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A method advanced recently is used to estimate the cha racteristic ratio Coo for statistical buta­
diene- styrene and butadiene- acry loni trile copolymers from the reported data of the limi tin g 
viscosity number and sedimentation coefficient. The results are compared with those of the 
traditional method s. The dependences of Coo on the copolymer compositi on are discussed and 
interpreted in te rms of steric and /or dipole-dipole interactions of adjacent monomeric units. 

The properties of polymeric materials in bulk are largely dependent on the configura­
tion of constituent macromolecules. Thus, the study of solution properties which 
provide Some configurational characteristics (e.g., unperturbed dimensions, dipole 
moments) have become a matter of more than academic interest. 

The quantity most frequently used in such studies is the characteristic ratiol, ex>, 

C-:) =~/l1f. (1) 

Here, the symbol ~ stands for the mean-square end-to-end distance of a real polymer 
chain in the random-coil configuration unperturbed by the excluded-volume effect. 
The product IIl 2 is the same quantity for a hypothetical freely jointed chain com­
posed of 11 skeletal bonds, each 1 of length 1. The characteristic ratio can be calculated 

from the experimentally obtained values of~/M by means of the equation 

(2) 

where M is the polymer molar mass and M 0 is the mean molar mass per skeletal 
bond. 

In a recent paper2, we have proposed a new method for evaluating ~/M from 
a combination of the limiting viscosity number and the sedimentation coefficient, 
both measured under 8-conditions (i.e. at a temperature where the second virial 
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coefficient is zero). The procedure has some ad van tages over the more usua l method s, 

and seem s therefor e we ll suited for a study of sys tems where the es timation of some 

basic molecular characteristics (e. g. , molar m ass) o r the pre para t io n of fracti ons 

with narrow molar-mass di stlibution is imped ed by severe experiment a l diffi culties. 

Copolymers of butadiene with styre ne or acrylonit ril e, i. e. well-known rubber-like 

materia ls a re examples of such system s. 

In the pre ~ ent paper the method is ap plied to hydrodynamic da ta for these sY5tems 

a nd the results are compared with those o bt a ined in a more traditiona l way. The 

data originate from several papers3
-

10
. A part o f them was discu ssed by Poddubnyi 

and Podalinskii several years ago ll
. As new data have since been published 6

•
1o 

and the method described in ref, 2 offer s a n inde pendent check , we believe that 

an analysis of all data available will provide representa tive values o f C oo as a , bas is 

for discussion of the configurati on of these substances . 

METHODICAL 

The method described in ref. 2 is based on the equation 

(3) 

where [1]]0 is the limiting viscosity number (in cm 3/g) a nd So is the sedimentation 

coefficient (in s), both measured under O-condition s. The symbo ls 1]0 and (20 stand , 

respectively, for the solvent vi scosity and density, t: is the partia l specific volume 

of the solute, NA is the Avogadro number, a nd ej)opo is the product of universal 

parameters (ej)opo = 1'49.1024 mol - I). 

The advantages of thi s method may be summarized in the fo ll owing te rms2
: i) The uncertainty 

in the individual values of Po and </)0 almost va nishes from their prod uct; ii) no data on molar 

ma ss are needed ; iii) the resulting value of R6/ Mis unafTccted b y pol ydi spen,ity. 

The difficulties of obtaining the mass-average molar ma ss, M W ' for butadiene 
copolymers by the light-scattering method are well known 6

, 12 . 13 . They are due to the 

presence of large particles (microgels, powdery admixtures from the copolymeriza­

tion system) which are seldom completely removed even by a multi stage purifica­

tion. Hydrodynamic methods (e.g ., combination of sedimentation and diffusion, 

the Archibald method) yield Mw values of the molecularly di spersed copolymer 

but are time-consuming. The above difficulties are not eliminated by fraction a tion . 

