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Determination of the Sedimentation 
Coeff icient-Molecular Weight Relation for 
Nonideal Systems Based on Sedimentation 
and Viscosity Measurements of a Few 
U nf ract ionat ed Sam pies 

PAWEL SZEWCZYK* and MAURYCY KALFUS 

Research and Development Department 
Chemical Works 
Os’wiecim, Poland 

A B S T R A C T  

A new method for the determination of the sedimentation co- 
efficient-molecular weight relation is proposed. Based on 
the very low s e n s i t i s t y  of the corresponding sedimentation 
coefficient average So, and the weight-average molecular 
weight MV (calculated according to the generalized Flory- 
Mandelkern equation) to changes of the as parameter ,  the 
So,1 and mw values a r e  estimated from constant initial 
values of the as parameter  for all those polymer-solvent 
systems for which the rea l  a values do not exceed the in- 

terval 0.3-0.5. The approximations involved give an e r r o r  
lower than 8.555, L e., below the experimental e r r o r s  of 

- 

S 

*Present address:  Polish Academy of Sciences, Research Center, 
Lnstitute of Polymer Chemistry, P.B. 49, ul. Hagera 17, Zabrze,  
Poland. 
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73 8 SZEWCZYK AYD LILFUS 

the >Iw values deterxined for  polydisperse samples. The 
new method of determining the S,-&I relation .#as applied 
to the system styrene-acrylonitrile copolymer (22.6-;vt% 
acrylonitrile content) in acetone a t  25°C and yielded the 
following relation: S o  = 2.90 X l O - ” M  sec. Although 
in the case of this polymer-solvent system the a value of 
0.49 is close to the one corresponding to 3 systems, the 
method is shown by model calculations to be of general ap- 
plicability and especially useful in the  case of nonideal 
polymer-solvent systems. 

S 

In grevious vorks  [ I, 21 two nev  methods for establishing the 
sedimentation coefficient-molecular weight relation in nonideal 
polymer-solvent systems 

from Sedimentation data of unfractionated samples have been presented. 
In Eq. (1) S,, &I, Ks, and as are the sedimentation coefficient a t  
infinite dilution, the molecular veight, and empirical constants, 
respectively. The method based on sedimentation data for a single un- 
fractionated sample proved unsuccessful owing to concentration 
effects. The second method, based on sedimentation data for pairs of 
unfractionated samples, yielded promising data &I attempt to 3pply 
the second method to a commercial copolymer of styrene and acrylo- 
nitrile in acetone resulted in the development of the new method 
presented here. 

T HE 0 RE T I C X L 

Zn order  to find the Ks and as constants in the c3se of unfractionated 

should be compured from [he following relations [ 3,  41 by using a 
samples,  a certain average value of sedimentatiod coefficient q, 
So, preliminary estimate of as: 

and/or - 
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SE DEMENT AT ION COE FFICEKT-MW RELATION 73 9 

where s . and w. represent the sedimentation coefficient at  infinite 
dilution and atmospheric pressure and the weight fraction of component 

From the plot of log Mw vs  log 3, ,~ and/or log Mn vs log 30, 2 ,  as. 

Q 4 1 

i of the heterosenous pogmer.  - 
and K can be found. and are  weight- and number-average 
nolecui_ar weights, respectively. If necessary, the values of xo,l 
and/or So, can be recomputed after as has been determined. The 
necessity of processing data for a number of samples with Sw and/or 
M values covering a broad range of molecular weights is the basic 
disadvantage of the above method, 

Based on the r-theorem [ 51, the following relations are easily 
obtained: 

s W n 

- 
n 

where the indexes 1 and 2 mark two samples with different values of 
n 

for  polydisperse samples from measurements of the sedimentation co- 
efficients S 

numbers [q] [ 61, since 

or  Wn. Furthermore,  it is possible to calculate both and El 
W W 

their weight fractions wi, and the limiting viscosity a,i' 

and 
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710 SZEWCZYK AXD EWLFVS 

There 

h Eq. ( 8 )  7 is the p a r t i a l  specific volume of the polymer in a given 
solvent, 6, is its density, and qo is i t s  viscosity; Na and 6 '4 P-' are 
the Avogadro and Mandelkern- Flory constants, respectively. 

