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Al~tract--Two series of well characterized styrene-isoprene two-block copolymers have been synthe- 
sized, with weight fractions 50 and 75 per cent styrene. Their intrinsic viscosities have been studied in 
a number of solvents and over a wide range of molecular weights. In general the intrinsic viscosities 
are close to the weighted average of the corresponding homopolymers of equal molecular weight. 
There is discussion of the implications of these results with regard to the configuration of block 
copolymers in solution. 

I N T R O D U C T I O N  

THE STUDY of the physical properties of  block-copolymers has received much atten- 
tion in recent years. Phase separation is universally recognized to occur in the solid 
state ~I-4~ and in gels cs~ but the situation with regard to the individual polymer chain 
in dilute solution is still not clear. Some authors suggest a segregated structure in 
which the different units do not interpenetrate c6-s~ while others ¢9~ suggest that their 
data are compatible with a more random interpenetrating structure. Some differences 
may, of  course, be expected according to the type of  copolymer. Existing studies have 
relied on rather a small number of  samples in which either the total molecular weight 
or composition and sometimes both were allowed to change. This complicates inter- 
pretation which, even under the most favourable circumstances, is by no means simple. 

This work describes the dilute solution properties of  two-block styrene-isoprene 
copolymers. Two series of  polymers were prepared each having the same composition 
but varying molecular weight. The compositions chosen were 75 (series b) and 50 
(series a) weight per cent of  polystyrene. In order to make an accurate comparison of  
properties with those of the parent homopolymers, a series of  polyisoprenes of  the same 
microstructure was also examined. Ample data on polystyrene exists but, to reduce 
errors in the comparison, data reported earlier from these laboratories c1°~ were used 
and supplemented by additional data. Some molecular weights were remeasured; 
viscosity measurements were made for a wider range of  solvents. 

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

The block-copolymers were prepared in benzene solution using standard techniques of anionic 
polymerization. The initiator was see.-butyllithium, purified by a short path vacuum distillation. The 
rate of initiation by see.-butyllithium is about 200 times greater than with n-butyllithium and is, 
in benzene, sufficiently rapid to produce almost monodisperse polymers except at very low molecular 
weights/H~ Styrene monomer was first polymerized and after leaving at least 24 hr, isoprene was 
distilled in slowly. The polymerization was allowed to go to completion and then the active centres 
were terminated by a trace of t.-butanol. The procedure was cm'ried out under high vacuum conditions 
in all-glass systems using break-seals to add various components in seafled-up versions of techniques 
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described previously, t'2) Solvent and monomers were purified as previously reported. ~13~ Polymers 
were isolated by precipitation with methanol containing 0.03 per cent of 2-6 di-t-butyl-4-methoxy- 
phenol. They were dried to constant weight in vacuum and stored in a vacuum desiccator. The 
absence of homopolystyrene in the product was checked by density gradient ultracentrifugation as 
described earlie614~ (<  1 per cent). 

Solvents for physical measurements were reagent grade wherever possible. Toluene and cycio- 
hexane were dried over calcium hydride and fractionated in a 100-plate colunm. Dioxane was refluxed 
with sulphuric acid, washed and distilled. It was finally fractionated over metallic sodium. Methyl- 
isobutyl ketone was dried over drierite, fractionated, treated with activated alumina and  subjected to 
a final distillation. 0.02 per cent of the above antioxidant was added to the solutions of polymers. 
This was found to be particularly necessary with methylisobutyl ketone which gave evidence of 
extensive breakdown in a few hours in absence of antioxidant. Solutions in hydrocarbon solvents 
appear to be quite stable in the absence of antioxidant. Viscosities were determined in Cannon-  
Ubbelohde semi-micro dilution viscometers known to have negligible kinetic energy corrections. 
Number-average molecular weights were determined in toluene solution using a Mechrolab 503 
rapid membrane osmometer, with Schleicher and Schuell 08 grade membrane filters. Light scattering 
measurements were made on a Sofica P.G.D. photometer modified so as to allow external thermo- 
stating. Details of these determinations are given in another publication, t~s} All characterization was 
carried out at 35 ° . 

