkO) Reflection. Owing to the 
long-chain nature, polymers in the ordered state (crys- 
talline or liquid crystalline) pack with chains (in ordered, 
conformation) parallel to each other. This results in a 
strong reflection corresponding to lateral ordering of the 
chains. In most polymer crystals, the c axis is considered 
parallel to the chain axis; therefore, the lateral packing will 
correspond to (hkO) reflection. In polymers such as Nylon 
4,8, and 77; polyallene; and poly(viny1 alcohol), where the 
b axis is parallel to the chain axis, the corresponding re- 
flection is (h01). For either case, the reciprocal vector, 
R(hkl), is perpendicular to the unique axis, i.e., ai = a/2. 

For ai = ~ / 2 ,  eq 11 becomes 



2386 Saraf Macromolecules, Vol. 21, No. 8, 1988 

sin @ cos $ = cos ai sin y cos w + 

sin @ sin $ = cos ai sin y cos w + 
sin ai[cos sin w sin y + sin cos y] 

sin ai[cos sin w cos y - sin p sin y] 

cos q6 = cos ai sin w + sin ai cos (A3) cos w 

Since w is fixed 

b($)=sin $ fib) sin ai 
I(@) = KAA, dx 

a(+)=-sin 6 [sin + + x]l/2[sin 4 - x]1/2 

Substituting t = sin q6, I ( @ )  = I l ( t ) ,  and f ; (w)  as an even 
function (see Figure 2) into the above expression yields 

Equation 13 can be converted to the Abel equation by 
substituting x 2  = x1 and t2  = tl. Thus, the integral in- 
version is given by38 

(14) 

The complete orientation distribution function f i (w) can 
be obtained by integrating and differentiating digital data 
of measured intensity as a function of sin q6 (Le., I l ( t )  
instead of I (@)) .  The method derived in eq 14 has the 
following important features: (i) Almost all polymers have 
at least one (hkO) (or (h01)) reflection for texture analysis. 
(ii) The method is applicable for planar and fiber textures, 
where the chains are parallel to a plane. (iii) Only one 
reflection is required to compute the chain axis orientation 
function for fiber texture unlike Wilchinsky's m e t h ~ d . ~ ~ , ~ ~  
(iv) The numerical integration of eq 14 is not straight- 
forward due to singularity at the upper limit. 

Conclusion 
An integral method is developed to compute orientation 

distribution from digital data obtained from a diffractom- 
eter. The texture is assumed to have at least one axis of 
symmetry, such as fiber and planar orientation. The 
method has the following salient features: (i) No series 
expansion is required to compute the orientation distri- 
bution function. (ii) In principle, only one reflection is 
adequate to determine the complete distribution function 
of the chain axis. (iii) Quantitative texture evaluation as 
a function of processing condition can be performed by 
evaluating the optics and material constants from I versus 
sin q6 data for an unoriented sample. (iv) The derivation 
can be generalized to more complex textures by imposing 
y dependence on p c  and (or) 0 dependence on p,  implying 
f i  is a function of both w and $. (v) A disadvantage of this 
method is the singular integral that will require more data 
points around the singularity. 

Appendix: Coordinate Transformation 

can be expressed as 
Any arbitrary R(hk1) defined on the orientation sphere 

X = R sin q6 cos $; Y = R sin @ sin $; 
(-41) 

where X, Y,  and Z are the components in the rectilinear 
coordinates of R(hkZ). By simple geometry, it can further 
be shown that 
X = R cos ai sin y cos w + 

R sin  COS sin w sin y + sin p cos y] 

R sin ai[cos p sin w cos y - sin fl  sin y] 

2 = R cos ai sin w + R sin ai cos 6 cos w (A2) 

The relation between the various angles is determined by 
equating the corresponding components in eq A1 and A2. 
Thus 

Z = R cos @ 

Y = R COS CY; COS COS w + 

Therefore 
sin @ 

sin ai cos w sin /3 dy dp = d@ d$ (A71 

Further substitution for sin p derived from the last ex- 
pression in eq A3 and rearranging yield 
dy dp = 

