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ABSTRACT: The characterization method of branched polymers recently proposed 
by the present authors was tested experimentally by using three samples of randomly 
branched polystyrene. The distribution curve of the molecular weight and the cor­
relation between branching parameter and molecular weight were determined from the 
sedimentation velocity and diffusion patterns of each polymer sample in a theta solvent, 
cyclohexane at 35°C, and it was ascertained that the average molecular weights derived 
from the distribution curve were in good agreement with the results of osmotic pres­
sure and light scattering measurements. The molecular weight distribution curve thus 
established was utilized for converting the sedimentation pattern into the sedimentation 
constant vs. molecular weight relationship of each polymer, from which an average 
density of branch points was evaluated with the aid of the Kurata-Fukatsu theory. 
This estimate of the average branch-point density was of reasonable magnitude. 
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Since Benoit proposed a universal calibration 
method for the gel permeation chromatography 
(GPC), 1 GPC has been applied to the charac­
terization of branched polymers, 2 - 4 and experi­
mental studies of branched polymers have been 
rapidly developed. It is difficult, however, in 
GPC measurements to reproduce a constant ex­
perimental condition, and laborious to establish 
the universal calibration curve. Moreover, in 
order to apply the GPC method to characteri­
zation of branched polymers, we need a knowl­
edge on the intrinsic viscosity-molecular weight 
relationship of branched polymers, either ex­
perimental or theoretical. On the other hand, 
Tung has proposed a new characterization method 
of branched polymers which is based on GPC 
and sedimentation velocity measurements. 5 • 6 In 
this method, no knowledge of the viscosity­
molecular weight relationship is required, but 
the above-mentioned difficulties concerning GPC 
measurements are not done away with. 

terization method for obtaining the molecular 
weight distribution and the branching parameter 
from sedimentation velocity and diffusion meas­
urements, and reported the results of its pre­
liminary test. Although our method is based 
on some theoretical assumptions, the experi­
mental procedures required are not laborious 
compared with those required in the existing 
methods, and the molecular weight distribution 
obtained were compatible with the polymeri­
zation mechanism of the test samples. However, 
the previous test7 was limited only to two sam­
ples of randomly branched polymers prepared 
by the radical mechanism. 

In our previous paper, 7 we proposed a charac-

Thus, we here report the results of more ex­
tensive test of our method. The relationship 
between molecular weight and sedimentation 
constant and that between molecular weight and 
diffusion constant are derived for each test 
sample of branched polystyrene and they are 
analysed to evaluate the average density of a 
branch point or branching parameter using the 
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Kurata-Fukatsu theory of sedimentation con­
stant.8'9 

OUTLINE OF METHOD7 

The molecular weight distribution of linear 
polymers can be obtained from either sedimen­
tation velocity or diffusion measurements at the 
theta point, provided that the sedimentation con­
stant vs. molecular weight relationship or the 
diffusion constant vs. molecular weight relation­
ship for monodisperse samples is available: 10 •11 

S=K80M 0 · 5 

D=Kn0M- 0 •5 

( 1 ) 

( 2) 

Here S and D are the sedimentation constant 
and the diffusion constant at the theta point, 
respectively, K80 and Kno are constants charac­
teristic of the polymer-theta solvent system, and 
M is the molecular weight. The distribution 
curve of S or D can be readily converted into 
the molecular weight distribution curve W(M) 
with the aid of eq 1 or 2. 

In the case of branched polymers, the formal 
application of the above procedure yields the 
distribution curve of apparent molecular weight 
Ms or Mn, instead of the real molecular weight 
M. The sedimentation and diffusion constants 
are affected by the type and density of branching, 
and eq 1 and 2 are now to be modified as9 

S=Ks0Ms°· 6 =h-1K80M 0 · 5 ( 3) 

D=KnoMn -o.5=h-1 Kno -o.5 ( 4) 

provided that the partial specific volume of the 
polymer in the solution is not changed by chain 
branching. The branching parameter h, which 
is a function of branch-point density and M, 
represents the contraction of effective hydro­
dynamic radius of a polymer molecule due to 
branching.12 Thus, elimination of h from eq 3 
and 4 yields 

