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TABLE I1 
POLYACRYLONITRILE HEATED FOR VARIOUS TIMES AT 145 O 

Heating ----z-- - 
time, hr C H N Oa Total 

~ 

Calcd 67.92 5.66 26.42 . . . 100.0 
0 67.92 5.66 25.97 0 . 6  100.11 

24 67.58 5.70 25.86 0.72 99.86 
48 67.51 5.65 25.50 1.04 99.70 

a Determined analytically. 

4. It had been observed that the elemental analysis 
becomes increasingly incomplete with increasing colora- 
tion. 2 a * 3 , 3 8 , 3 9  This was confirmed in this laboratory, 

as shown in Table 11, where the oxygen content of 
heated samples increases with time. This is explained 
by the formation of polynitrones.10 

5. The hitherto unexplained fluorescence is caused 
by the presence of ketonitrile groups in the polymer. 
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ABSTRACT: A mathematical model has been developed to describe the uv degradation of terpolymer scissioning 
systems. Nearest neighbor and anomalous link (e .g . ,  head-to-head or branching) effects have been ignored in 
order to preserve simplicity and analytical tractability. Equations relating the fraction of various linkages and of 
each component in terms of reactivity ratios and monomer feed fractions are presented. A method of estimating 
individual scissioning constants from terpolymer experimental data is presented and the significance of the esti- 
mates is discussed. Vari- 
ance contours for variations on this design are presented. 

Suitable experimental designs are discussed and the simplex lattice design is suggested. 

he deleterious effect of ultraviolet radiation on T polymers is one of the main problems barring 
these materials from many applications. The system- 
atic study of uv degradation is therefore a project of 
considerable academic and industrial interest. 

One area, in particular, that has generated a sub- 
stantial amount of work is the development of a quan- 
titative theory of uv degradation. 

Previous work1-* has demonstrated the applicability 
of high-energy radiation theory to uv degradation 
systems with suitable modification for attenuation 
(film and wavelength effectss (activation 
spectra). A theory of copolymer degradationQ has 
led to characterization of polymer systems. 

This paper extends previous workg to the scissioning 
behavior of terpolymer systems. 

For scissioning systems a variable of fundamental 
importance is the number of scissions per molecule 
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(S). On the assumption of a random scission mecha- 
nism this is given by eq 1, where i = over-all scis- 

(1) 
sioning constant scissions/mer time-', Po = degree of 
polymerization, and t = exposure time. 

Copolymers contain linkages of various types, each 
with a given kinetic constant for degradation. (In a 
copolymer of monomers A and B at  least three types, 
A-A, A-B, and B-B are present.) It can be shown 
that when kt << 1, the observed kinetic constant for 
degradation is the linear sum of inter-mer scission 
constants (e.g., k,,, k b b ,  kab), each weighted by the 
frequency of occurrence in the copolymer (fa., fh,, 

fab).  In  order to describe the degradation system it is 
first necessary to calculate (01 measure) these linkage 
fractions, second to estimate and generate confidence 
intervals for scission constants for various linkages, 
and last to test the model for fit. The following dis- 
cussion is divided into five sections: (I) calculation 
of inter-mer linkage fractions, (11) a description of 
the variation of the average kinetic constant with 
composition, (111) estimation and testing of inter-mer 
scission constants for the model, (IV) comments on 
experimental design, and (V) critique of the model. 

I. Calculation of Inter-Mer Linkage Fractions 
In a terpolymer of monomers A, B, and C, there are 

six linkages of concern, faa, .fab, f k ,  fbb, f b c ,  and .fL. 
The various amounts of each linkage in a terpolymer 

s = LPot 
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depends upon the concentrations of monomers in the 
feed and the reactivity ratios. Analytical expressions 
for these fractions; can be derived if the following sim- 
plifying assumpti'ons are made: (1) the reaction is 
stopped a t  low conversion so that the actual fraction 
of each type of Linkage approaches the instantaneous 
sequence ratio, (2) the effect of penultimate and ante- 
penultimate units is negligible, (3) the steady-state 
assumption is valid, and (4) all linkages are head to 
tail and negligible branching occurs. 