Combining Eqs. ( 4 )  and ( 6 )  as well as Eqs. ( 5 )  and ( 6 )  gives 

Equation (9 )  contains as as the only unknown value, and it can be found 
by an iteration procedure since a 
M,# and/or &ln as well as and/or so, 

5 0.5. Given as, one can compute 
S - - 

and finally Ks as 
01 

Here k = v for  i = 1 and k = n for i = 2. 

E X P E R I M E N T A L  

M a t e r i a l s  a n d  P r o c e d u r e s  

As the test material  the Dows styrene-acrylonitrile (SAY) copolymer 
Tyril 760 (22.8-wtt% acrylonitrile content) was used. Reagent-grade 
solvents were employed. Without using additional treatment, S i t u  
samples with different average molecular weights but of practically 
the same average chemical composition were used in broad fractions 
obtained by a coarse preparative fractionation with chloroform- 
ethanol as a solvent-nonsolvent system. The method of Shimura et al. 
[ 7, 81 .xas app l i ed  Agreement of the chemical composition of each 
fraction with the average one was confirmed by the determination of 
nitrogen content by Kjeldahl'  s method, 

Viscosity measurements were carried out in an libbelohde-type 
dilution vlscometer for the S A N  copolymer and its fractions in 
acetone at 25  r 0.02"C. The data were processed either according to  
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SEDIhtEhTATION COE FFICENT-MW RELATIOX 74 1 

the generally used Huggins [ 91 and W e r n e r  [ 101 equations o r  accord- 
ing to a method proposed by Maron and Reznik [ 111. The value of 
0.204 for the buoyancy factor (1 - 7 6,) in acetone at 25 I 0.2"C was 
obtained from pycnometric measurements. Sedimentation of the 
original sample and of its seven fractions in acetone at 25  i 0.1' C was' 
done in a Spinco model E analytical ultracentrifuge. All measure- 
ments were carried out with a 30-mm single-sector cell at a 
relatively low angular velocity of 29,500 rpm, which meant the pres- 
sure  effects on the sedimentation coefficients could be disregarded. 
The sediment.ation boundary coordinates on scblieren photographs 
were measured with a two-dimensional microcomparator [ 121. The 
distributions of sedimentation coefficients at infinite dilution and at 
ihfinite time were obtained by the method of sedimentation analysis 
described by Xomma et al. [ 13, 141. Estimation of the zero-time 
correction for the initial SAK copolymer and for all its fractions 
was necessary. The estimation was made using the procedure of 
ELias [ 151. Probably due to electrostatic induction forces acting 
between neighboring groups of the copolymer chain, the actual 
sedimentation of the macromolecules in acetone started only after 
the full rotor speed was attained. 

. R e s u l t s  

The weight fractions, the acrylonitrile content, the limiting vis- 
cosity number [ T I ,  and the Huggins constant k '  (measured in acetone 
at 25'C) of the initial, i.e., unfractionated, copolymer (No. 0) and its 
seven fractions a re  given in Table l. 

The fractionation data were checked by computing the intrinsic 
viscosity [q] of the parent polymer from 

where [ 771 and w. a re  the limiting viscosity numbers (Table 1, Column 
5 )  and weight fractions (Table 1, Column 3)  of the fractions, respectively. 
The obtained [7]  (0.483) was very close to the limiting viscosity number 
(0.503) of the parent polymer. 