1,0 

0-0L...,,<::;.,::c-::::...._ ___ --:-,--,--,-------' 
Molecular Weight 

Figure 1. Calculation method for molecular 
weight distribution curve (MWDC) of branched 
polymer: W(Mn), apparent MWDC obtained from 
diffusion method; W(Ms), apparent MWDC ob­
tained from sedimentation velocity method; W(M), 
real MWDC calculated by M=(Mv·Ms)0 -5• 

( 5) 

And, if the sedimentation velocity and diffusion 
measurements are both carried out on a branched 
polymer sample, and if two constants K80 and 
Kno are available, we can derive the distribution 
curve of real molecular weight, W(M), from 
two apparent molecular weight distributions 
W(Ms) and W(Mn) by using eq 5. As sche­
matically shown in Figure 1, the use of eq 5 
should be made at the same integral points on 
the apparent distribution curves, W(Ms) and 
W(Mn)-

In addition, elimination of M from eq 3 and 
4 gives 

( 6) 

which enables us to estimate the parameter h 
at each given integral point of the molecular 
weight distribution curve. The relationship be­
tween h and M thus determined provides useful 
information on the type of branching. 

EXPERIMENTAL 

Materials 
Three samples of styrene-divinylbenzene co­

polymers were prepared by the same method 

Table I. Polymerization conditions of branched polymers 

Sample Styrene, Divinylbenzene, AIBN,• Temp, 
cc cc g oc Time, Conversion, 

hr % 
--~----- -- ----- - -·--·-

PSB-3 30 0.027 0.033 70 7.0 26 
PSB-4 30 0.028 0.038 70 6.0 25 
PSB-5 60 0.028 0.024 70 7.5 21 

• AIBN, azobisisobutyronitrile. 
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Table II. Values of molecular weights and branching parameters 

Molecular weight Branching parameter 
------------

Sample Calculated Observed Calculated Observed 
- ------

Mwx I0-4 MnX 10-4 

PSB-3 26.2 12.0 

PSB-4 21.4 9.7 

PSB-5 38.8 26.6 

a from the Kurata-Fukatsu theory. 
b [r,,]io=K~oMwo.5_ 

Mwx 10-4 

28.0 

22.4 

39.5 

described in our previous paper. 7 The poly­
merization conditions employed are shown in 
Table I. 

Solvents 
Cyclohexane and methylethylketone (MEK) 

were purified by the ordinary methods. Cyclo­
hexane was used in sedimentation velocity, 
diffusion and intrinsic viscosity measurements 
and MEK was used in light scattering and 
osmotic pressure measurements as solvents. 

Light Scattering 
Light scattering measurements were carried 

out in MEK at 35°C for a light of 436 nm by 
using a Shimazu PG-21 type light scattering 
photometer with a cylindrical cell. The ob­
served refractive index increment was 0.240 ml/g 
at 35°C, which agreed with 0.235 ml/g for ran­
domly branched polystyrene in MEK at 35°C 
for 436 nm reported by Kurata, et al. 9 The 
difference between these observed values is 
considered to be within experimental error. 
The value of the refractive index of MEK was 
1.388 at 436 nm. 13 The weight average mo­
lecular weights Mw, calculated by the Zimm 
plot, are shown in Table II. 

Osmotic Pressure 
Osmotic pressure measurements were carried 

out in MEK at 35±0.001 °C by a modified 
Zimm-Myerson type osmometer with a gel 
cellophane membrane. The dynamic osmotic 
method was employed in the measurements. 
The number average molecular weights Mn ob­
tained are shown in Table II. 
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MnX I0-4 
I: hi3Mi0·5Wi 

[r,,]bo/[r,,]iob I: Mi0.5Wi 

14.2 0.72 0.78 
(0. 76)a 

8.4 0.66 0.64 
(0. 75)" 

27.4 0.79 0.79 
(0. 77)• 

Sedimentation Velocity1° 
Sedimentation velocity measurements were 

carried out at 35°C in cyclohexane by using 
a Hitachi Ultracentrifuge with Schlieren optics. 
The measurements were made at 43,700 rpm 
and at four concentrations. Apparent molecular 
weight distribution curves W(Ms) were obtained 
by using the standard method for corrections 
of diffusion, concentration and pressure effects. 14 