Table I summarizes the kinetic processes taking 
place in the terpolymerization of monomers A, B, 
and C .  For  a system of m monomers there are m2 
propagation steps to be considered. Numerical values 
are chosen for propagation constant subscripts to 
avoid confusion with scission constant nomenclature. 
The probability offinding an A-A linkage (Pan) is simply 
the ratio of the A-A forming rate to the total propaga- 
tion rate. Denoting the sum of rates (kll(m, .)(Ma) + 
k d m a .  )(Md + kl3(?%. )(Me) + kdmb . )(MA etc.) 
by B, then 

Similarly 

(10) C. Walling aiid E. R. Briggs,J. A m e r .  Chem. Sac., 67,  1774 
(1945). 

TABLE I 

Growing Adding Rate of Reaction 
chain monomer process product 

Using accepted nomenclature, the following reactivity 
ratios may be defined. 

kll kll 
k12 k13 

CYc = - f f l ,  = - 

krs 

kll 
PSL = 

k z  
P o  = - 

k2 3 

k,, k33 
Y b  

- 

k31 k32 
Y a  = - 

The mole fraction of the ith monomer in the feed (fl) is 

A = - - -  Mi 
ZMi 

Substituting eq 14, 13, 12, and 11 into eq 2-7 produces 
eq 15-20 relating the fraction of various ij linkages 
in the copolymer in terms of the reactivity ratios and 
monomer feed fractions. 

r r  r l  

J G c  = PI,, = PCi, = f b h  - ( P p  ~ + PN3) -- (18) 
D r h  
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TABLE I1 
ASSUMED VALUES OF COPOLYMERIZATION PARAMETERS 

Monomer e Q 

A -0.30 0.02 
B $0.30 0.05 
C +O. 60 0.20 

Figure 1. Calculated inter-mer linkages cs. polymer com- 
position. 

Figure 2. Calculated inter-mer linkages L'S. polymer com- 
position. 

The various fractions of each component in the polymer 
(FJ are given by eq 21-23. To illustrate the foregoing 

model, consider the hypothetical copolymerization 
of three monomers, A, B, C. Table I1 lists the as- 
sumed copolymerization properties of these monomers 
in terms of Alfrey-Price parameters Q and e. Re- 
activity ratios calculated by the usual equation" for ab 

are at, = 0.33, a0 = 0.076, pa = 2.1, BC = 0.27, y. = 

A convenient way to represent the various quan- 
tities involved is by constructing contour maps. Each 
point in the triangular grid corresponds to a terpolymer 
of defined composition (the vertices are of course 
homopolymers, elsewhere on the axis are copolymers). 
Figure 1 shows contour lines for AA, BB, and CC link- 
ages. It can be seen that these are all straight lines 
but are not parallel t o  the axes. Figure 2 shows an 
identical plot for AB, AC, and BC linkages. These 
polynomial surfaces all have their maximum value at  
their respective 50/50 copolymer composition, the mid- 
point of each axis. The maximum values are given 

5.8, Y b  = 3.3. 

by eq 25 (again shown for AB linkages). It is interest- 
ing to note that this value is a function of the product 
of the reactivity ratios, i.e., independent of the reactivity 
of the monomer Q and dependent only on the polar 
character e of the radical adduct. 

11. Variation of the Scissioning Constant 

As stated previously, the over-all scission constant 
is simply the weighted sum of the individual inter- 

mer scission constants. For given values of these 
constants, a stability response surface may be con- 
structed. By varying the individual scission con- 
stants, a great variety of response surfaces are possible. 
Figure 3 shows the simplest type of response surface, 
a plane. By suitable selection of scission constants 
this plane can be rotated or tilted in any direction. 
Figure 4 shows a rising ridge displaced off center. 
This system also can be rotated or translated. Figure 5 
shows a mound (or its mirror image a depression) with 
approximately elliptical contours. Not shown but 
also possible are saddle points (homopolymer and one 
ij scission constant low, other ij constants high) or 
simultaneous maxima and minima (one ij linkage 
constant high, one ij linkage constant low, homopolymer 
medium). 

The above response surfaces were generated at  a 
given set of reactivity ratios. Each different set of 
reactivity ratios will produce a different set of response 
surfaces. It is evident that, quite apart from mech- 
anistic considerations, the model is versatile enough to 
represent adequately any stability surface likely to 
occur. Viewed in this light it is interesting to compare 
possible response surfaces with alternative six-param- 

(11) T. Alfrey and C. C. Price, J .  Pnlyrrier Sci., 2, 101 (1947) 



eter equations. Gorman and Hinmanl* have dis- 
cussed response surfaces possible with a six-parameter 
quadratic polynomial subject t o  a constraint that 
S Fi = 1.0. In  this case the quadratic simplifies to 

where Pi are adjustable constants and xz are factor 
inputs subject to Zxi = 1.0. This surface can be a 
plane, ridge, or ellipse, but only one maximum or 
minimum (not both) is possible. Pseudo-binary 
systems obtained by cutting planes through this ternary 
surface cannot have points of inflection. 