The fractions 1, 2,  5, and 6, having approximately the same average 
acrylonitrile content, were used for. further analysis. Plots of the 
sedimentation coefficient distributions at infinite time and at infinite 
dilution for these fractions are shown in Fig. 1. 

parameter was calculated according to Eq. ( 9 )  using a n  iteration pro- 
cedure. X corresponding Algol-60 program was written for the Polish 

1 

With known values of [ 711, w, and So for  pairs of S L V  fractions, the as 
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742 SZEWCZYK .LYD KALFUS 

T A B U  1. Preliminary Results for  W - T y r i l  760 

Fraction Weight 
Fraction weight fraction AY content [ tl j 
N 0. (g )  6 1 (m%) ( 100 cm' g -') k' 

Oa 
1 

2 
3 
4 
5 
6 
7 
Loss 

6.000 
0.853 
0.641 
0.539 
0.462 
0.783 
1.046 
1.223 
0.453 

100 22.8 
1 5.4 22.4 
1L6 22.7 
9.7 27.7 
8.3 25.0 
14.1 22.7 
18.9 22.4 
22.0 241 
0 - 

0.308 
0.7 63 
0.650 
0.595 
0.549 
0.514 
0.365 
0.206 
- 

0.43 
0.44 
0.53 
0.58 
0.47 
0.30 
0.11 
0.15 
- 

aVn.fractionated sample. 

t 

1.0. 

as. 

5 10 20 
0 

S,XIO'3 (J) 

FIG. L Integral distributions G(S, ) of sedimentation coefficients So 
for S A N  copolymer in acetone at 25°C: ( X )  Fraction I, ( a )  Fraction 2, 
( a  1 Fraction 5, and ( a) Fraction 6. 
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SE DIME?;TAT ION COE FFICTEX’T- MW RE LATIOX 743 

Z M - 4 1  computer. Calculations started with as = 0.5 and continued 
until the value of as was established with an accuracy of =0.001. When 
the a value was found, the so, ~ average sedimentation coefficient and 
the weight-average molecular weight 
(2) and (6), respectively. The value of the constant parameter K 
(Eq. 8) for SAN copolymer in acetone at 25°C was 6970, sedimentation 
coefficients being expressed in 
in 100 cm’ g -‘. The factor 
dependent of the particular polymer-soivent system employed 
Numerous experimental evaluations [ 16- 191 indicate the approximate 
constancy of 6’’3 P-’ is an average value of 2 .5  x 10‘ for polvmers 
having a random coil configuration Although the value of 41i3 P-’ 
may differ with molecular configuration and may not be entirely con- 
stant within a particular polymer-solvent system [ 20, 211, Eq. (6) can 
be useful, however, €or calculations of approximate molecular weights. 
In the present work the average value of 2.5 X 10‘ for the factor @’” P-’ 
in Eq. (6)  was used. 

S 
were calculated using Eqs. 

W 

S? 

sec and limiting viscosity numbers 
P-’ is a constant supposed to be in- 

Values of the as parameter, the so, I average sedimentation co- 
- 

efficient, and the weight-average rnoiecular weight 
Table 2. 

are given in 
W 

‘TABLE 2. Iteration Results for a Parameter  Lqd Values of so.,l and 
S 

.Mw for Given as Values :- 

Pair of No. of so, x 10” 
fractions [q] ,/[ 7712 as fraction ( sec)  aw x lo-s 

1, 2 1.18 0.565 1 
2 

I, 5 1.49 0.534 1 
5 

L, 6 2.09 0.478 1 
6 

2,  5 1.26 0.501 2 
5 

2, 6 1.78 0.419 2 
6 

!5, 6 1.41 0.304 5 
6 

18.12 
13.41 
18.16 
10.59 
18.2 5 
9.23 
13.47 
10.61 
13.58 
9.77 
10.87 
9.89 

4.737 
2.781 
4.763 
1.736 
4.808 
L289 
2.810 
1.745 
2.844 
1.296 
1.773 
1.301 
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744 SZEWCZYK .LYD KXLFUS 

Results for. as obtained from experimental data for pairs of samples 
which differ in [ q ]  values from one another are unsatisfactory. How- 
ever,  the very low sensitivity of $,, and z,n values to changes of the 
as parameter  are quite striking (seo Table 2, Columns 3, 3, and 6). Xt 
was this fact that was'the subject of fur ther  study and the chief feature 
of our, new method. 