As stated above our method is based on the 
assumption that the partial specific volume of 
branched polymer is equal to that of the linear 
one. To test the validity of this assumption, 
we carried out density measurements on poly­
mer solutions in cyclohexane at 35±0.01 °C by 
using an Ostowald densitometer. The results 
are shown in Figure 2. The partial specific 
volume v of polymer in dilute solution can be 
calculated from the slope of the straight line 
in Figure 2 which corresponds to the quantity 

0:]68 

~0,67 

! 0:]66 
Cl 

f 0:]65 

-~ 0764 ., 
0 

0763 

o-sranched 
•-- Linear 

016J:_~0--o--'.""'"2----o_c.4,----,,o:';-.6,----"0c,,.a--<'1."o---;-'1.·2 

Concentration( g/100 ml) 

Figure 2. Determination of the partial specific 
volumes v of linear and branched polystyrene in 
cyclohexane at 35°C: v=0.934 ml/g for the both 
samples. 
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( 1-vp0), where p0 is the density of the solvent. 16 

The observed value of v were 0.934 ml/g for 
both the linear and the branched polystyrenes. 

This value is in good agreement with 0.934 ml/g 
reported by Meyerhoff16 and 0.933 ml/g by 
Kurata, et al. 9 for linear polystyrenes. 

Dijf usion11 

Diffusion measurements were carried out in 

cyclohexane at 35°C using a Hitachi HTB-type 
electrophoresis apparatus with Schlieren optics. 
A new type diffusion cell, designed by Claesson, 
et al., 17 and constructed in our laboratory, 18 was 

used. The diffusion constants were calculated 
by the moment method and the area method, 
and extrapolated to infinite dilution. The weight 

distribution curves of diffusion constant were 

determined by assuming Gralen's distribution 
function applies for the molecular weight. 19 

Viscosity 
Viscosities were measured using a dilution 

viscometer of the Ubbelohde type. All meas­
urements were made in cyclohexane at 35°C. 
The intrinsic viscosities were determined from 

plots of 7/svl C vs. C, where 7/sv and C denote 
the specific viscosity and concentration in 

g/100 ml, respectively. The intrinsic viscosity 
of a linear polymer having the same molecular 

weight as that of branched one was calculated 

by the equation20 

[r;]=7.48 X 10-4M 0 · 5 , (100 ml/g) ( 7) 

RESULTS AND DISCUSSIONS 

In the previous paper, 7 we showed that the 

() temperature for branched polystyrene was 
35°C in cyclohexane which was equal to that 

of linear polystyrene. Then, we found that the 

partial specific volume of branched polystyrene 
in cyclohexane at 35°C was 0.934 ml/g, which 

was equal to that of the linear one observed 

in this work and reported also by Meyerhoff16 

and Kurata, et al. 9 Therefore, use of our 
method is justified, at least in principle, for 
determination of the molecular weight distribu­
tion and the branching parameter of branched 

polymers. 

Molecular Weight Distribution 
Examples of the weight distribution curve of 

sedimentation constants W(S) and that of dif-
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Figure 3. Integral weight distribution curve of 
sedimentation constant S for PSB-3. 
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0 
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D x 107(cm2/sec) 

Figure 4. Integral weight distribution curve of 
diffusion constant D for PSB-3. 

( PSB-3) 

20,0 40-0 60-0 80,0 100,0 

M X 10"4 

Figure 5. Integral weight distribution curves for 
molecular weight for PSB-3. 

fusion constant W(D) are shown in Figures 3 

and 4, respectively. The apparent molecular 

weight distribution curve W(Ms) and W(Mn) 
shown in Figure 5 were obtained from the 

curves given in Figures 3 and 4 by using the 
equations21 ' 22 

S= 1.48 x 10-15 M 0 · 5 (sec) ( 8) 

D=l.43x 10-4M-0 · 5 (cm2/sec) ( 9) 

