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factors, barring significant crystal packing forces, etc., we are (41) Natta, G.; Corradini, P.; Eassi, I. W. Nuouo Cimento, Suppl. 
confident that our calculations accurately represent the con- 1960, 15, 68. See also ref 27. 
formational properties of polysilane and poly(dimethy1- (42) Atkins, E. D. T.; Keller, A.; Shapiro, J. s.; Lemstra, P. J. 
silylene). Polymer 1981, 22, 1161 and references therein. 

Assessment of Long Branches in Free Radical Polyethylene: 
Correlation between the Melt and Solid States 

Fadhel ben Cheick Larbi,t Marius Hert,f Marie-France Grenier,s and 
Jacques Rault*+ 
Laboratoire de Physique des Solides, Bbtiment 510, Universitg de Paris-Sud, 91405 Orsay 
Cedex, France, CDF-Chimie, 62160 Bully les Mines, France, and Chimie Organique 
Physique, Universitt?, 64000 Pau, France. Received September 29, 1983 

ABSTRACT A series of branched polyethylenes of the same apparent molecular weight have been characterized 
by gel permeation chromatography (GPC), viscometry, NMR, and SAXS. By use of these different techniques, 
the molecular weight distribution and the number of long branches have been determined. In these materials 
quenched from the melt, we show that the long period of the semicrystalline state and the dimensions of the 
coils in the melt before crystallization are correlated. These correlations permit verification of theories of 
Zimm and Stockmayer and Daoud and Joanny giving the conformations of the coils in the melt. Finally, 
we emphasize that the SAXS technique combined with GPC is an accurate method of asseeament of the number 
of branches, comparable to the 13C NMR technique and viscometry. 

I. Introduction 
In a series of papers it has been shown that in mono- 

disperse fractions, mixture of fractions, and polydisperse 
polyethylene (PE), the quenched state and the melt state 
are ~orrelated.l-~ For these linear chains, the long period 
L of the semicrystalline state is a function of the weight 
average of the radius of gyration R,. The relationship 

L R, N ~ : W ; M ; ' I ~  (la) 

where wi is the mass concentration of chains of molecular 
weight Mi and has been verified for polyethylene and 
poly(ethy1ene te re~htha la te ) .~  

In branched polymers, the dimensions of the coils vary 
with the molecular weight M and with the number of 
branches Nb per chain. These dimensions have been 
calculated by Zimm and Stockmayer5 (ZS) and more re- 
cently by Daoud and Joannf (DJ). Up to now neither the 
dimensions of the chains in the liquid state nor the long 
period in the solid state has been systematically studied 
for these randomly branched materials. By comparison 
with relation l a  we expect a long period dependence of the 
form 

L - R f(M)g(Nb) Ub) 

where g(Nb) is a decreasing function of Nb. A knowledge 
of the functions f and g and a measurement of R or L 
would give an estimate of the number of branches Nb, if 
the molecular weight distribution is known. 

The aim of this paper is to compare the assessment of 
long branches in radical PE by the three following methods 
coupled with gel permeation chromatography (GPC) on 
a series of well-defined high-pressure PES: (a) viscometry, 
(b) NMR, and (c) small-angle X-ray scattering (SAXS) in 
the semicrystalline state obtained by quenching the melt. 

i 

f Universit6 de Paris-Sud. * CDF-Chimie. 
5 Chimie Organique Physique, UniversitB. 

The assessment of branching by methods a and b has 
been studied by several a ~ t h o r s . ~ - ' ~ ~ ~ ~  The last method, 
which is new, is based on the correlations existing between 
the solid and melt states of branched polymers expressed 
by relation lb. Finally, we discuss our results in light of 
the scaling theory of Daoud and Joanny. 