D e p e n d e n c e  of ZoI ,and &Iw o n  t h a  a s  P a r a m e t e r  

Three theoretical models of sedimentation coefficient distributions 
and >IIw to changes of the vere used to examine the sensitivity of So, 

a parameter in a general way. The models were: a pauci-disperse 
distribution composed of two or three monodisperse fractions, the 
Gaussian model, and the Schulz-Zimm model, supposed to be the best 
mathematical approximatio_n of real sedimentation coefficient distribu- 
tions [22]. The values of SOtl and R = K zw were tabu- 
lated for  the above distributions, as ' rere as values from 0.2 to 0.6 

with Lntervals of 0.02. X narrower interval of a values than, say, 0.3- 
0.5 was chosen because of the good resolving power of the ultra- 
centrifuge and for theoretical requirements. In the case of the 
Gaussian and Schulz-Zimm models, the intervals of sedimentation co- 
efficient values were chosen about a typical synthetic polymers value 
of 10 X 10"' sec so that the area under the above-mentioned 
normalized model distributions exceeded 0.99. Parameters of the 
nine variantsf theSchulz-Zimm model used were chosen so that the 
values of the >IyIrdMn ratios, calculated for those variants, covered 
the interval 1.5-50, i.e., the entire interval usually encountered Mth 
synthetic polymers [ 231. Figures 2 and 3 show plots of To,l vs  as 
and of R vs as, respectively, for  five chosen variants of the Schulz- 
Zimm modeL 

in the interval of a values considered is a monotonically decreasing 
function of as. The weight-average molecular weight 
value at as = 1/3 for  any Wnd of sedimentation coefficient distribucian [ 241. 

In order  to make 3 rough quantitative analysis of the gQ,l-as andxw-a ,  
dependencies, the v d u ~ s  of arithmetic averages of so,rand R were cal- 
culated In the case of So,L the arithmetic average was  calculated for 

S 

-' ( [  S7 

S 

As can be seen in Fig. 2, the go,1 average sedimentation coefficient 
S 

h a s  a maximum 
W 
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I . -  
0.2 0.3 04 0.5 0.6 

OS 

FIG. 2. Plots of the  so,;-as dependence for  t he  Schdz-Zimm model 

of sedimentation coefficient distributions: gdcn = 1.47 ( l), 2.97 ( 3 ) ,  
6.00 ( 5 ) ,  13.6 ( 7 ) ,  and 53.2 (9). 

I 

02 0.3 0.4 0.5 0.6 
01 

FIG. 3. Plots of the zw-as  dependence fo r  the s a m e  variants of the 
Schuh-Zimm model as in Fig. 2. (Note: R = K - A [ 7 ) ] - a s . )  w s17 
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746 SZEWCZYK XUD KXLFUS 

values of so,L at a = 0.3 and 0.5, and in the case of R for vaiues of R 3t 
a = 0.34 (maximum value) and 0.3, respectively. The maximum relative 
deviations from the above-mentioned average values in the correspond- 
ing a intervals were then calculated both for so,L and R. The results 
obtained for the maximum sedimentation coefficient dS, and molecular 
weight 631 deviations or' nine variants of the Schulz-Zimm model d i s -  
tribution a r e  given in Table 3. 

S 

S 

S 

TABLE 3. Maximum Ceviatgns of the Sedimentation Coefficients 
So ,1 and Molecular Weights 
Values in the as Interval 0.3-0.3 for the Schulz-Zimm Model Sed- 
imentation Coefficient Distributions 

from Their Corresponding Average 

V a r i a n t  - 6SO bM 
No. MJEn ( 8 )  (%I  
1 1.47 2.7 a. 0 
2 2.10 4 3  3.3 
3 2.97 6.0 4.3 
4 420 6.1 3.0 