The real molecular weight distribution curve 
W(M) obtained by eq 5 is also shown in Figure 
5. In our method, it is essential to determine 
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correctly the constant values K80 and Kno in 
eq 1 and 2. The substitution of eq l and 2 
into the Svedberg equation yields 

0.94 

... 
• 

RT(Kso/Kno)/(1-vpo)= 1 (10) .C:0,89 • .... 
where R is the gas constant, T the absolute 
temperature, v the partial specific volume of 
linear polymer in solution and p0 the density of 
solvent. Putting R=8.314x 107 erg-mol-1 deg-1 , 

T=308.15deg, p0 =0.7634g/cm3, v=0.934cm3/g, 
K80 =1.48x 10-15 sec (mol/g)°" 5 and Kno=l.43x 
10-4 (cm2/sec) (g/mol)°-5, we obtain 0.924 for 
the left-hand side of eq 10; the deviation of 
this value from unity seems to be within ex­
perimental error. According to Fujita, 23 the 
literature values of K80 for polystyrene-cyclo­
hexane system at 35°C scatter around 1.45 x 
10-15 sec (mol/g)°- 5• From these figures, the 
combining use of eq 8 and 9, obtained by dif­
ferent authors, may be justified experimentally. 
The average molecular weights, calculated from 
the molecular weight distribution curves, are 
shown in Table II with the values obtained by 
osmotic pressure and light scattering measur­
ments. The calculated values are in good agree­
ment with those directly observed. In our 
method, the distribution curve of the diffusion 
constant was calculated by assuming the dis­
tribution function of Gralen's type to be ap­
plicable. 19 It was reported in our previous 
paper that the molecular weight distribution of 
linear polystyrenes, polymerized by radical 
mechanism, could be expressed to a good ap­
proximation by the Gralen function. 24 Since 
the present samples of branched polystyrene 
were also polymerized by radical mechanism, 
use of the Gralen distribution function may be 
justified at least from a practical standpoint. 
However, this will be come a weak point for 
the present study, since the shape of molecular 
weight distribution may be considerably affected 
by chain branching. To eliminate uncertainty 
concerning this assumption, some independent 
tests of the molecular weight distribution is to 
be carried out in future. 

Branching Parameter 
According to eq 6 and Figure 1, the branching 

parameter h is expressed as a function of mo­
lecular weight. An example of the relation 
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(PSB-3) 

0.84'-------'-----,,-L~---'------'----_J 
0.0 20,0 40.0 60.0 80.0 100.0 

M x 1Q"4 

Figure 6. Relation between molecular weight M 
and branching parameter h for PSB-3. 

between branching parameter and molecular 
weight is shown in Figure 6. If the branching 
parameter h decreases with molecular weight 
monotonously, the distribution curve of branch­
ing parameter will be obtained. As seen in 
Figure 6, however, the monotoneous variation 
was not observed and so the distribution curve 
of branching parameter was not obtained. In 
order to compare the average values of branch­
ing parameter, calculated using by Figure 6 and 
molecular weight distribution curve, with the 
viscosity data [1Jhol[1Jho, the following method 
was applied: where [1Jho and [1Jho are intrinsic 
viscosities of branched polymer and linear one 
having the same molecular weight. According 
to Stockmayer and Fixman, the intrinsic vis­
cosity of branched polymer at the 8 temperature 
is given by the equation12 

[1Jho=hsK0Mo.5 (11) 

where h is the branching parameter and K 0 is 
a constant. Taking into account the fact that 
intrinsic viscosity is expressed by a weight aver­
age value, we have 

[1j]bo/[1Jho=I: h/M/· 5wi(E, M/·5w; (12) 
i i 

where h; and W; are the branching parameter 
and the weight fraction of the molecular species 
with molecular weight M;. If the average value 
of the right-hand side of eq 12 is calculated by 
using molecular weight distribution curve and 
Figure 6, the average values may correspond to 
those of [1J]bol[1J] 10 . The caluculated values are 
shown in Table II. In evaluation of the left­
hand side of eq 12, [1Jho is measured as in the 
Experimental section. The intrinsic viscosity 
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[17]r 0 is calculated by eq 7, where the weight 
average molecular weight obtained by light scat­
tering measurements is used for M. In Table 
II, the values of [17]b 0/[17]r 0 thus obtained are 
tabulated as the observed values of branching 
parameter. These calculated values are in good 
agreement with those observed within the range 
of experimental error. In our previous paper, 7 

[17ho/[17]ro was approximated by (I: wihdI: w.)8. 
' Although the approximation is not so accurate, 

it seems that the numerical values do not sig­
nificantly vary owing to the narrow distribution 
of branching parameter of the samples. 