RESULTS 

The measured physical properties of the polymers are given in Table 1, and the 
intrinsic viscosity data are presented as a function of molecular weight in Fig. 1. 
Intrinsic viscosity-molecular weight data of polyisoprenes (particularly of the present 
microstructure, 71 per cent cis, 22 per cent trans, 7 per cent 3,4) are not often reported 
in the literature and it seems worthwhile to quote, the 104K and a values: toluene; 
1.75, 0.74: cyclohexane; 2.02, 0.73: dioxane; 9-4, 0.53: methylisobutyl ketone; 
7.6, 0.56. The intrinsic viscosities are ,~ 6 per cent higher than reported by Beattie 
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FiG. l(a). Variation of intrinsic viscosity with molecular weight for homopolymers and 
copolymers. []  polyisoprene, A polystyrene, + block copolymers series a (50]50), O block 
copolymers series b (75/25). Upper scale, solvent = toluene; lower scale, solvent = methyl- 
isobutyl ketone. The dashed lines are calculated from Eqn. (2). The short dashed line indicates 

the correction for composition deviation of polymer SI-a-IA. 
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Fig. l(b). As Fig. l(a). Upper scale solvent dioxane; lower scale solvent cyclohexane. 

and Booth (le) in toluene at 30 °. This difference is probably mainly caused by the 
difference between weight-average and number-average molecular weights as, in both 
cases, the polymers are sharp-distribution samples produced by butyUithium initiation. 

The intrinsic viscosities of the copolymers lie between the values of the correspond- 
ing homopolymers of the same molecular weight in the whole range of solvents. In 
fact they are generally close to the weighted average with occasionally a small devia- 
tion in the positive direction. Estimates of Ko can be obtained from Stockmayer- 
Fixman plots as illustrated in Fig. 2. As these plots are noticeably curved in good 
solvents, in determining the intercept most weight has been placed on the data from 
the two worst solvents. 103Ko values obtained in this way are 0.87 (polystyrene), 
0.97 (series b), 1.10 (series a) and 1.26 (polyisoprene). The value for polystyrene is 
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FIG. 2. Stockmayer-Fixman plots for copolymer series b. 
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close to that quoted in the literature. Some small differences may be caused by the use 
of  number-average molecular weights as the samples must have a small polydispersity. 
For  polyisoprene little information is available and this normally refers to natural 
rubber with a somewhat higher cis-l,4 content. For  the latter material, Flory ~7) 
estimated 1(o as 1.19 × 10 -3 which does not differ greatly from the value quoted 
above. 

Virial coefficients were determined in toluene only and are not reported here, but 
once again those of  the block-copolymers were close to the weighted average of those 
of  homopolymers  of  the same molecular weight. 

DISCUSSION 

Although it is clear that with the present copolymers the properties are close to a 
weighted average of  those of  the homopolymers,  the viscosity results cannot  be inter- 
preted unequivocally. As a result, the exact configuration of  the polymers in solution 
cannot be determined from the data. This arises because the inadequacies of  dilute 
solution polymer theory in other than 0-solvents, and particularly that of  intrinsic 
viscosity, are magnified in the case of  block-copolymers. Determination of  radii of  
gyration is not possible as the experimentally determined values are apparent  ones 
which are a function of  the refractive index increments of  the two copolymer com- 
ponents/1 a) Some definition of  the probabili ty of  a,a b,b and a,b contacts is necessary. 
Often the dubious but convenient assumption is made that the copolymer consists 
o f  a randomly distributed collection of  the two types of  segment59 19~ The relative 
probabilities are then xa 2, x~ 2 and 2xaxb, where x,  and xb are segment fractions. Even 
so, in the definition of  a segment, there are problems which are absent in the treat- 
ment of  homopolymers where an arbitrary definition can be made. In the present 
case the decision will affect calculations involving the different types of  contact. Some 
authors have defined segments in terms of carbon--carbon links, C9.2°) others in terms 
of  mole fractions, t21~ The difference is small for vinyl monomers  of  about  the same 
molecular weight but is large in a copolymer of  a vinyl and a diene monomer  with 
quite different molecular weights. 

I f  normal gaussian coil statistics are applicable to our block copolymers under 0 
conditions,~21 

K0. copol = [wa Koa 2/3 + wb Kob2/a] 3/2 (1) 

TABLE 2 

Solvent/Polymer Styrene 75/25 50/50 Isoprene 

Toluene I • 34 1.82 2.41 3" 63 
Dioxane I '25 1 "08 0"84 0.265 
Cyclohexane 0 0.63 1 • 63 3" 87 
Methylisobutylketone 0.088 0-19 0"295 0"455 
103 K o 0"87 0"97 1"10 1"26 
Caic. Eqn. (1) - -  0.965 1 '06 - -  

1027 B and K o [Eqn. (4)] 
Calculated using fro = 2.66 × 1021. Slope = 0'51 ffoB. 
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where Wo, wb are weight fractions of the two components. As can be seen from Table 2, 
the values obtained from the Stockmayer-Fixman plots are in reasonable agreement 
with those calculated from the equation although the total range of values is, un- 
fortunately, small. In terms of intrinsic viscosities, equation (1) becomes 

['7]o,,~,o~ = [wo[no] 2/3 + wb['l~]~/3] 3/2 (2 )  

where the values of [7°] and [vb] are those of the corresponding homopolymers of the 
same molecular weight as the copolymer. This equation is strictly valid under 0 con- 
ditions, but holds surprisingly well for our samples even in good solvents. The values 
calculated from Eqn. (2) are shown in Fig. 1 as dotted lines. Surprisingly good agree- 
ment is found in cyclohexane and toluene but small positive deviations occur in dioxane 
and methylisobutylketone. Equation (2) will also be a good representation in good 
solvents if ~ does not vary appreciably with solvent power and if: 