11. Characterization of Polyethylene Samples 
1. GPC and Viscosity Measurements. We give in 

Table I the characteristics of branched (B) and linear (L) 
PE  samples. For branched PE the GPC chromatogram 
at 135 OC in trichlorobenzene (TCB) permits us to define 
the apparent average molecular weights Mn* and Mw*, 
which are the number- and weight-average molecular 
weights of the equivalent linear PE having the same 
chromatogram. Samples Bl-BB have nearly the same 
chromatogram and, therefore, the same apparent molecular 
weight distribution (Mn* - 18000, M,* = 120000). 

Linear samples Ll-L3 have been studied in ref 2 and 3. 
Sample L, is a mixture of equal weights of two monodis- 
perse fractions of molecular weight 10 000 and 260 000. 
Samples L2 and L3 are two Pennings  fraction^.^ L1 and 
Lz have different molecular weight distributions but the 
same weight- and number-average molecular weights as 
the apparent molecular weight of the branched PE samples 
Bl-BB (Figure 1). 

Sample L4 is a polydisperse, high-density commercial 
product (Manolene 6050). The indices of branching, b, of 
the materials have been determined from GPC and in- 
trinsic viscosity measurements. Following the procedure 
given by Prechner et  al.,7 b is defined as the ratio of the 
intrinsic viscosity [qI1* of the linear PE to the intrinsic 
viscosity of [q]b, the branched PE having the same elution 
volume: 

b = [711*/[9lb (2) 

The parameter p can be calculated for each fraction; in 
Table I b is an average value, [qll* and [& being the weight 
average of the intrinsic viscosity of the linear and branched 
polymer, respectively. 
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Table I 
Characteristics of Branched (B) and Linear (L) Polyethylene Samples 

L, A 
samples quenched cooled 10 OC/min cooled 3 OC/min 10-3~,* 10-3~,,* b 

B, 191 218 237 
207 
191 
188 
189 
183 
175 
168 
170 

227 
228 
219 
219 
214 
214 
210 
220 

234 
232 
234 
232 
236 
230 
227 
240 

400 
420 
380 
380 

Figure 1. Chromatograms of two branched PE (Bo and B3) and 
a linear PE (L2). The samples BI-B8 have the same chromato- 
grams as the linear L2, indicating therefore that they have the 
same apparent molecular weight distribution. 

The intrinsic viscosity [711* of the equivalent linear 
polymer is calculated by the Mark-Houwink relation 

[all* = KM,*O (3) 

where K = 5.16 X 
solution in TCB at  135 0C.22 

the hydrodynamic volume V 

dL g-' and a = 0.69 for a dilute 

The equivalent mass Ml* of the linear chain is given by 

v = [SldMb [?ll*M* (4) 

Mb = Mi* b ( 5 )  

The molecular weight of the branched chain is then 

Branched polymers are often characterized by the ratio 
g' of the intrinsic viscosities of the branched and linear 
chains having the same molecular weight. 

g' = [71b/[fll (6) 

Combining relations 2-6, the relationship between the 
ratio g' and the index of branching b is found to be 

g' = [l/b]'+" (7) 

Several  author^"'^*^^ have attempted to cokelate these 
viscosity parameters with the number of branches per 
chain, Nb, and to the structure parameter g, which is de- 
fined as the ratio of the square of the dimensions of 
branched and linear chains having the same molecular 
weight: 

g = Rb2/Rf (8) 

The structure parameter g can be calculated if some as- 

hb 
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Figure 2. Index of branching b measured by viscometry as a 
function of the number of long branches Nb, in random branched 
polymers. The number of branched Nb is calculated from the 
theory of Zimm and Stockmayer (relations 8 and 9 giving the 
structure factors g, and g,) and from the empirical relation g' = 
(l/b)1.69 = g,,,x (relations 6 and 10). 

sumptions are made for well-defined branch geometries. 
In the unperturbed case, for fractionated and for unfrac- 
tionated materials, these parameters have been calculated 
by Zimm and St~ckmayer ,~  in cases of a random distri- 
bution of the branches: 

g = g, = [(I + Nb/7)'l2 + 4Nb/9a]-1/2 (9) 

In the first case Nb is the average number of branches per 
molecule and in the second case the weight average. These 
relationships are not valid for star chains. 

