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ABSTRACT: The 'H nmr spectra of a number of adducts of tert-butyllithium and butadiene of different E ' s  have been 
examined. The spectra 
observed except for that of the 1 : 1 adduct are rather complex because of penultimate effects. The spectra show that, as in the 
corresponding stujcly with isoprene, cis and trans forms of the lithium-bearing unit exist. No separate 1,2 structure can be 
found. The equilibrium cis/trans ratio depends on the solvent. The microstructure of terminated oligomers of butadiene have 
been examined as a function of reagent concentration. It is found that although abnormally high 1,2 contents are formed in 
hydrocarbon solvents if high concentrations are used, the oligomers have the same structure as high polymers if formed in dilute 
solution. 

Specifically deuterated butadienes were synthesized and used as an aid in the interpretation of spectra. 

The implications of these results to the mechanism of stereospecific polymerization are discussed. 

he structure of ciligomeric polyisoprenyllithium R(C6- T H&Li has already been studied by nmr techniques, and 
much information has been derived on the structure of the 
terminal active unit.1s2 It would be desirable to examine also 
similar spectra of the adducts of butyllithium and butadiene. 
However, attempts to  $itudy the equivalent butadienyllithium 
are generally hampered by the presence of the proton in place 
of the methyl group of isoprene. The extra hydrogen causes 
spin coupling between hydrogens in all four positions, with 
a resultant increase in the complexity of the spectra. By 
the use of suitably deuterated butadienyllithium this diffi- 
culty may be circumvented and well-resolved spectra can be 
obtained. The chosen deuterated butadiene starting material 
in this work is 1 , I  ,3,41-tetradeuteriobutadiene, in which the 
residual two hydrogens are separated by three carbons. Only 
long-range proton-proton and deuterium-proton coupling 
occur in the oligomers, and the coupling constants are suffi- 
ciently low that no fine structure appears. Some experiments 
have also been made with a pentadeuteriobutadiene, with the 
protons unequally shared among the three positions, and also 
with 2,3-dideuteriobutadiene. 

If the results are to  be related to the stereospecificity of the 
lithium-based polymerization of dienes, the microstructure of 
the oligomers produced must be known. For isoprene these 
have much the same microstructure as found in high polymers, 
but many years ago, Zieglers found that the first butadiene 
unit adds 1,2 in hydrocarbon solvents. Later work6 has sug- 
gested that abnormally high 1,2 contents occur up to sur- 
prisingly high molecular weights (>1000), although the high 
polymer has a predominantly 1,4 structure in this system. 
As it appeared unlikely that end effects could persist as long 
as was suggested, this point also has been reexamined. 

Experimental Section 
The specific deuteriobutadienes were prepared from the corre- 

sponding chlorobutadienes by the method of Craig and Fowler,? 
and were purified cia the sulfone. Perdeuteriobutadiene was pre- 
pared from a commercial sample of hexachlorobutadiene. 1,1,3,4- 
Tetradeuteriobutadiene was prepared from the corresponding 
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(4) F. Schue and S .  Bywater, Bull. SOC. Chim. Fr., 271 (1970). 
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tetrachloro compound,8 which was obtained from hexachloro- 
butene, the dimer formed from trichloroethylene by radical reac- 
tion.9 The tetrachlorobutadiene could be separated by fractional 
distillation into two close-boiling isomers, presumably the cis and 
trans forms. After conversion to the deuterated butadiene both 
gave equimolar mixtures of both cis and trans isomers. Penta- 
deuteriobutadiene was prepared from the corresponding chloro 
compound, which is formed in the aluminum trichloride dimeriza- 
tion of trichloroethylene.1° The product contained a mixture of 
the possible isomers, about 6 0 z  with the hydrogen in the 2 posi- 
tions and the remainder shared between the two 1 positions. 
2,3-Dideuteriobutadiene was prepared from 1,4-di~hlorobutyne.~ 
The purity of these compounds was checked by nmr and mass 
spectrometric analysis. In general, about 98% of the expected 
deuteration was achieved. 