Molecular Weight Dependences of Sedimentation 
and Diffusion Constants 
One of the objects for the present study is to 

establish the molecular weight dependences of 
solution properties such as sedimentation con­
stant and diffusion constant for the monodisperse 
branched polymers. Kamada, et al., 25 • 26 and 
Kurata, et al.,9 studied some solution properties 
of branched polymers, but the discussion of their 
results did not include any correction for poly­
dispersity. In order to obtain the relationship 
between molecular weight and the sedimentation 
constant for monodisperse branched polymers, 
the following method was applied. If the values 
for the molecular weight Mi and sedimentation 
constant Si at the same integral values on 
each distribution curve in Figures 3 and 5 are 
recorded, the curve of log S vs. log M may be 
obtained for the monodisperse branched poly­
mers, because Mi and S; perhaps belong to 
the same molecular species i. Similarly the 
relation between log D and log M is obtained. 
They are shown in Figures 7 and 8, respectively, 
together with the relation for linear polystyrene 
in cyclohexane at 35°C (h=l). The lines for 
experimental points were drawn using the least 
squares method. It is seen in Figures 7 and 8 
that the values of S and D deviate from those 
of linear polymer. The curve in Figure 7 be­
haves like those obtained by Kamada, et al., 
and Kurata, et al. 

According to the Kurata-Fukatsu theory for 
randomly branched polymers with tetra-func­
tional branch units, 8 sedimentation constant is 
approximated as9 

( 13) 
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Figure 7. The relationships between log S and 
log M for branched samples. 
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Figure 8. The relationships between log D and 
log M for branched samples. 

h- 1=0.605(AM)114 +0.474(,lMr114 (14) 

where ,l is the branch point density expressed 
by the number of branch units per monomer. 
Similarly we have 

(15) 

If ,l in eq 14 is a constant for each sample, eq 
13 and 15 give to the equations 

SM-114 =0.605K80,l114M 112 +0.474KsoF114 ( 16) 

DM314 =0.605KDoA114M 112 +0.474KDoF114 (17) 

If SM- 114 and DM314 are plotted against M 112 , 

we should have the straight lines as shown 
in Figures 9 and 10, respectively. The slope 
and the intercept give the branch point density 
,l. In Figures 9 and 10, the lines are drawn 
so as to give the same values of ,l from the 
intercept and the slope. As is seen in eq 14 
the theory is not valid for the limit of linear 
polymer (h=l and A=0). The plots for linear 
polymer, therefore, cannot be shown in Figures 
9 and 10. The average values of branch point 
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density, A, obtained from Figures 9 and 10 are 
shown in Table III. The values are comparable 
to those obtained by Kurata, et al., for random­
ly branched polystyrene. 9 In the figures, the 
plots obtained by experiments deviate from the 
straight lines at the higher and lower molecular 
weight regions. In the higher molecular weight 
region, the deviation may be said to result 
from the experimental error in sedimentation 
velocity and diffusion measurements. The causes 
of the deviation in the low molecular weight 
region may be the experimental error and the 
fact that the Kurata-Fukatsu theory can not 
be applicable to the low molecular weight region. 
However, if the values of branch point density 
,1 depend upon the molecular weights, the curves 
also deviate from the straight lines. In such a 
case, eq 16 and 17 cannot be expected to hold. 
Therefore, the deviations from the straight lines 
in Figures 9 and 10 are considered to be due 
to experimental error and inadequacy of the 

0-70 

.,, 0-55 
0 

•-PSB-3 
a-- -4 
e- -5 • e 

o.10'----'------="-c-----=c'-:------,,'-::------.-1.0 3.0 5.0 1.0 g.o 11-0 
Ml/2 X 10-2 

Figure 9. Plots of SM--114 vs. M 112 according to 
eq 16. 