As noted by Small,g for branched polymers there is no 
unique relationship between the viscosity parameter g'and 
the structure parameter g. This is not surprising in view 
of the complexities of the branched structures. 

Several authors have attempted to apply the relation 

g' = gx (11) 

to polyethylene, with x = O . E J , ~  1,l0 and 1.3." Combining 
5,9 or 10, and 11, the relationships between b and N b  are 
found. Figure 2 shows that for 1.5 < b < 2, the relationship 
between b and Nb can be considered linear. For example, 
if we put g = g, (eq 10) and x = 1 and 1.5 in eq 11, we 
obtain the approximate relation 12 in the domain 1.3 < 
b < 1.9: 

b = 1.1 + 0.05Nb ( X  = 1) ( 1 2 4  

b = 1.1 -k 0.08Nb ( X  = 1.5) (12b) 
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Table I1 
Number of Branches (Nb) per 1000 Carbons in 

Polyethylene 
samde 

13-15 16-17 19-20 22-23 
4 4 

1-2 <2 1-2 2 
8 5 6 9 
4 2 3 5 
2-3 4-5 5-6 7-8 

3-4.5 9-11 11.5-13.8 19-21 

4 8.6 11.6 25 
3.3 6.5 8.5 16 
3 4 5 7 
1.33 1.6 1.75 2.21 

In Table 11, values of Nb obtained for x = 1.0, 1.5, and 1.7 
are compared. 

In conclusion, from the measurements of the index of 
branching b by coupling GPC and intrinsic viscosity 
measurements and from the theory of Zimm and Stock- 
mayer it is possible to determine the average number of 
branches Nb per molecule. However, it  must be empha- 
sized that this number depends on certain assumptions 
about the structure of the chain via the structure param- 
eter g and the parameter x which appears in the rela- 
tionship between the structure parameter and the viscosity 
parameter. 

For PE the most reliable value of x is 1.0 f 0.3, according 
to Small.g The different values of x found in the litera- 
t ~ r e ~ J ~ J ~ q ~ ~  very likely come from the difference in the 
structure of the branched chains. The relation g' = gx is 
an empirical relation which has no physical basis. It should 
be noted that in the limiting cases of star chains and combs 
x is 0.5 and 1.5, respectively. Hert and S t r a ~ i e l l e ~ ~  have 
found by light scattering that the exponent x is somewhat 
dependent on the type of synthesis of the PE and on the 
molecular weight. For high molecular weight materials 
they found x - 0.9. We show in the next paragraph that 
in our materials the exponent has this same value, and 
therefore we conclude that the structure of the branched 
chains in our materials and in the materials analyzed by 
Hert and Strazielle are intermediate between stars and 
combs. 

It is important to note that the value of g given by (6) 
and 11) with x = 1 decreases first rapidly with the 
branching index and with Nb and then slowly for b > 1.3. 

In the domain 1.5 < b C 2, the relationship between g 
and b has the linear form 

g = 0.9 - 0.4(b - 1) 

thus 
Rb = Rf[1 - O.20(b - l)] (13) 

where R? is a constant different from R,, the radius of 
gyration of the linear chain having the same molecular 
weight. We shall see in section 11.3 that the long period 
in the semicrystalline state obeys a similar equation. 

2. NMR. The 13C NMR spectra of the polymers were 
recorded by using 10-mm sample tubes at 62.89 MHz and 
120 "C in a Bruker WM 250 spectrometer provided with 
an Aspect 2000 computer and an interactive disk unit. The 
polymers were dissolved in a mixture of 80% (v/v) 1,2- 
dichlorobenzene and 20% (v/v) 1,2-dideuteriotetra- 
chloroethane. Sample concentration was 10% (w/v). 