Moreover, in a fractionation procedure the polymer substance is exposed to a danger 

of chemical change (oxidation, crosslinking, etc.). The method based on Eq. (3) 

overcomes these difficulties. On the other hand , there are some other difficulties, 

inherently connected with these systems, which cannot be removed by the new 

treatment. 
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I-Iomopolymers and copolymers of butadiene are usually branched. Branching 
increases with an increase in the molar mass and/or in the conversion of copolymeri­
zation . For such systems, the values of [IJJo/50 are not constant over the whole 
span of the molar mass. In order to derive a configurational characteristic for linear 
chains, much attention is to be paid to the treatment of data. 

The butadiene- acrylonitrile copolymers Ere composed of polar and non-polar 
con stitutional units so that the V-conditions can be found in mixed solvents only. 
This is a disadvantage because some contributions to the limiting viscosity number 
in mixed solvents arise from reasons not connected with chain configuration and 
affect the values of [IJJ 14. 

The results of the treatment based on Eq. (3) are compared with those evaluated 
from the viscosity constant I Ko, 

(4) 

which can be obtained from the [IJJo data according to 

(5) 

or froJl1 the limiting viscosity numbers [IJJ in a good solvent by eliminating the 
excluded-volume effect in an appropriate way. The Stockmayer- Fixman- Bufchard 
method I5 , 16, i.e. the extrapolation to MI /2 = 0 of the plot of [IJJ /M I/2 us M1 /2, 

is used as the most convenient. 

RESULTS AND DISCUSSION 

Estimation of ~/M 

For linear polymer chains in the random-coil configuration , the values of [IJJo/50 
should be independent of molar mass. With some of the butadiene- styrene (SBR) 
and butadiene-acrylonitrile (ABR) copolymers discussed in this paper (Figs la, 2), 
these values are indeed constant (within 10%) up to high values of molar mass, 
whereas with others a downward curvature sets in at rather low values of M (50.103 

to 250. 103
). In the latter case, the initial (approximately horizontal) part of the 

plots of [11Jo/So VS MI /2 was used to estimate ~/M for linear chains. 

The values of (1 - vQo) and 1J0 needed in calculations of ~/M according to Eg. (3) 
were taken from the original papers or recalculated by means of the Svedberg or 
Mandelkern- Flory equations from published values of so, Do and [17Jo. 

The plots of [IIJo/MI/2 us MI / 2 (Figs Ib and 3) are similar to those in Figs 1a and 2. 
With the ABR copolymers, which were measured in mixed solvents, the solvent 
effect on Ko is noticeable but usually less than 5%. Only the copolymers with a low 
content of butadiene monomeric units are an exception; the difference in [IJJo and Ko 
for two mixed a-solvents amounts to about 10% (Fig. 3). 
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10 complete the results for ABR, one value of Ko (for the mole fraction of buta­

diene constitutional units .\ Il = 0'66) was obtained by means of the Stockmayer- Fix­

man-Burchard plot (['l]!MI
/

2 
I!S Mi l!) from the limiting viscosity numbers in tolue­

ne7 for fractions characterized by the number-average molar ma ss M" . The plot was 

smooth and can be extrapolated to MI / 2 = 0 without problems. The rcsult is sur­

prisingly low, and a correction for polydispersity (which is not known) would de­

crease it even more. 

The composition of a ll SBR sa mples is nearly the same (xu = 0'82-0·85), and so 

are the O-temperatures (21-24°C). One would expect a better agreement in Ko 
(after appropriate corrections for polydispersi ty) than that actually foupd. 

Homma and Fujita 3
.
4 measured several fractions of SBR (characterized by MJ 

in 2-pentanone and found Ko = 0'18 (broken line 2 in Fig. Ib). An approximate 

correction for polydispersity reduces the value to 0·17. The value deduced from our 
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FIG. I 

Determination of Rf, /M from the hydrodyna­
mic data for butadiene- styrene copolymers: 
(a) Plot of [!'do /MI /2 vs MI /2 (b) [1/10 /.10 vs 

MI 12. Mole fraction of butadicne constitu­
tional units, xB = 0,82- 0,85. Data points 
for 2-pentanone: • non-fractionated samples

6 

(M
w

); 0 linear fract ions (M,,), (±) non-linear 
fractions (M n)' 8 non-fractionated sam­
ples3 •4 (MT))' Data points for octane: () 
fractions S (MsD ) ' For a-temperatures, see 

Table I 
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FIG. 2 

Determination of Rf,/M for butadiene-acry­
lonitrile copolymers according to Eq. (3). 