[-cos 4 + sin (ai + O ) ] ~ / ~ [ C O S  
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ABSTRACT: The infrared (IR) absorption spectra of highly isotactic poly(acrylonitri1e) (PAN) prepared 
by y-ray irradiation in a urea canal complex were studied in detail and compared with those of an atactic 
sample. It was found that there exist in the IR spectrum characteristic bands corresponding to the isotactic 
configuration of PAN. These are a t  1250 and 1230 cm-'. The relative intensity of these bands (D1230/D125p) 
is directly proportional to the content of isotactic triad units determined by I3C NMR spectra. The relationship 
between the intensity of IR bands and NMR isotacticity percentage in triad units was obtained quantitatively. 
The  assignment of the IR bands is briefly discussed based on halogen substitution experiments in the solid 
state, etc. Other IR spectroscopic features of isotactic PAN are briefly noted. 

Introduction 
It is well-known that highly stereoregular poly(acry1o- 

nitrile) (PAN) can be prepared by y-ray irradiation in a 
urea canal complex of acrylonitrile.' The stereochemical 
structure of PAN prepared by such a method has been 
assigned to be an essentially isotactic configuration.'I2 
However, little infrared (IR) spectroscopic study of 
stereoregular PAN has been made. In this article, some 
IR spectroscopic features of highly isotactic PAN are de- 
scribed in relation to those of radically and anionically 
prepared PAN. The complete assignment of the IR bands 
of ordinary free radical PAN has already been made by 
Liang and Krimm.3i4 Here we report that careful inves- 
tigation of IR spectra can reveal the configurational dif- 
ferences of PAN molecules through the variation of the 
deformation modes of methine (CHI and methylene (CH,) 
groups. 

Experimental Section 
Sample. Isotactic PAN was prepared in the manner of White' 

and Yoshii? The sample was obtained in the form of a crystalline 
powder. For comparison, four different types of free radical 
samplese and one kind of anionically prepared sample were also 
used. These are characterized in Table I. 

NMR Measurements.  The JEOL NMR spectrometers 
J N M  FX-90 Q and FX-100 were used. All the samples were 
measured in solution in deuteriatd dimethyl sulfoxide (DMSO-d,J 

* Author to whom correspondence should be addressed. 

Table I 
Characterization of Samples 

NMR results 
triad 

sample viscosity tacticity,b '% 
polymerization code (n)" I H S 41S/H2 

canal' C-1 1.61 72 22 6 3.44 
canal C-2 1.34 66 25 9 3.69 
canal C-3 1.52 67 24 9 3.99 
canal C-4 4.96 48 36 16 2.41 
canal C-5 4.58 48 35 17 2.60 
aniond A-1 2.17 30 43 27 1.82 
radical R-le 2.14 25 51 24 0.94 

radical R-39 6.03 29 49 22 1.07 
radical R-2' 1.97 28 46 26 1.35 

radical R-4" 6.87 26 47 27 1.32 

"DMF, at  25 "C. bPeak intensity was calculated based on 
methine carbon. 'All the canal samples were prepared by in- 
source method. dPrepared in THF by sodium-naphthalene, at -78 
"C. e Homogeneous solution (DMSO/AIBN, at  55 "C). f Aqueous 
redox slurry (H20/APS-NaHS03, at 40 " C ) .  8 Aqueous solution 
(H,O/APS, a t  50 "C). "Bulk (photoinitiated, at 14 "C). THF, 
tetrahydrofuran; DMSO, dimethyl sulfoxide; AIBN, azobisiso- 
butyronitrile; APS, ammonium peroxodisulfate. 

a t  an elevated temperature. The conditions were as follows: 
frequency, 22.49 MHz; solvent, DMSO-de; concentration, 10-2% ; 
temperature, 90 OC. 

IR Measurements.  The Hitachi double-beam grating IR 
spectrophotometers EPI-G2 and A-285 were used. For quantitative 
purposes each spectrum was recorded at a sufficiently slow 
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