The instrumental conditions were as follows: pulse 
angle, 90" (25 ps); pulse delay, 135 s; sweep width, 3800 

Hz; digital resolution, 0.233 Hz/point (0.003 ppm/point); 
number of transitions, 200. The pulse spacings are con- 
sidered adequate for qualitative measurements. The in- 
verse gated decoupling method was employed to suppress 
the NOE. 

From the analysis of the NMR spectra, one can evaluate 
the concentration of seven types of branches: ethyl, butyl, 
pentyl, hexyl, 2-ethylhexyl, 1,3 paired ethyl and long 
branches having more than eight methylene  group^.'^-'^ 
To assess correctly the NMR peaks, the spectra of the 
low-density PE have been compared to those of a series 
of PE models compounds having well-characterized short 

Nearly all the peaks of the different PE have 
been identified. In Figure 3, the 13C spectrum of sample 
B3 is giyen as an example. The number of branches is 
deduced from the peak areas, by averaging 10 integrations; 
this technique, described by Bovey et al.13 and Randall,I5 
leads to an accuracy of the order of 1 % on the number of 
branches. 

The number per loo0 carbons of short branches having 
i CH2 groups is denoted A, and is reported in Table 11. In 
all samples the number of butyl branches X3 is important. 
RoedeP suggested that these branches are created by the 
mechanism of "back-biting". The total number of the more 
complex branches 2-ethylhexyl and 1,3 paired ethyl has 
been evaluated. Those branches which lead to charac- 
terized peaks as seen in Figure 1 have been predicted by 
W i l l b ~ u r n . ~ ~  

The number of long chains per 1000 carbons XL has been 
evaluated directly by measurements of the area of the peak 
C3L indicated in Figure 3; it  should be noted that this 
number is equal to the difference 

where A,, is the number of CH3 group (chain ends) per loo0 
carbons. 

This indicates that the numbers of short chains other 
than those reported in Table I1 are negligible. This leads 
to the important conclusion that if, during the synthesis, 
a branch of 8 carbons is created, the probabilities of growth 
of the two chain ends separated by 16 carbon atoms are 
equal and that the notion of backbone chain (or main 
chain) is no longer relevant. I t  is therefore more appro- 
priate to define XL as the number of long-chain branch 
points per 1000 carbons. From the measurement of XL, it 
is possible to calculate the number of LCB per chain. 
According to Foster et al.,24 the number and weight av- 
erages (Nbn, Nbw) of the number of LCB are respectively 

where ALn and XLw are the number- and weight-average 
values of the branching frequency per 1000 carbons. I t  
must be noted that these two averages are functions of the 
number-average molecular weight and not of the weight- 
average molecular weight.24 

In Table 11, we give the value of Nb deduced from the 
above relations, the value of XLn being that obtained by 
NMR (AL). Table I1 and Figure 4 show that the best 
agreement between the value of Nb determined by NMR 
and by viscometry, using the ZS theory, is obtained for x 
= 1 and for x = 1.5 (dashed line in Figure 4). The values 
of Nb determined by the both methods differ by 20%. 

3. Long Periods Determined by SAXS. The long 
period L of the quenched materials has been determined 
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I 
Y) lo 10 B P P ~  

Figure 3. 13C NMR spectrum of sample B3 at 62.89 MHz and at 120 "C. The number of long branches having more than eight carbons 
is evaluated directly by measurements of the area of the peak C3L. 

NJ (N M R )  / 
I /xzl 

' O t  ,w 
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10 20 N, 

Figure 4. Comparison between the numbers N b  of long branches 
in radical PE evaluated by 13C NMR and by viscometry. In the 
last method, the relation g' = gWx is assumed to hold, g' is the 
viscosity parameter given by eq 6, and g, is given by the ZS theory 
(eq 9). 

by the application of the Bragg law to the intensity max- 
imum of the small-angle X-ray scattering (SAXS). The 
experimental arrangement has been described in ref 1 and 
2. The relative width of the Bragg peak is the same for 
all the samples, and the precision of the location of the 
maximum intensity in the SAXS gives a precision for the 
long period of f3 A. 