Mole fraction of butadiene constitutional 
units xB: (a) 0'62 (refIO

) , (b) 0·82 (ref9
), 

(c) 0·72 (ref9 ). (d) 0'60 (ref. 8), (c) 0 ·45 
(ref. 9

). Mixed e-~olvcnts: butanone/cyclo­
hexane CD ; butanone/2-propanol (). For 
composition of mixed solvents and a-tempe­
ratures, see Table I 
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data6 in the same solvent for non fractionated samples (covering a broad range 
of copolymerization conversion from 10 to 70%) is higher by about ]0% (Ko = 0'19), 
and since it is essentially [IJ]o/ Mw, it would be increased (though slightly) by a cor­
rection for polydispersity. 

Poddubnyi and coworkers s estimated Ko from the [11]o-values in octane (Ko = 

= 0'16). Since fractions and MsD values were used in that study, the polydispersity 
correction would be very low and would not shift the result closer to the values 
mentioned above. 

The differences in ~/M calculated by means of Eq. (4) are lower than those 
in Ko (Table I) but remain noticeable. We are not able to offer a plausible explanation. 

Characteristic Ratio 

The mean chain repeating unit of the butadiene-styrene or butadiene-acrylonitrile 
copolymers is composed of m A styrene (or acrylonitrile) and mB butadiene units, 
and comprises m 13 double bonds and (2mA + 3m B) single bonds (provided only the 
l,4-addition takes place during copolymerization). The mean-~quare bond length , 

P, to be substituted into Eq. (2) when calculating Coo , is 

(6) 

where In and Ib are the lengths of the single and double bond" respectively (t. = 
= 0·153 nm, lb = 0·134 nm). The mean molar mass per skeletal bond, Mo , is 
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FIG. 3 

Determination of the Ko constant for buta­
diene-acrylonitrile copolymers. Designation 
of samples as in Fig. 2. Mixed a-solvents: 
butanone/cyclohexane CD; butanone/2-pro­
panol (); acetone/ 2-propanol (); dimethyl­
formamide/2-propanol e; benzene/heptane 
~. For composition of mixed solvents and 
a-temperatures, see Table I 
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TABLE I 

Calc. from ['11 o/s 0 Calc. from Ko Solvent 
xB .. ------.~--~-- _ .. _- .-~- --

(compos ition vo l. ~ ;' ) 
To· oC 

(R5/M).10 2 COO (R6 / M). ]02 COO 
-~-----

Butadiene-,tyrene 

0·85 0·85 6·4 O·7(,u 5·7 2-pentanone 21 
0·85 0·81 6· 1 2-pentanone 21 
0·82 (}74 5'S 0'73 5·7 octane 21 

Butadicne -acryl onit rik 

0'82 0 '93 5'95 0·85 5·4 butanone/2-propanol 59 : 41 20 
0·72 0'83 5·46 0·78 5·2 butanone/cyclohexane 36 : f.4 21 
0·72 0·82 5·4 propane!2-propanol 61·5 : 38· 5 21 
0·72 0·78 5·2 benzene! t-.epta ne 81· 5 : 18· 5 19 
0·66 0·74 5·0 toluene b 

0'62 0·96 6·50 0·8\ 5·5 butanone!cyclohexane 47'5 : 52·5 25 
0'60 0·85 5·80 0·8\ 5·5 butanone/cycl ohexane 47·5: 52·5 25 
0·60 0·85 5·8 butanone/2-propanol 60 : 40 20 
0·45 \·07 7·66 0·97 6'9 butanone!cyclohexane 76 : 24 21 
0·45 0·90 64 dimethylformamide/ 2-propanol 48: 52 38 

a Corrected for polydispersity (see text), b Estimated from good-solvent data by means of the Stockmayer-Fixman- Burchard method . 

Ref. 

3, 4 
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where MA is the molar mass of styrene or acrylonitrile (104 or 53 g mol -I, respecti­
vely), and M D = 54 g mol - 1 is the molar mass of butadiene. 