111. Estimation of Constants in Scissioning Models 

The general scissioning model proposed here is of the 
form 

The number of constants kij to be estimated varies 
with the numbler of monomers in the system. For 
a polymer system containing m monomers, m homo- 
polymer scission constants and CZrn binary scission 
constants are required. 

For the case rn = 1, estimation of the homopolymer 
scission constant is quite straightforward. As the 
number of monomers increases, however, solution 
difficulty also increases (e.g., for three monomers, six 
constants, for six monomers, 21 constants). Reference 
9 describes a simple method of estimating inter-mer 
scission constants when two monomers are involved and 
homopolymer scission constants are known. In the 
general case, however, all experimental measurements 
are of equal uncertainty and there is no reason to 
place more credence in some values than in others. 

In addition to  the problem of estimation, there is the 
prcblem of testing the model and forming some approx- 
imate confidence intervals for quantities so estimated. 
Thus although a minimum of nz + Grn experimental 
points are required for estimation, additional points are 
needed for testing and forming confidence interval 
estimates. 

Conventional estimation and testing techniques call 
for choosing parameter estimates Lij ,  which minimize 
the sum of squares of deviations about the fitted model. 
Although this is not the only candidate objective 
function, it has the following advantages: (1) when 
the residuals are normally distributed, with common 
variance, parameter estimates correspond to maximum 
likelihood estimates; ( 2 )  when the assumed prior 
distribution is relatively flat over the region of interest, 
the so-called locally uniform distribution, Bayesian 
estimates result; and (3) this objective function leads to 
analytically tractable equations for linear models. 

Unconstrained estimation of parameters in linear 
equations by minimizing the residual sum of squares is 
a conventional technique discussed in many statistics 

(12) J. W. Gorinan a i d  J. E. Hinman, Tec/i/zo/mrrics, 4, 463 
( 1962). 

Figure 3. 
tion. 

Over-all scission constant cs. polymer composi- 
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0 40 

A 0 3 0  

Figure 4. Over-all scission constant cs. polymer composi- 
tion. 

A ASSUMED CCNSTANTS 
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Figure 5. 
tion. 

Over-all scission constant DS. polymer composi- 
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TABLE 111 
ANOVA FOR REGRESSION ESTIMATION OF KINETIC CONSTANTS 

- 
Source Sum of squares freedom 

Demees of 7- Critical values ---. 
- ~ 

Due to regression 0.684746 3 
Deviation from regression 0.009254 4 
Total 0.694000 7 

texts (see, for example, ref 13). For minimization 
of 

the estimating equations are 

P P P 

Here the subscripts are changed for clarity (A ,  = 
k,,, f ;  = faa, etc., r = number of parameters, and p = 
observation number) or in matrix notation 

X t X h  = X‘Y (28) 

The superscript is used to denote “transpose” and 

represents the column vector of 
solution becomes 

= (XtX)-’ ,y ty  

estimators. The 

(29) 

Here (Xtx)-l is the inverse of the matrix of normal 
equations. These equations correspond to the general 
linear hypothesis with suppression of the constant 
term. 

An estimate S 2  of u2 is given by (using matrix nota- 
tion) 

1 
n - r  S* = P ( Y t Y  - PX‘Y) 

where n = the number of points. 

k t  estimated is given by 
A 1 - CY confidence interval for any of the constants 

._ 

where K represents the true value of k J ,  c j j  is the j th  
diagonal term of the inverse matrix (X‘X)-’, and 
f n - T ( a / 2 )  is the value of Student’s t for n - r degrees of 
freedom. Simultaneous 1 - CY confidence intervals 
for all k’s can also be generated (see, for example, 
Scheffe’4). 

(13) F. A. Graybill, “An Introduction to Linear Statistical 
Models,” Vol. I, McGraw-Hill Book Co., Inc., New York, N. Y . ,  
1961. 

(14) H. Scheffe, “The Analysis of Variance,” John Wiley and 
Sons, Inc., New York, N. Y., 1959. 