The oligomers were prepared in much the same fashion as were 
those of isoprene.2 Most products were made with fert-butyl- 
lithium-ds to avoid masking the a-proton absorption. For the 
oligomers of higher m, the first part of the chain was normally 
made with the hexadeuteriobutadiene, and only the end units were 
of the hydrogen-containing monomer. This decreased as far as 
possible the contribution to the spectra of the nonliving units which 
otherwise would be objectionably large. 

It was found that the 1 : 1 addition product of tert-butyllithium 
with butadiene was insoluble in benzene below room temperature, 
and the reaction mixture set to a thick paste. Warming to 40" 
caused the paste to become fluid again. 

Solutions were 
normally about 0.5 M.  

Results 

In  the original study6 showing that the microstructure of 
the polymer varies with the length of the chain in the early 
stages of growth, it is noticeable that the monomer con- 
centration was held constant at 4 M, and to obtain the 
lengthening of the chain the initiator concentration was 
lowered. This leads to  doubt if the change in structure was 
because of the lengthening chain, or because of the change in 
concentration of growing chains. This latter point was 
considered by Hsieh, et a/.," in a later publication, but the 
range of concentration covered was not sufficient to show the 
full effect. 

In  Table I are listed the 1,2 contents, measured by nmr, 
of three oligomers prepared in cyclohexane at  room tempera- 
ture with similar monomer/initiator ratios, but with greatly 

(8) A. Roedig and R. ICloss, JustusLiebigs Ann. Chem., 612, 1 (1957). 
(9) C. E. Frank and A. U. Blackham, J .  Amer. Chem. SOC., 72, 3283 
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Figure 1. ’H nmr spectra of the adduct of CaDsLi and normal 
butadiene ( F P  - 1.2) in 50/50 (v/v) methylcyclohexane-tetrahydro- 
furan (top) and benzene (bottom): (a ,  p,  y, 6) signals from lith- 
ium-bearing unit; (X, Y )  signals from second (“dead”) unit in 
oligomer of DP = 2. Scale, hertz downfield from TMS at 100 
MHz. 

TABLE I 

PREPARED AT DIFFERENT DILUTIONS AND A ROUGHLY EQUAL 
MONOMER INITIATOR RATIO IN CYCLOHEXANE 

MICROSTRUCTURE OF TERMINATED OLIGOMERS OF DP N 9 

[tert-BuLi] DP x 192 
0.005 8.2 7.0 
0.05 9.5 10.3 
0.5 9.2 47 

differing total concentrations. From this table it is evident 
that the factor governing the 1,2 content of the polymer is 
the concentration of reagents, particularly that of the lithium 
compound. At a concentration of the latter comparable to 
that used in the formation of high polymers, even oligomers 
have a low 1,2 content. The abnormally high 1,2 contents 
observed under conditions where oligomers are normally 
formed decrease rapidly in the concentration range 0.5-0.05 
M. 

The nmr spectrum of an  almost 1 :1 adduct of tert-butyl- 
lithium-d, and normal butadiene in benzene is shown in Figure 
1 ,  together with the spectrum after transferring to  a 1 : 1 mix- 
ture of methylcyclohexane-d14 and THF-d8. In the THF-con- 
taining solvent, the spectrum is well resolved and it is possible 
to make a plausible assignment of the shifts and coupling 
constants, as was also done by Glaze. l 2  The relative positions 
of the peaks are as found by Morton, et a1.,13 for higher molec- 
ular weight species. The spectrum is interpreted’s2 as being 
caused by a mixture of cis and trans structures, basically 
1,4 addition products of tert-butyllithium and butadiene 

A A -  A -  
CaDg-CHn-CH-CH-CH2(Li +) 

6 r P f f  

(12) W. H. Glaze, private communication. 
(13) M. Morton, R. D. Sanderson, and R. Sakata, J .  Polym. Sci., 

Pur? B, 9, 61 (1971). 
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Figure 2. ‘H nmr spectra of oligomers CaDg(C4H2D4),Li formed 
from 1,1,3,4-tetradeuteriobutadiene in benzene at room tempera- 
ture; minascendingorder, -1, -2.1, -3.2,: (X,Y)signalsfrom 
(predominantly) 1,4 and 1,2 units in nonterminal monomer; (a ,  
p , y ,  6) those from terminal (Li) units. Scale as in Figure 1. 