7.5 

06-0 

X 

4.5 
:::;: 
Cl 

3-0 

•-PSB-3 
o- -4 
o- -5 

1-5L,..--~J..,-----:-'-:c-----:;'-;,------;:;--'-;c-----;;7n' 
1.0 3.0 5.0 7.0 g.o 11.0 

M112 x 10-2 

Figure 10. Plots of DM314 vs. M 1!2 according to 
eq 17. 
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Table III. Branching densities 

Sample 

PSB-3 
PSB-4 
PSB-5 

Branching density 
AX 105 

0.23 
0.21 
0.26 

theory. In any case, Figures 9 and 10 are the 
experimental tests of the Kurata-Fukatsu 
theory, and the theory may be a good ap­
proximation for randomly branched polymers 
at the present stage. 

Using the values of A, eq 14 and molecu­
lar weight distribution curves, the values of 
I; h/M;,°· 5w;f I; M;,°· 5wi were calculated. These 
i i 

values are shown in parentheses in Table II. 
These values, calculated by our method, showed 
a slight deviation from those determined using 
the Kurata-Fukatsu theory, but both are com­
parable with viscosity data [1)]bo/[1Jho, In con­
clusion, sedimentation and diffusion measure­
ments provide useful informations on chain 
branching. 

Practical Limitations of Our Method 
Taking into account the fact that the mo­

lecular weight distribution function should be 
assumed as analytical for obtaining molecular 
weight distribution curve by the diffusion 
method, the practical limitations of our method 
are discussed. As the diffusion method cannot 
in general be applied to a sample with two 
peaks in the differential distribution curve of 
molecular weight, neither can our method be 
applied to such a sample. This method, there­
fore, should not be applied without consider­
ing the polymerization conditions of samples. 
Gralen's distribution function has been assumed 
in the present study. Moreover, even if the 
sample should have one peak in the molecular 
weight distribution curve, the application of 
our method may be limited in connection with 
the value of branching parameter as follows: 
Consider the two monodisperse molecular species 
with molecular weights M,. and M; and branch­
ing parameters h, and h;, respectively, in a 
polydisperse sample. Assume that the apparent 
and real molecular weight distribution curves 
W(Ms), W(Mn) and W(M) are represented as 
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shown in Figure 1. Now, if M;>Mi, the fol­
lowing relations may be found to hold: 

Ms;>Ms; 

Mn;>Mn; 

( 18) 

(19) 

Here, Ms;, Ms;, Mn;, and Mn; are the apparent 
molecular weights obtained by eq 3 and 4 for 
molecular species i and j, respectively. If the 
branching degree increases with molecular weight 
(h;>h;), eq 5 and 6 give the relations 

M;/Mi=(Mn;Ms;/Mn;Ms;)o.s> 1 (20) 

(h;jh3)2=(Mn;Ms;/Mn;Ms;)°' 5 > 1 (21) 

Since relations 18 and 19 must be satisfied in 
relations 20 and 21, the following relation is 
needed7 

Analogously, if the branching degree decreases 
with molecular weight (h; > h;), the other re­
lation is obtained as 

Therefore our method is applicable to a branched 
polymer which has one peak in the molecular 
weight distribution curve and satisfies relations 
22 or 23. Moreover, our method can be ap­
plied to the sample that h is constant. The 
relations 22 and 23 may imply that the branch­
ing parameter distribution of a sample must be 
narrower than the distribution of molecular 
weight. However, we cannot determine the 
limits of numerical values of relations 22 and 
23, and this problem is left for further study. 
Samples, polymerized by ordinary radical mech­
anism, may satisfy relation 22. Therefore, in 
Figures 7 and 8, the deviations of the curves 
from the lines of linear polymer in the higher 
molecular weight regions would be under­
standable. 

From our experimental results, it may be 
concluded that although our method contains 
some assumptions and limitations, fairy good 
information of molecular weight distribution 
and branching parameter may be obtained for 
randomly branched polymers. 
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