Mean square F. ratio CY F 

0,22825 98.81 0.05 6.59 
0.00230 . . .  0.01 16.69 

. . .  . . .  0.0005 24.26 

As an example of these techniques the data from 
ref 9 for the two-monomer case is analyzed. The 
initial analysis regarded the homopolymer scission 
constants as fixed and estimated the copolymer constant 
kat,. However, estimates of homopolymer scission 
constants are of comparable uncertainty, suggesting 
that these parameters should appear in estimation 
equations. The system investigated was a vinyl 
acetate (a), ethyl acrylate (b) copolymer. Estimates of 
scission constants were k,, = 0.79, k b b  = 1.6, k a b  = 

1.6 (all values: x10-4 scissionjmer hr). The normal 
equations are 

c f a a l p  = ( C f a a ’ ) k a a  f ( C f a a f b b ) k b b  + ( C f a b f a a ) k a h  

C f b b i p  = ( C f a a f b b ) k a a  + ( C f b b * ) k b b  + ( C f a b f b b ) k a b  

C f a b i ~  = t C f J a b ) k a a  f ( C f b b f a b ) k b b  f ( C f a b 2 ) k &  

Solution of these equations through the inverse yields 
estimates k,, = 0.78, kbb  = 1.62, kab = 1.61 X loV4 
scission/mer hr. From eq 30, S = 0.0481, from eq 
27, cll = 0.7326, cZ2 = 0.6267, c33 = 1.3572, which 
yields the following confidence intervals for the k’s : 

1.606 & 0.156. Table I11 shows the ANOVA for this 
analysis. 

The error mean square is not significantly higher 
than that of replicate measurements. Figure 6 shows 
a plot of gauss-’ i/(n + 1) GS. ordered residual, which 
suggests the errors are normally distributed. No 
significant correlations were observed in plots of 
residuals cs. ,?ob$.& &,redlotedr f ,J’s,  or run number. The 
use of such plots may be called to question due to the 
correlation which exists among the residuals. How- 
ever, as a practical matter, the effect of correlation 
upon graphical procedures is negligible except when 
the ratio (n - r)/n is quite small.l5 From the above 
it follows that the model successfully “postdicts” the 
experimental data. 

Another approach to the estimation problem is to 
regard the reactivity ratios as variables rather than 
constants and estimate these simultaneously. In 
principle this is easily done; however, the problem 
becomes highly nonlinear and numerical search tech- 
niques might have to be used. In addition, the number 
of variables becomes quite substantial even for co- 
polymers containing only three or four monomers. 
Nine constants need be estimated for a terpolymer, 
for example. In addition, it turns out that the actual 
fraction of inter-mer linkages is only a weak function 
of the reactivity ratios, suggesting that likelihood 
regions would tend to be flat in the reactivity ratio 
parameter space (cf., the one-half-power damping 
factor in eq 25). 

k,, = 0.782 rk 0.114, kbt ,  = 1.624 rk 0.106, k a b  = 

(15) N. R. Draper and H .  Smith, “Applied Regression Analy- 
sis,” John Wiley and Sons, Inc., New York, N. Y. ,  1967, p 94. 
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IV. Experimental Design 
Having discussed the model, estimation of model 

parameters, and tests of fit for the model, it is natural 
to consider the topic of experimental design. 

One design problem is immediately apparent- 
the constraints on  and correlation among the fij's 
makes an orthogonal design impossible. Thus, the 
conventional designs (factorial, fractional factorial, 
etc.) are unsuitable for this case. (Since all estimates 
of the kinetic constants are correlated, strictly speaking 
a joint likelihood surface should be used to  indicate 
confidence in the parameters rather than individual 
confidence statements.) 

A second complication is that the experimenter 
generally chooses experimental designs in terms of the 
copolymer (Fi) c r  comonomer composition (fi). Ran- 
dom errors in -feed or  polymer composition lead to 
bias in linkage fractions (Aj) owing to the nonlinear 
nature of the transformation. 

One approach to experimental design for this prob- 
lem is t o  select certain specific designs developed 
especially for inixtures and examine the variance 
contours of these designs for this model. Scheffe'e and 
later Gorman arid Hinman12 have developed designs of 
this type. The factor space (Fa,  F,, FJ for experi- 
ments is a simplex and the designs have come to be 
called simplex lattice designs. These designs give a 
uniformly spaced distribution of points over the 
factor space. The proportions used for each factor 
have 117 + 1 equally spaced values from 0 to 1, Fi = 