5 & 00 7.9 5.3 

6 a. ao 6.7 6.0 
7 13.6 7.3 6.4 
a 23.4 7.8 6.7 
9 53.2 8.3 6.9 

Xn analysis identical t o  the one described above m s  made for ex- 
perimental sedimentation coefficient distributions for the SAX 
copolymer. The results for the 5S0 and SM deviations of the four 
SAY fractions investigated a re  given in Table 4. 

imentation coefficients for  al l  model distributions as well for  the 
experimental ones was  approximately equal t o  the value of S, for 
as = (138. In the case of the zw molecular weights the avera'ge R 

In the as interval of 0.3-0.5 the average value of the To$ sed- 
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TABLE 4. Maximum 6 So and 6 M Deviations in the 
a I n t e n d  0.3-0.5 for SAX Copolymer Fractions 

S 

Fraction 
No. 

1 
2 

5 
6 

1.3 
1.4 
0.8 
0.9 

1.0 

1.0 
0. a 
0.6 

values in the a interval of 0.34-0.5 were approximately equal to R 
at as = 0.44 for  all distributions considered. 

S 

D I S C U S S I O N  APU’D C O N C L U S I O N S  

The practically inevitable e r r o r s  in the determination of average 
sedimentation coefficients o r  average molecular weig!!ts amount to 
10% or more in the case of polyciisperse samples [ 231. Analysis of 
the dependence on the a par-=meter of the so, average sedimentation 
coeffigient and the weight-average molecular weig!!t calculated ac- 
cording to Eq. ( 6 )  has shown that, for various theoretical and experi- 
mental - sedimentation COeffiCienK distributions. the calculation of the 
So, I average with a = 0.38 and aw with as = 0.44 results in an e r r o r  
not exceeding 8.5% in the a interval of practical importance, 0.3-0.5. 
The e r ro r s  are thus smaller  than e r ro r s  of the experimental determina- 
tion of average molecular weights. On the basis of these facts a new 
method for the So-M relation determination for any polymer-solvent 
system was proposed. This method should prove especially useful in 
cases  of polymers for which it is very difficult or virtually impossible 
to find pseudoideal conditions. The novelty of the  proposed method 
lies in the fact that in calculations of the corresponding average - 
Sedimentation Coefficients ( So,l) and average molecular weights (MW) 
the constant initial values of the as parameter, Le., 0.38 and 0.44, 

respectively, may be used for  every polymer-solvent system. The 
averaFe molecular weights a r e  calculated according to the Flory- 
hlandelkern equation, - 

for a few polydisperse polymer 

S 

S 

S 

Once the values of So,i 
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748 SZEWCZYK XVD U L F C S  

samples a r e  established, the least-squares S,,-?J relation may Se cal- 
culated. And thus, using the gereralized Flory-Mandekern Zqs. ( 5 )  
or ( 7 )  for the evaluation ol average molecular weights and the constant 
initial estimates of the as values, the time-consuming experimental 
measurements of B or may be avoided. Evaluation of average 
molecular weights based on sedimentation coefficient distributions 
diminishes the effects of the experimental cut-off e r r o r s  [ 22, 251, 
because identical cut-offs inr-hence the average sedimentation co- 
efficients and the average molecular weights. The So -31 relation is 
determined for pairs of the So and M averages. 

The proposed method gas used in the So-31 relation determination 
for the SAN copolymer in acetone at 25'C. The sedimentation and 
viscosity data ior the four analyzed fractions (compare Fig. 1) v e r e  
thus used to  calculate the so,, and z averages with the appropriate 
a parameter values. Finally, the following least squares So-M re- 
lation was estimated 

W n 

w 

3 

So = 2.90 x 10-"MQ'g sec ( 11) 

The go,, average values used in the determination of Eq. (11) covered 
the interval ( 9.8-18.3) x 

(1.3-48) X 10'. The use of constant initial as values instead of the 
correct  one, i.e. , a = 0.49, in the evaluation of the 3 
averages introduced e r r o r s  not exceeding 1.4% for the SrlN copolymer- 
acetone system. 