In Table I are given the values of the long periods for 
samples cooled at 10 and 3 "C min-'. In Figure 5, the long 
periods are reported as functions of the index of branching 
b and of the cooling rate. 

From these results, several conclusions can be drawn: 
(a) For branched PE having the same apparent molec- 

ular weight, the long period is a decreasing function of the 
branching index following the relation 

Lb = Lf[1 - cr(b - l)] (15) 

For quenched PE, the ordinate at the origin b = 1 is L f  
= 215 A, a value which is less than the long period, 230 
A, of quenched linear PE of the same apparent molecular 
weights M ,  and M ,  (samples L, and L2). Samples Bo and 
L3 have nearly the same apparent molecular weight; the 

L q G  

250t 
i' 

2001 i 

150 t 
Figure 5. Long period of branched PE samples having the same 
chromatogram (the same apparent molecular weight distribution) 
as a function of the index of branching. 

long periods are 170 and 200 A, respectively. 
(b) In slow-cooled materials, the long period is inde- 

pendent of branching and the ordinate at the origin b = 
1 of the curve L = f ( b )  is much less than the value of the 
long period of the linear polymer. The difference between 
the long periods of linear and branched PE of the same 
molecular weight crystallized at  low cooling rate is ex- 
plained by the fact that branches hinder the thickening 
process during crystallization. 

Crystallization can be visualized as a two-stage process. 
During the first stage, only small segments crystallize in- 
volving small rearrangements of the chains. During this 
process there is no change in the radius of gyration of the 
coils. During the second stage, annealing leads to  per- 
fection of the crystalline lamellae and thickening. This 
latter process depends on the mobility of the chain in the 
crystalline phase and in the melt phase. For chains having 
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Table 111 
Comparison of Structure Factors to Structure Parameters 

and the Viscosity Parameter 
b 

1.33 1.6 1.75 2.2 
- 

Nb 0 10 20 

Figure 6. Correlation between the solid and melt states of 
branched PE: ratios Rb/RI of the radius of gyration of the 
branched and linear coils having the same molecular weight as 
a function of the number of branches Nb (ZS, Zimm and Stock- 
mayer theory eq 8 giving g,; DJ, Daoud and Joanny eq 21 giving 
gm); ratio of the long period of the branched and linear 
materials, having the same molecular weight and quenched to 
room temperature, as a function of the viscosity index. The 
correspondence between the experimental points determined by 
SAXS and the theoretical curves gives the relationship between 
b and Nb (eq 11 and 17). 

bulky groups, groups having hydrogen bonding or long 
branches, the mobility is very low and therefore the de- 
pendence of the long period on temperature of crystalli- 
zation or cooling rate is very weak.26 

(c)  The long period of linear P E  is greater than that of 
branched PE having the same total molecular weights M ,  
and M,. Applying relation 5, the M ,  and M ,  values of 
sample Bo are found to be 21 000 and 134 000, respectively, 
very similar to those of the linear sample L2. The long 
periods of these branched and linear materials quenched 
to room temperature are 170 and 227 A, respectively. 

In the same way, samples B,-B8 and L4 have the same 
total molecular weights (M,  = 30000, M, = 200000). The 
long eriods of the branched polymers vary from 200 to 

The long period Lb of the branched polymers for 1.3 < 

Lb = Lf(1 - 0.13(b - 1)) (16) 

which is very similar to relation 13 giving the radius of 
gyration of the coils in the melt state according to the ZS 
theory. 

From these findings one may conclude that in branched 
polymers, as in linear polymers, the semicrystalline and 
melt states are correlated. These correlations are illus- 
trated in Figure 6, where the variation of the ratio of the 
long periods with the index of branching b is com- 
pared to the variation of the ratio of the radius of gyration 
Rb/RI with the number of branches Nb, R1 and L1 being the 
radius of gyration and the long period of the linear P E  
having the same total molecular weights M, and M ,  (see 
eq 5). In this diagram the correspondence between b and 
Nb is given by relation 12a, which is verified by NMR 
measurements. As is shown in this f i e ,  the experimental 
points do not fit exactly on the theoretical curve of Zimm 
and Stockmayer (dashed line calculated from relations 6, 
9, and 10 with x = 1). 