0,  l /m ,  21111.. ., 1, and all possible mixtures with these 
proportions are used. Typical designs for three- 
component systems are 

h 

A 
b 

The utility of any of these designs can be assessed by 
examining the variance of the response a t  any point. 
The variance of a predicted response at  factor levels 
(f1. . J7)  is given by1; 

var K = S ? [ X ' ( X ' X ) - ~ X ]  (32) 

where x = Y X 1 vector in which the ith element isJz 
and (X'X)-l = inverse of the matrix of normal equa- 
tions. The term in brackets on the right-hand side 
acts to multiply the sample variance by a factor which 
depends on the point in question V I . .  .J7) and the 
basic design (ctV's). Variance contours can be nor- 
malized by dividing the variance at  any point by the 

(16) H .  Schrtfr, J .  H o j , .  Stut. Soc. ,  B20, 344 (1958). 
(17) F. A.  Graybill, see rcf 13,  p 122. 

.05- // 
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Figtire 6.  Examination of residuals from fitted inodel 

k 

Figure 7.  
position. 

Variance contours for design a1 cs. polymer com- 

estimate ( S 2 )  of the sample variance which of course is 
simply the bracketed term referred to above. The 
variation of this term with composition (F,)  for a given 
design yields a map showing the relative reliability of 
predicted responses (mean scission constant). 

Figures 7 ,  8, and 9 show variance contours con- 
structed for designs a with replicates of corner points, a 
with replicates of middle points, and b, respectively. In  
each case the number of experimental points required is 
the same (nine). These variance contours were con- 
structed taking assumed values of the reactivity ratios 
to transform the design matrix, given in terms of F, ,  to 
the actual design matrix (Ai's). The normal equation 
matrix (obtained from the f;, design matrix) is then 
inverted to yield the elements ctI  necessary to calculate 
var E. A computer program has been written to 
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TABLE IV 
CONFIDENCE INTERVAL (C.1,) MULTIPLIERS FOR 

SIMPLEX DESIGNS 

Multiplier - 
Constant estd Design a1 Design a2 Design b 

0.71 1.00 
0.71 1 .oo 
0.71 1 .oo 
1.88 1.42 
1.70 1.27 
2.00 1.53 
1.28 1.20 
0.64 0.24 

0.95 
0.95 
0.95 
1.65 
1.50 
1.76 
1.29 
0.38 

Figure 8. 
position. 

Variance contrours for design a2c5. polymer com- 

SO\ / 

Figure 9. 
position. 

Variance contours for design b us. polymer com- 

generate these contours from design and reactivity 
data and is available on request. 

Although variance contours given in Figures 7-9 
were calculated for a specific set of reactivity ratios, 
certain general features are evident. 

(1) Variance contours for symmetrical F designs 
will, in general, be asymmetrical; thus if symmetrical 
variance contours are desired some iterative process 

must be employed to generate asymmetrical F designs. 
The degree of dissymmetry for the reactivity ratios 
used in this example is probably not severe enough to 
warrant the effort. 

(2) Comparison of design a1 with a2 (replication of 
middle points cs. replication of corner points) indicates 
the general superiority of middle point replication. 
This concurs with intuitive notions. 

(3) Design b yields variance contours which are 
intermediate between a1 and a2. 

Another way of illustrating the comparison between 
these designs is to examine confidence intervals for 
estimation of scission constants. The width of the 
confidence interval is (from eq 31) proportional to 
( C ~ % ) O . ~ .  Table IV shows ( ~ ~ 3 0 . 5  values for each constant 
estimated in each of the designs. 

There are basically two criteria that might be used in 
evaluating designs: (a) select a design that has the 
minimum average C.I. width or (b) since in general all 
constants are of equal importance a design might be 
selected which minimizes the variability of individual 
C.I. widths. It can be seen that design a2 is best by 
either criterion. Again design b dominates design al .  

Design b, however, is suitable for tests of linearity of 
the model as well as efficient estimations of responses or 
individual scission constants. Since the experimenter is 
a t  least as concerned with testing the model as with 
prediction of responses (certainly in the initial phases of 
the investigation), design b appears the most useful. 

Critique of the Model. Most of the criticism of the 
model itself can be traced to simplification at  various 
points in the derivation. In all cases it is possible to 
overcome these criticisms a t  the expense of simplicity or 
analytical tractability. 