( Lc 2 ~ ( Lo 2 ~ ( Lb 2 > 
- -  = x o ~  q - x b  ~ ( 3 )  

Hc Ha nb 

where no, nb are the number of links in the two units and L represents mean square 
end/end distance. L2/n varies with molecular weight in good solvents but the values 
at molecular weights of the homopolymers equal to that in the copolymer are to be 
understood. Where Eqns. (2) and (3) apply, qualitatively at least, little coil expansion 
is caused by heterocontacts and essentially the polymer units are interchangeable. 
Deviations from this state of affairs are small and essentially confined to methyliso- 
butyl ketone as solvent. These results are not consistent with those reported pre- 
viously ~2°~ on the same systems where large positive deviations from Eqn. (3) were 
found even in toluene solutions. This point is evident qualitatively by comparing the 
intrinsic viscosities which are appreciably higher than shown in Fig. 1 at equivalent 
molecular weights. 

An attempt at more quantitative evaluation of the data by methods used by previous 
authors (to determine/3oh for instance) is less satisfactory. The number of assumptions 
to be made is rather large. Initially some choice of method for evaluation of/3's must 
be made. The only simple method available is that of Stockmayer and Fixman. cz2) 
The relationship 

[~7]/M ~ = Ko -+- 0.51 ¢o BM ~ (4) 

is certainly not accurate and the/3 values obtained (BMo 2, where Mo is the segmental 
molecular weight) are not in agreement with those obtained by other methods. The 
predicted linear relationship is obtained only over a restricted range at low coil 
expansions, t23) The deficiencies rely principally on the choice of a correct a , -Z  rela- 
tionship, a subject of great uncertainty at the present time. However, recently it has 
been suggested t24~ that B values better in accord with thermodynamic data can be 
obtained by using initial slopes of the plots and reducing the constant in Eqn. (4) 
from0.51 to 0.287 (1 < a, 3 < 2.5). This in effect simply multiplies all B values ob- 
tained by the normal procedure by 1-8 and does not affect their relative values. 

The second assumption commonly made concerns the segment contact distribution, 
as noted previously often assumed to be a statistical distribution of unconnected 
segments: 

/3¢0,ox = x° z/3°° -q- xb 2/3oh + 2Xo xb/3°~ (5) 
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which leads to a value o f  #oh obtainable f rom experimentally observed B values, 

,8,, b = Moo Mo._____ b {B~opol - -  wo 2 B~  - -  wb 2 Bbb} (6) 
2w~ wb 

where Moa, Mob are the segment molecular  weights and Moc = xoMoa q-XbMob. 
The/3oh value obtained will depend on the segment definition via choice o f  Mo,, Mob. 
Only the ratio /3,b/(#o~/3bb) ~ is independent  o f  this definition. Substitution o f  values 
equal to the mean molecular  weight per C - - C  bond  will give an equat ion directly 
derivable f rom Utracki  and Simha. (9) Definition o f  a segment equal in size to the 
solvent molar  volume (Moo = V1/f:a etc.) modifies the equat ion to one directly deriv- 
able f rom that  o f  Stockmayer  et al. :(zs) 

Xapp : Va Xl~ -4- vb Xxb - -  Vo vb Xob ( 7 )  

where v's are volume fractions and the parameter  x~b represents the difference in 
interaction energy in forming two ab contacts  f rom a,a and b,b contacts.  I f  X~b = 0, 
then fl~b = (fl~ + flbb)/2. 

/3~b values f rom Eqn. (6) can be calculated f rom the data in Table 2; within experi- 
mental  error, they are independent  o f  composi t ion but vary, as expected, with solvent 
(Table 3). The deviation f rom the arithmetic mean o f  flao and flbb depends on the choice 

TABLE 3 

Solvent Toluene Cyclohexane Dioxane MIBK 

#oh* f50/50 27 15-7 6.9 5-2 
1.75/25 26 12.6 7.1 4-8 

½(#o, + ~bb)* 26"6 19"3 6"3 3"9 

#,hi f50/50 2"06 1"16 0"81 0"28 
~ 75/25 1" 98 0" 93 0" 85 0' 26 

½(#°o + #bb)t 1.95 0.56 1-68 0.18 

1024 #~ (cc) Calculated assuming a statistical distribution of disconnected 
segments. 