A good fit between LbIL.1 and Rb/RI is obtained, if the 
relationship between b and Nb is 

b = 1 + 0.083Nb (17) 
instead of relation 12a. Relation 17 is very similar to 
relation 12b obtained by the ZS theory with the parameter 
x = 1.5. 

In conclusion, the estimate of the number of long 
branches can be obtained by the SAXS technique coupled 
with GPC by comparing the values of Lb/L1 to Rb/RI. This 
number is about 20% smaller than that obtained by other 

170 8) with b, and that of the linear polymer is 260 A. 

b < 2.2 can be put in the linear form 

Nb(NMR) 4 9 12 20 
DJ 

gs 0.758 0.644 0.60 0.549 
ge 0.794 0.693 0.66 0.606 
gm 0.63 0.48 0.43 0.37 

g ' 0.618 0.45 0.39 0.26 
gmlg' 1.2 1.3 1.39 1.48 

zs 
gslg' 1.2 1.4 1.5 2 

gw 0.64 0.42 0.36 0.29 
gn 0.77 0.62 0.56 0.45 

i?sAxs 0.63 0.54 0.49 0.41 

gsIgsAx, 1.2 1.119 1.22 1.34 

techniques such as GPC and viscometry and by NMR. 
From the measure of Lb and L1 we can define the 

structure parameter gsas :  

gSAXS = Lb2/L? (18) 

We will compare this parameter to the other structure 
parameters in the following section. 

111. Discussion 
As noted by several authors?%* the GPC and intrinsic 

viscosity are measured in good solvent and the ZS theory 
applies to unperturbed chains. In good solvents the 
polymer chains are expanded, and moreover the expansion 
coefficient is dependent on the number of branches.n This 
fact is not taken into account in the determination of Nb 
by coupled GPC and intrinsic viscosity methods. There- 
fore, it does not seem appropriate to compare the dimen- 
sions of the coils measured in good solvent to the theo- 
retical unperturbed dimensions. It is necessary to compare 
the structure parameters g for the different situations 
represented by dilute solutions and the melt. 

Daoud and Joannf have discussed the theoretical con- 
formations of random chains in various types of solutions 
and in the melt. The radii of gyration in good and 8 
solvents and in the melt are respectively for Nb > 1 

gmIgsAxs 1 0.9 0.87 0.9 

€2,. - w / l o ( N b / w - l / l o  good solvent 

Re - N?/16(Nb/N)-1/12 8 solvent (19) 

R, - Wl3(Nb/N)- ' f6  melt 

These relations are deduced from scaling arguments. 
For small number of branches Nb - 1, one recovers the 
well-known power laws of linear chains: 

R,. - N3f5 

Re N MI2 (20) 

R, - N112 
We define for these systems structure factors g,, g,, and 
g,, which tend to unity when the number of branches Nb 
- 1  

g ,  = Nb-1/6 (21) 

g ,  Nb-1/3 

We have compared these values in Table I11 to the values 



Macromolecules, Vol. 18, No. 2, 1985 

of the various structure parameters g,, g,, and gsAxs and 
to the viscosity parameter g’for samples Bo, B3, B6, and 
B8. The number Nb of long branches is deduced from 
NMR measurements. In Figure 6 are plotted the two 
curves g,‘f2 and gW1l2 as function of Nb deduced from the 
DJ and ZS theories. I t  is to be noted that the ZS theory 
applies only to chains with a small number of branches and 
that the DJ theory applies to chains having a large number 
of branches. These two theories lead to comparable 
structure parameters, g, and g,. From Table I11 and 
Figure 6, we conclude that 

g’ = g w  E gm = gSAXS (22) 

The ratios g,/gsAXs and gm/gsturs are, respectively, equal 
to 1.2 and 0.9 and do not vary with the number of 
branches. In conclusion, the parameter gsAxs is a good 
parameter which characterizes the structure of the 
branched chains in the molten state. 