Specific points at  which this occurs are basically 
twofold: (A) in the original description of type of 
links considered and (B) in the derivation of equations 
necessary for calculating fractions of these links. 
The following paragraphs discuss these points and 
suggest modification and extension, 

A. 1. The Problem of Anomalous Links. Specifi- 
cally ignored in consideration of linkage types in a co- 
polymer were two “common” types of anomalous 
links-head-to-head links and branches. While little 
data are available to judge the stability of head-to-head 
links, it is generally accepted that substantially branched 
materials are less stable than corresponding linear 
materials. Branching occurs in most polymers to an 
extent determined by monomer type, catalyst, tem- 
perature, time, impurities, etc. In a copolymer, the 
variables are similar with the added factor of comono- 
mer type and concentration. One approach to  the 
model would be to view the observed scission constant 
of the homopolymer as being an effective scission 
constant composed of whatever anomalous links are 
present in the homopolymer. If the fraction of these 
anomalous links is not a function of sequence length 
(of homopolymer mer) or of comonomer type in a 
copolymer, then the model is still quite valid. We 
realize, however, that inter-mer scission constants are 
functions of the polymerization variables. If the 
above is not true (or approximately true) then a homo- 
polymer might be viewed as a “copolymer” of regular 
and anomalous links. Since for a terpolymer there 
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are nine distinct branching possibilities (A, B, or C 
branching from A,, B, or C), as many as nine additional 
kinetic constants would be required to  specify the 
system, not considering whatever constants are neces- 
sary to  describe the branching mechanism. 

2. Nearest Neighbor Effects. In the model, the sta- 
bility of any link was assumed to be independent of the 
presence and type of neighboring links. If, however, 
the effect of a given linkage extends beyond this linkage, 
then additional (constants are necessary. For a ter- 
polymer, in the case of an A-A linkage, for example, 
the following scission constants need to be included: 
k a ~ ~ a ,  kaaab, k,,,,, kbaab,  kbaac ,  k,,,,. A total of 36 

constants would be required for complete description 
of the system. 

B. Two major simplifications were made in the 
derivation of eq 15-20. The first was that the effect of 
penultimate and ante-penultimate units was negligible, 
the second assumed constant feed ratios of monomers 
(fi). If the first assumption is invalid, alternate treat- 
ments are available.18 If the second is invalid (as, for 
example, in a batch or semibatch process), then eq 
15-20 may be integrated numerically to give appropriate 
values ofJi .  

(18) E. Merz, T. Alfrey, and G. Goldfinger, J .  Polymer Sci., 1, 
75 (1946). 

Line Width of Nuclear Magnetic Resonance High 
Resolution Spectra of Vinyl Polymers 
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ABSTRACT: The line widths of high resolution nmr spectra of vinyl polymers were studied with particular refer- 
ence to isotactic polypropylene. It was observed, by deuterium decoupling experiments, that for polypropylene 
it is the coupling constants through several bonds that mainly determine the broadening of the lines. By eliminat- 
ing them, we obtained spectra with resonance line widths of the same order of magnitude as observed on small 
organic molecules. 

et us consider a nondeuterated vinyl polymer in L solution. The nmr spectrum of this solution 
generally does not exhibit well-resolved lines. In the 
presence of suitable solvents, the widths of the reso- 
nance lines can be decreased by increasing the tem- 
perature and decreasing the concentration. However, 
even in the best circumstances, at  high temperature, 
the width of the resonance lines of a polymer ranges 
from a minimum of 1 to  several cycles per second. The 
purpose of this research is to establish why the bands 
undergo this residual broadening. 

A resonance signal may be broadened as a result of 
several reasons: I, insufficient average of magnetic 
dipole-dipole interactions in the solutions, due to 
relatively slow motion of the chains;' 11, excessive 
viscosity of the solutions;' 111, spectra that are not 
completely of the first order, with consequent broaden- 
ing of the experimental bands, which are actually 
multiple; IV, small long-range coupling constants ; 
and V, not sufficiently rapid exchange among the 
various conformers so that the same proton may be 
situated in magnetically nonequivalent surroundings. 

It was shown that the line width of a polymer in 
solution is independent of the molecular weight of the 

so the viscosity of the solution will not be 
considered here. Nevertheless, we operated under 
experimental conditions such that the solution might 

flow on the test tube walls. If a polymer is not steri- 
cally pure, its spectrum consists of the superimposition 
of the spectra of various  component^,^ owing to the 
presence of different types of tetrads and pentads that 
may give partly superimposed bands; thus an artificial 
broadening of the lines is created, due only to  the 
poor resolution of spectrometers. To exclude this 
difficulty, we mainly used isotactic polypropylene be- 
cause this polymer can be obtained sterically p ~ r e . ~ , b  

Products A-E have been 
studied. All isotactic polymers considered were high 

Isotactic Polypropylene. 
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