(Fig. L) were transformed into the molecular weight distributions by 
Eq. (11). The resulting molecular weight distribution curves are shown 
in Fig 4 

ratios were calculated from the molecular weight distributions - of the 
four S A N  copolymer fractions. The values obtained for Mw, &In, and 
Mdzi are listed in Table 5, together with the so, a n d x w  average 
values (the last one calculated according to Eq. 6 ) for a = 0.49. 

As can be seen in Table 3, ,reight-average molecular weights ob- 
tained by the use oi Eq. ( 6 )  with the appropriate value of the as 

parameter agree very well mth those obtained from the molecular 
weight distributions. This agreement ma be considered to support 
the value of 2.5 X IOd assumed for the 4' 

sec and the >lw values that of 

and 3 
S 091 W 

The distributions of Sedimentation coefficients of the SAN fractions 

The weight- and nunber-average molecular weights as well a s  their  

- 

S 

7 P-' constant, and &us 
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Wdl.10 

I C  

8 

6 

4 

2 

R 

FIG. 4. Differential molecular weight distribution czrves  of SAlV 
copolymer fractions. Data a r e  identified as in Fig. L 

provide another esample of the practical applicability of Eq. ( 6 )  in the 
evaluation of weight-average molecular weights and, finally, the 
So -M relation for any polymer-solvent system. 

In order  to make additional comparison of average molecular 
weights obtained by different methods, the relation given by El ias  and 
Bareiss  [ 271 valid for  the theta state 

was applied for  the SAN copolymer-acetone-system at the close-to-8 
temperature  of 25°C. In Eq. (12 )  ail parameters have the same mean- 
ing as in Eq. (61, and gv denotes the viscosity-average molecular 
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T A B U  5. Sedimentaricn Cseificients and Molecular Weignts for SAX- 
Tyril 760 Fractions 

1 18.30 502,300 480,100 145,700 3.49 
2 13.53 271,200 2a1,400 146,900 1-35 

5 10.66 165,100 174,700 . 110,900 1.49 
6 9.74 i23,aoo 128,700 70,900 1.79 

Iveight. Cn the other hand t h e z v  average xas calculated from the 
molecular weight distribution (MWD) data from the relation 

vith a = 0.5 being the power index in the Mark-Houivink relation at 
the theta conditions. 

Table 6 together with values of gT and >In obtained €rom the MJVD 

data &s well as =,* calculated according to Eq. (6). 

h1UlttrD data (Table 6, Column 4) compare vell wi th  those calculated 

il 

Results obtained for  the four SAX-Tygl 760  fractions are given in 

Values of the viscosity-average molecular weights zv obtained from 

TABLE 6. Average Molecular Weights for  S&V-T?pil 760 Copolymer 
Fractions 

- - - - - 
Fraction 41, M W  M, M Y  wl 
SO. i ?rlwD ) (Eq. 6) (Eq. 13) (Eq. 12) (MWD) 

1 502,300 480,100 475,100 457,200 145,700 
2 271,200 281,400 258,900 274,100 116,900 
5 165,100 174,100 159,100 167,600 110,900 
6 123, aoo 128,700 111,500 ioa,600 70,900 
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according to the modified Flory-Madelkern Eq. ( 12) (Table 6, Column 
3).  The actual differences between these two Mv values do not exceed 

65, which proves the applicability of the proposed method of establishing 
the S,-hl relation in the case  of new polymer-solvent systems. 

The practical application of sedimentation velocity analysis for  the 
deternination of a molecular weight distribution appears to  depend to a 
certain e.ucem upon the solvent employed. It was found that at the con- 
centrations required for  most sedimentation measurements,  a better 
molecular separation could be obtained by the use of a 9 o r  a close-to-8 
solvent [ 2 6 ] .  Acetone as a soivent of the S A N  copolymer is not a good 
solvent (the a value of 0.49 is close to 0.5, corresponding to  8 solvents), 

which assures  a high resolving power in the seciimentation velocity 
experiments. 