As the measure of g’is done in good solvent, we would 
expect that g’ = g,. In fact, as shown by Table 11, one has 
the linear relationship 

g, = g’(1 + 0.05Nb) 

It is very astonishing that the difference between g‘and 
g, (and ge) increases when the number of branches in- 
creases. This difference would be due to two different 
causes. 

(a) The structure factor g, is not strictly equal to the 
structure parameters Rb2/Rf; the coefficients in relations 
19 and 20 are unknown and the scaling form of these re- 
lations apply for long chains and many random branches. 

(b) The parameter g’is measured in good solvent; the 
viscosity is according to several a u t h o r ~ ~ - ~ p ~ ~  

[?I = ~ 2 1 3 ~  (23) 

The Flory constant 4 varies with the quality of the 
solvent, that is to say with the expansion of the coils. In 
branched polymers it has been shown by Candau et al.27 
that the expansion was a complex function of the 
branching. The constant 4 in branch polymers would be 
dependent on the structure of the chains.31 

For chains having small number of branches and near 
the 8 conditions, one would assume that the variation of 
4 with Nb is constant, and in that case one gets the rela- 
tions 

g’ = g,3/2 (24) 

g, = g,3P (25) 

and if one assumes that the structure factors defined by 
relation 21  are equal to Rb2/Rf one would get 

g’ = g,9P = (26) 

that is to say 

g’ = g m  (27) 

In Table I11 on remarks that the ratio g’/g, is varying 
from 1.2 to 1.4 when the number of branches increases 
from 4 to 20; simultaneously the ratio g,3/2/g’ increases 
from 1 to 1.5. For large number of branches Nb > 10, one 
concludes that relations 24-27 are no longer valid and that 
the Flory constant 4 varies with Nb. 

This feature has been pointed out by several  author^^^^^ 
and it is the reason why it is interesting to characterize the 
branched chains by geometrical parameters like g, and 
gsAXS, which do not depend on the properties of the sol- 
vent. 
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IV. Conclusion 
For a series of branched PE characterized by GPC, 

viscosity, and 13C NMR, we have shown by the SAXS 
technique that the solid state and the melt state are cor- 
related. This is a general law observed in several semi- 
crystalline polymers. The long period and the radius of 
gyration vary in the same way with the molecular weight 
and the number of lorir ’?ranches. This is illustrated in 
Figure 6, which gives ’ e variation of ratio of the long 
periods and dimensions of the coils of the branched and 
linear chains. The identity = Rb/R1 leads to an 
assessment of the number Nb of long branches. The values 
of the ratio of the coil dimensions of the branched and 
linear chains have been calculated by the theories of Zimm 
and Stockmayer and of Daoud and Joanny which rest on 
different assumptions; these two theories applying to 
chains with, respectively, small and large number of 
branches give the same results in the studied domain where 