TABLE I1 
CHEMICAL SHIFTS AND COUPLING CONSTANTS; 1 : 1 ADDUCT 

OF BUTADIENE AND tert-BUTYLLITHIUM 

-6, ppm- -J, Hz- 
Cis Trans Cis Trans 

01 1.09 1.18 Jaa 10 10 

y 3.40 3.68 JYS 7 7 
/3 6.18 6.06 Jar 10 14 

6 1.82 1.78 

5 Solvent 1 : 1 methylcyclohexane-tetrahydrofuran 0”. Shifts 
downfield from tetramethylsilane. 

From the chemical shifts most of the charge resides on the 
terminal (a)  carbon atom (particularly in benzene) although 
some charge resides a t  the y position. Restricted rotation 
about the P-y bond leads to cis and trans isomers. The rel- 
evant data are shown in Table 11. The nmr spectrum of this 
compound in benzene solution is far less well resolved, al- 
though it does resemble the spectrum in THF. The peaks 
attributed to  the y protons are far further downfield, and 
those attributed to the a proton are slightly upfield. 

The spectrum of the mono adduct of tert-butyllithium with 
1,1,3,4-tetradeuteriobutadiene in benzene solution is far 
better resolved; Figure 2. Although the a peak is single, 
the P, y, and 6 resonances are all double, but only the y is 
resolved into two unequal peaks separated by 16 Hz  in a 
ratio 2.6 : 1 .  This doubling of the peaks can again be inter- 
preted as due to the cis and trans forms of the butadienyl- 
lithium. When the spectra of the higher adducts were mea- 
sured, however, it was seen that as for isoprenyllithium, the 
higher oligomer y resonances are shifted slightly upfield 
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Figure 3. 1H nmr spectra. of an oligomer of DP - 6 formed in 
benzene at -0.5 M initiator. Inset, the /3 and y signals of a similar 
product formed in dilute solution and then concentrated to about 
the same final concentration. Scale as in Figure 1. 

(Figure 2). Unlike the isoprene case, however, the half- 
width remains small in adducts of DP > 1, and the y resonance 
becomes complex in the spectra of oligomers of = 2 
and 3. These arz necessarily a mixture of oligomers, the 
one of DP = 2 being probably a mixture of monomer, dimer, 
and trimer in a ratio near 1 :2 : 1, 

At DP = 6, such variation of chemical shift could be ex- 
pected to  have disappeared, and in fact the spectrum of an 
adduct of DP = 6 is essentially the same as that of the adduct 
of DP = 10. Nevertheless, it is seen from Figure 3 that the 
y proton still gives a complex peak, not just the two peaks 
expected from a mixture of only cis and trans forms. The 
Q peak appears single, although the close coincidence of 
residual hydrogens on the terr-butyl group gives the appear- 
ance of a shoulder. The p peak is double. The &-proton 
absorption is too masked by protons in the "dead" units 
to  be useful diagnostical1:y. 

Possible causes of this complex y peak could be: (a) the 
presence of a separate and distinct 1,2 chain end, (b) the in- 
fluence of penultimate units, (c) longer range (allylic) cou- 
pling. Cause c could be eliminated because the spectrum is 
unchanged if the pentad'euteriobutadiene described earlier is 
used as monomer. The absence of any separate active chain 
ends having a 1,2 structure in benzene solution was confirmed 
by adding three units of 2,3-dideuteriobutadiene to a three- 
unit chain. All the complex y band was absent in the spec- 
trum of this sample as expected if the structure is basically 
1,4. A 1,2 structure would be expected to  still show =CH2 
signals in this region because the group is y to the C-Li 
bond in this configuration. To determine the effect of 1,2 
structures in the penultimate units an adduct of DP = 6 was 
prepared at a concentration of molar, where the 1,2 struc- 
ture content in in-chain units would be low. This solution 
was then concentrated to  the normal range, and portions of 
the spectrum of this adduct are also shown in Figure 3. Sig- 
nificant differences can be seen between this spectrum and 
the ones obtained from preparations at 0.5 Minitiator, where 
the in-chain 1,2 content is "47%. The two low-field peaks 
in the y-proton band have grown greatly at the expense of 
the third peak. This c m  be explained by attributing the 
lower field pair of peaks, to the cis and trans forms of the 
ultimate unit preceded by a 1,4 unit and that the third 

% THF 

Figure 4. Upfield shift of the higher field y signal in mixtures of 
hydrocarbon-tetrahydrofuran as a function of THF concentration. 