The values of CO calculated according to Eqs (2), (6) and (7) are collected in Table I 
and plotted in Fig. 4 against the copolymer composition. The Coo values in the lower 
part were obtained according to Eq. (3), those in the upper part were calculated 
from Ko. The former are systematically higher by a few per cent. The sign and size 
of the differences seem consistent with the effect of polydispersity on the values 
of K o. 

The characteristic ratio of binary copolymers depends on the chemical nature 
and the relative content of monomer units, and on their sequential and configurational 
arrangement17. Developing the idea of Stock mayer a nd coworkers l8

, Kotaka and co­
workers 19 have proposed a simple formula for the characteristic ratio of an "ideal" 
copolymer in which no extra interaction takes place between neighbouring unlike 
monomer units: 

(8) 

Here, C;x' (with i = A, B) are the characteristic ratios of the parent homopolymers 
and Xi are the mole fractions of the monomeric units . The linear dependence of Coo 
on Xi can be taken as a reference line, and the deviations from linearity in real systems 
give evidence of some additional interactions. Positive deviations (which occur 
more frequently in systems studied so far) are assigned to the repulsive interactions 
being increased by the contribution of dyads of unlike monomer units, whereas 
negative deviations are associated with a relaxation of repulsion or with attractive 
interactions. 

10 b 

2 • 
----.---.;------~--

• • 
10 

2 • 
-------------..--- - --C-- --

• 
0·5 

FIG. 4 

Characteristic ratio C OO as a function of com­
position of the butad iene-styrene and buta­
diene- acrylonitrile copolymers. (a) Estimated 
by means of Eq. (3). (b) Calculated from 
Ko . xD is the mole fraction of butadiene 
monomeric units. Data points (ef Table I) for 
butadiene-styrene 0 , butadiene- acrylonitrile 
•. Lines calculated according to Eq. (8) with 
C'A = 10'9 and C:' = 5·8 (line 1) and with 
C'A = 7·0 aod C:' = 5·8 (line 2). For 
details see text 
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In Fig. 4 the dependence on composit ion for "ideal" copolymers is represented 

by line 1 calculated by mean s of Eq. (8). The characteristic ratio for polybutadiene 

chains produced entire ly by the 1,4 add iti o n wi th a ll double bonds in the trails 

configuration is C;' = 5'8; for an all-cis chain, it is lower by 20% (C I':' = 4·8 
(refs 20

-
23

). T he val ues for stereo irregular cha ins contain ing both types o f doub le 
bonds in comparable amounts li e between these limit s24. 

In copolymers d iscussed in thi s paper the rati o of trail S to cis double bonds is 

approximately) l 5 : 1 (SBR) and 6: 1 (ABR) so that an appropriate value o f C~) 

should be 5·6 or 5·7. The copolymers also conta in vinyl s ide groups prod uced by the 

1,2 additi on of bu tadiene for which a higher (bu t unknown) C~ va lu c is to be ex­

pected 24
. The proportion of 1,4 and 1,2 addition is usually 6 : 1 (SBR) and 10: 1 

(ABR) (ref. I I). Regarding thesc fa cts, wc con sider the valuc C;' = 5·8 as adequate 

for inserting int o Eq. (8). 

The value C,!: = 10·9 for polys tyre ne seem s to bc we ll cstab li shed J
•
25

. The situ a­

tion is less easy with polyacrylonitrile as illu strated by the fo ll o wing va lues of C'!: : 
9·1 (ref. 26), 9·9 (ref. 27), 12 (ref. 28), and 13·8 (rcf. 29). T he unu sually broad range 

is probably due to difficulties of the cx perimental work with polyacrylon itrile so lu­

tions 30
, to solven t effects on R~/M (ref.26) , and to the eva luat io n of Ko from the 

[1J}values measured in good or m ixed so lvent s. We do not prefer either or these 

values, and use the mean value (C,!: ::= 11) wh ich is, perhaps incidentally , a lmost 

identical with that of polystyrene . This ract s implifies the di scussion but the con­

clusions would remain qualitatively unchanged even if the extreme values were used. 