The number of long branches deduced from SAXS 
measurements and application of the ZS or DJ theories 
is found to be about 20% smaller than that measured by 
NMR or viscosity measurements. Considering that the 
accuracy of the measurement of Nb by the various tech- 
niques is of the order 10-20%, we conclude that this 
constitutes good agreement between these three methods. 
We think that it would be very interesting to measure 
directly the ratio Rb/R1 in the melt state to compare to the 
theoretical values deduced from the ZS and DJ theories 
and to compare to the values LbIL1 determined by SAXS. 
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ABSTRACT The conformational structure of peroxy radicals and the molecular disorder of a polymer chain 
in elongated isotactic polypropylene with a stretch ratio of 6 are determined from the angular dependences 
of the ESR spectra, which can be simulated from the calculated spectra of the partially oriented paramagnetic 
centers. The internal rotation angle which represents the orientation of the 0-0 group around the C-0 bond 
with respect to the adjacent C-C bond, $, = -103" * 5", and the degree of orientation, f, = 0.536, are estimated 
for mobile peroxy radicals, which decay substantially at room temperature. In addition, the internal rotation 
angle, 6, = 55.5" f 1.5", and the degree of orientation, f, = 0.968, are determined for rigid peroxy radicals, 
which are very stable at room temperature. The values of 4, = -103' and 4, = 55.5' are close to -120' and 
6O0, corresponding to skew and gauche conformations, respectively. The high degree of orientation, f, = 0.968, 
is in good agreement with that of the polymer chain in crystalline regions, 0.93, obtained by X-ray diffraction. 
It is concluded that the mobile peroxy radicals me trapped at disordered sites in the crystalline regions, although 
the rigid peroxy radicals are at highly ordered sites in the same region. The reactivity of the interchain hydrogen 
abstraction of the mobile peroxy radicals is discussed in comparison with the rigid peroxy radicals on the 
basis of their conformational structures and the molecular orientations. 

Introduction 
Spin-label and spin-probe techniques have been de- 

veloped to study the structure and dynamic behavior of 
polymer chains at a particular site or a particular region. 
We have undertaken ESR studies of much smaller spin 
labels, for example, alkyl radicals and peroxy radicals' 
bonded to the polymer chain. The small labels are more 
desirable for the study of the polymer properties than the 
large spin labels commonly used. 

In this report, the conformational structure of peroxy 
radicals in isotactic polypropylene and the molecular 
disorder of the polymer chain are discussed on the basis 
of the angular dependences of the ESR spectra. 

One of the purposes of the present study is to contribute 
to the investigation of the reaction mechanism of peroxy 
radicals. Eda et ala2 and Hori et aL3 found that the ESR 
spectra of peroxy radicals trapped in irradiated isotactic 
polypropylene are composed of two spectra arising from 
chemically identical peroxy radicals having different mo- 
bilities. Hori et al.3 recently suggested very interesting 
conclusions: (1) The mobile peroxy radicals are trapped 
in crystalline regions and decay by a diffusion controlled 
mechanism. (2) The main mechanism is the intermolecular 
hydrogen abstraction by the peroxy radicals. (3) The rigid 
peroxy radicals are stable and the quantity of the radicals 
decreases with reaction temperature. 

We raise two questions: Why are the mobilities of the 
two kinds of peroxy radicals trapped in the crystalline sites 
different and why do the mobile peroxy radicals abstract 
hydrogen interm~lecularly.~ In order to answer these 
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questions, one must acquire a knowledge of the sur- 
rounding conditions of the peroxy radicals, for instance, 
the molecular orientations of the polymer chain and the 
conformational structures of the radicals. 

Another purpose in the present article is to find a simple 
method for the determination of orientations in polymer 
materials composed of more than two different regions, 
the amorphous, pseudocrystalline, and crystalline, by a 
spin-label technique. These orientations have generally 
been determined by X-ray diffraction, birefringence, and 
sonic absorption measurements and combining them. For 
example, we can estimate the orientation in the region with 
a knowledge of the sample crystallinity and the corre- 
sponding orientation function for the crystalline r e g i ~ n . ~  
However, a shortcoming of the indirect method is that the 
estimated value may be subject to cumulative errors. The 
direct spin-label method may offer some distinct advan- 
tages for the study of local molecular orientations in the 
polymer sample, such as the orientations of the amorphous 
and crystalline regions, the interior and terminal portions 
of the polymer chains and the molecularly disordered re- 
gions, by introducing spin labels into these regions. An 
ESR method for the determination of orientations in the 
amorphous region by using CzF4- radicals has been pub- 
l i ~ h e d . ~  

In this paper, we compare the degree of orientation of 
the peroxy radicals in the crystalline region with that of 
polymer chains in the same region, obtained by X-ray 
diffraction measurement, and show that the ESR method 
is simple and effective for the determination of the ori- 
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