Finally, it  should be noted that the constant initial values of the as 

parameter  may be used to calculate the corresponding average sedi- 
mentation coefficients and average molecular weights of a pair  of 
samples. However, the above-mentioned experimental inaccuracy and 
the data processing e r r o r s  give unreliable es t imates  of the as and Ks 
values when based on data for  a single pa i r  of samples only. The ob- 
served large differences of the a values estimated for pa i r s  of 
samples of the same polymer ( s e e  Table 2 ,  Column 3 )  are  due LO the 
v e T  l o ~  sensitivity of So, 

parameter ,  and therefore even small  errors made in the estimation of aw and [ q ]  result  in a significant sca t te r  of the as values. ' 

S 

5 

and 3.1 averages to changes of the as 
W 

R E F E R E N C E S  

[ I] 31. Kalfus a.nd P. Szewczyk. Rocz. Chem.,%, 1367 (1968). 
[ 21 P. Szewczyk and M. M f u s ,  Rocz. Chem., 43* 1711 (1969). 
[ 31 R. L. Baldwin and K. E. van Holde, Fortschr.  Hochpolym. Forsch., 

1. 451 (1960). 
4 G. W. GIcCormick, J. Polym. Sci., a, I ,  103 (1963). 

151 H.-G. El ias  and M. Kalfus, Makromol. Chem., ix. 95 (1967). 
[ 61 M. Kalfus and H.-G. Elias, J. Macromol. Sci.-Chem., g, 953 

(19671. 
S. Shimura, I. Mita, and H. Kambe, J. Polym. Sci., 2, 403 (1964). 1 Y. Shimura, J. Polym. Sci., Part A-2, 4, 423 ( 1966): 

[ 91 M. L. Hugsns ,  J. Amer. Chem. SOC., g ,  2716 (1942). 
[ : l o ]  E. 0. Kraemer,  Ind. Eng. Chern., 30, 1200 (1938). 
1.111 S. 3. Maron and R. B. Reznik. J. Polyrn. Sci., Part A-2, 2, 309 

( 1969). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



752. SZEWCZYK AXD KXLFVS 

f M. Kalhs, Prib. Te-kh. Eksp., 2, 185 (1965). 
T. Homma, X. Kawahara, H. Fulita, and 31. Ueda, llakromol. 
Chern 67, 132 (1963). 
T. Homma and H. Fujita, J. Xppl. Polvm. Sci., 2. 1071 (1965). 
H.-G. Elias, Makromol. Chem., g, 48 ( 1959). . 
L. Mandelkern and P. J. Flory, J. Chem. Phys., 20, 212 (1952). 
L. MmdeLkern, W. R. Krigbaum-g, and P. J. Flory, 
J. Chem. Phvs., 20, 1392 (1952). 
T. G Fox and L. Mandelkern, J. Chem. Phvs., 2l, 187 (1953). 
H. k Scheraga and L. Mandekern, J. Xmer. Chem. SOC., 75, 179 
(1953). 
M. Kurata and H. Yamakawa, J. Chem. Phps., 29, 311 (1953). 
W. H. Stockmayer and A. C. Xlbrecht, J. Polym. Sci., 32, 215 

. '  - 

{ 19583. 
i. M. Kotliar, J. Polym. SCL , -- part A, 2,4303 ( 1964); Bid. , PZR A, 
2, 4327 (1964). - F. W. Billmeyer, Jr., J. Polym. Sci., Part C, S, 161 (1965). 
P. Szewczpk, PkD. Thesis ,  Chemical Works, Osviecim,  1971. 
M. KaLfus and J. MituS, J. Polym. S c i ,  PartA, 4, 953 (1966). 
H. W. McCormick, in Polymer Fractionarion (M. J. R. Cantov, 
ed.). Academic. New York, 1967, p. 251. 

(271 K-'G. Elias and R. Bareiss, J. MacromoL Sci.-Chem. ,Al, 
1377 (1967). 

Received for  publication October 10, 1972 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