The C""-values for the SBR copolymers are close to , or slightly be low, the ca l­

culated line 1 (Fig. 4) and indicate that there exists no significant extra repu lsive 

interaction with in the styrene- butadiene dyads or that the rotation of a styrene unit 

is less hindered by an adjacent butadiene unit than by another styrene group. T hi s 

FIG . 5 

Correlation of the characteri~tic ratio C OO for 
homopolymers with the molar volume (Vx ) 

15 

of the chain-repeating unit CH 2- CHX: 10 
1 Polybutadiene2o - 23 (abscissa equal V,/2). 
2 polyethylene J , 3 poly(vin yl chloride/ 3

, 

4 polypropylene) (atactic). 5 polyacrylic 
acid l, 6 polyacrylamide34, 7 poly(viny l ace-
tate)l, 8 polystyrene! ,25, 9 poly(isopropyl 
acrylate)) (atactic). 10 p::>lyacrylonitrile2 6 

- 29. 

Values of c OCJ are not corrected for tempera-

ture effects 
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is consistent with the actual knowledge of short-range interactions in the polystyrene 
and polybutadiene chains. 

The high value of C': for polystyrene is connected with strong steric repulsions 
due to the size of the phenyl group. On the o ther hand , theoretical calculations and 
experimental data20- 23.3 1 consi stently sho w that rotations about the CH 2- CH 2 
bonds in the polybutadiene chain are independent of the rotational states of the 
adjacent bond s and, consequentl y, free. 

Before discussing the C eo values for ABR , let us consider Fig. 5. It represents 
a correlation of the characteristic ratio of several vinyl homopolymers with the molar 
volume Vx of the chain constitutional unit [e.g . CH 2- CH(C6 H o)] calculated from the 
van del' Waals group volumes32 . The correlation is surpri singly good, only the data 
for polyacrylonitrile lie much above it. By it s Vx value, polyacrylonitrile is com­
parable to polypropylene but it s C': value is close to that of polystyrene. Krigbaum 
and Tokita35 have shown theoretically that the repulsive dipole- dipole interactions 
o f adjacent nitril e groups are much more relevant for the configuration of the poly­
acrylonitrile chain than steric repul sions and are, therefore , responsible for the 
extended conformation of essentially atactic polyacrylonitrile cha ins. 

The interaction of dipoles decreases with a high power of their di stance. So, if 
acrylonitrile is copolymerized with a non-polar diene monomer in the proportion 
1 : 1, the distance between dipoles becomes three times larger than in the polyacrylo­
nitril e chain so tha t the repulsive interactions a nd their impact on the chain configura­
tion are dramatically reduced. Under s uch condition s, the characteristic ratio for 
polypropylene would be a better reference value than that for polyacrylonitrile 
(at least at a high content of butadiene unit s). An " ideal" dependence of'Cm on XB 

calculated with C': = 7·0 (for a tactic polypropylene ' ) is drawn as a dotted line 
in Fig. 4. 

We can see that while deviations of experimental points from line 1 are strongly 
negat ive over the whole span covered by the data, the deviations from line 2 are 
only slightly nega tive or even zero at XB ~ 0'5. These facts indicate the absence 
of relevant dipole- dipole interactions at AD > 0·5 and an increase in the rotational 
freedom of acrylonitrile monomeric units due to the adjacent butadiene units. 

The situation is not clear at X D ~ 0·5 but the position of the points for X B = 0-445 
may be assigned to the onset of dipole-dipole interactions. Nevertheless, measure­
ments with copolymers at X B < 0·4 would be very useful. 

There are few copolymers known for which negative deviations from Eg. (8) 
have been found by experiments though , as indicated by theoretical calculations '7 , 

they should be less exceptional tha n they seem to be. Statistical copolymers of buta­
diene with acrylonitrile and styrene are an example of such copolymers. The present 
paper shows that, if the theoretical analysis of configurational properties is too 
involved, experimental studies are meaningful provided their results can be con­
fronted with those for similar substances whose configuration is well known. 
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