* Calculated assuming segments equal in size to the molar volume of solvent. 
1" Segment fractions calculated as link fractions. 
# ob values calculated from the equations of Froelich and Benoit, (2t) which 

predict moderate diminution in the fraction of ab contacts compared with the 
statistical model, show much greater variation with composition. This occurs 
even in poor solvents. The fully segregated or statistical contact approximations 
fit the present data more successfully. 

o f  segment. The reasonable agreement  (i.e. /3,b independent  o f  composi t ion)  with a 
model  involving a large number  o f  heterocontacts  may  be misleading. I f  we take as 
model  the other  extreme structure which involves no heterocontacts  at all, then 

#oopo, = xo #o, + xb #bb (8) 

wo 2 Bo~ wb 2 Bbb 
or Bcopol  = -  + - -  ( 9 )  

Xa Xb 
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Replacement in Eqn. (9) of  the appropriate values of  segment fractions and experi- 
mental B values, allows a check of  this equation. Table 4 shows that the agreement 
between predicted and observed values of  Bcopo~ is as good as in the previous approach,  
particularly on the lattice model segment definition. The reason for the lack of  distinc- 
tion between the models is clear. I f  we assume the random statistical segment distri- 
bution model, the experimental results are consistent only with a negligible value of  
Xab (experimentally < 4- 0.02) i.e. //ab is always close to (/3o~ + /3bb)/2. Under these 
conditions, Eqn. (5) simplifies to Eqn. (8) and we have the choice of  interpreting the 
results as Xob ~ 0 or the number  of  heterocontacts as negligible. Only if the intrinsic 
viscosities of  the copolymers were much larger than observed here, would one be able 
to argue in favour of  many  heterocontacts, as this would correspond to large coil 
expansions caused by strongly repulsive heterocontacts. 

F rom the present data alone, distinction between the two extreme models would 
depend largely on the credibility of  xab values close to zero. A rough indication of  the 
expected magnitude of  X,b can be obtained f rom cohesive energy densities, c25~ These 
parameters are difficult to determine for polymers, but the most  reliable values appear  
to be 9.2 (cal/cc) ~ for polystyrene c~6~ and 8.0 (cal/cc) ÷ for polyisoprene. ~27~ These 
values would lead to a predicted Xob of  close to 0-20, much larger than observed 
experimentally. Other data exist ~15) to indicate that the intermolecular excluded 
volume of  block-copolymers is much larger than is expected f rom the volume occupied 
by one type of  segment alone. Similar arguments based on virial coefficients ~2s> have 
been used for styrene-methylmethacrylate block-copolymers. The segregated struc- 
ture seems on these grounds more realistic, although it should be emphasized that 
complete segregation is probably not essential to explain these results. A gaussian 
or near-gaussian distribution of  chains tends to keep the number of  heterocontacts 
small. In poor  solvents, small positive deviations in the viscosity curves f rom the 
average expected properties could probably be explained by the effect of  a small frac- 
tion of  heterocontacts becoming measurable as the coil size decreases. 

Acknowledgement--The authors acknowledge the technical help of Mr. P. Toporowski. 
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R~um6----On a effectu~ la synth~se de deux s6ries de copolymeres s&tuencgs styrene-isoprene bien 
caract6ris6s, comportant 50 et 75 pour cent en poids de styrene. On a 6tudi6 leurs viscosit6s intrin- 
s~ques darts diff6rents solvants et dans un large domaine de poids mol~culaires. En ggn6ral, les visco- 
sit6s intrins~ques sont pros de la moyenne pond6r6e des homopolym/~res correspondants, de poids 
moi6culaire 6quivalent. On discute les cons6quences de ces r6sultats sur ia configuration des copoly- 
meres s6quenc6s en solution. 

Sonunario---Si sono sintetizzati due serie di ben caratterizzati copolimeri a due blocchi di stirene- 
isoprene con percentuale in peso di stirene del 50 e 75. Si 6 studiata la loro viscosith intrinseca in 
diversi solventi e per una larga gamma di pesi molecolari. In generale, ia viscosita intrinseca trovata 6 
prossima alia media ponderata dei corrispondenti omopolimeri dieguale peso molecolare. Sidiscutono 
le implicazioni di tali risultati per quanto riguarda la configurazione in soluzione di copolimeri in 
blocco. 

Zusammenfasstmg--Es wurden zwei Serien gut charakterisierter Styrol-Isopren Zwei Blockcopoly- 
merer synthetisiert mit Gewichtsanteilen von 5 0 ~  und 75~0 Styrol. Ihre Viskosit~itszahlen wurden 
iiber einen weiten Molekulargewichtsbereich in einer Anzahl von LiSsungsmitteln untersucht. Im 
allgemeinen sind die Viskosit~itszahlen nahe an dem Gewichtsdurchschnitt des entsprechenden 
Homopotymeren mit gleichem Molekulargewicht. Die Bedeutung dieser Ergebnisse wird diskutiert 
im Hinblick auf die Konfiguration von Block Copolymeren in L6sung. 