TABLE 111 
PERCENTAGE OF Low- AND HIGH-FIELD 

y SIGNAL IN THF MIXTURES 

Z THF Ratio Temp, "C 

10 63:37 0 
20 41 :59 0 

100 34 : 66 0 
100 17:83 - 40 

peak is caused by both the cis and trans forms of the 
ultimate unit when preceded by a 1,2 unit. This third peak 
is of course large when the polymer is formed at high con- 
centration. Because of the complexity of the absorption, 
and the small peak separation, a definite measurement of the 
proportion of cis to  trans form in benzene for DP = 6 is 
not possible. The lowest field peak appears still to be larger 
in the inset spectrum in Figure 3, as in the 1 : l  adduct. A 
comparison of the P region for the polymers containing differ- 
ent amounts of in-chain 1,2 units indicates that this signal 
also is sensitive to  penultimate unit structure. 

In solutions containing THF, the 1 : 1 compound from tetra- 
deuteriobutadiene shows double absorption for all four pro- 
tons, showing clearly the presence of the cis and trans forms. 
For all oligomers the y peaks are upfield of their position in 
benzene, the greater the proportion of the T H F  the greattr 
the shift. In the 1 :1 compound 
the ratio of low-field to high-field absorptions is 60/40 in 
50 THF at 0". In the oligomer of DP = 6 this ratio changes 
with the T H F  content as in Table 111. Once more a penulti- 
mate effect on the chemical shifts appears. In the hexamer, 
the lower field y absorption appears as two peaks separated 
by 14 Hz, while the higher field absorption shows two peaks 
with only a 4-Hz separation (Figure 5). Again when the 
polybutadienyllithium is made in dilute benzene solution to 
decrease the 1,2 content in the "dead" units, on transferring 
to T H F  one of each of these pairs of peaks decreases signifi- 
cantly. This was confirmed by adding to  a standard prepara- 
tion of an oligomer of DP = 6, to which had been added THF, 
further C4H2D4 to increase the proportion of 1 :2 penultimate 
structure. The proportion of the other peak of the pairs 
was then increased. 

In solutions containing 10% T H F  the P-proton absorption 
of the hexamer is split into cis and trans signals, which appear 
complex because of the effect of penultimate structure. In 
solvents richer in T H F  this detail is lost, and only shoulders 

This is shown in Figure 4. 
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caused by a much more facile dissociation with the former 
monomer. We have observedI5 that polyisoprenyllithium 
aggregates are much more easily dissociated than those of 
polybutadienyllithium. 

The &/trans ratio in the terminated oligomers and polymers 
is less easy to rationalize in terms of the structure of the active 
center. If we assume that the low-field y signal in benzene 
corresponds to a trans configuration based on the assign- 
ments in THF, the 1 : 1 adduct has a marked preference (2.6 : 1 ,  
Figure 2) for this structure. Glaze3 has provided evidence 
for the validity of this assignment. At DP = 6, penultimate 
effects and the fact that the chemical shift difference between 
cis and trans structures is small make conclusions less sure. 
The low-field signal still appears larger in the spectrum in 
which penultimate effects have been minimized (Figure 3), 
and it seems reasonable to assume that the active center still 
prefers a trans configuration. This corresponds to the pref- 
erence in the completed polymer formed under conditions 
close to those under which the nmr spectrum was observed. 
It cannot be assumed that the 1,4 structures even at this con- 
centration were necessarily formed by direct reaction with the 
aggregates, and it is even less probable in the case of polymer- 
izations carried out at  M initiator. A knowledge of 
the preferred configuration of the lithium-bearing unit in its 
nonassociated state would be necessary before a meaningful 
comparison with polymer microstructure could be made. 
Unfortunately, this is experimentally unrealizable. 

The possibility was raised in the earlier study on isoprene2 
that isomerization might be slow and the configurational 
preference observed in the aggregates retained in the dissoci- 
ated state. This hypothesis would be difficult to maintain 
if the same y assignments used hereareused in the case of 
isoprene, since it would correspond also to a preference for 
the trans form of the active center in its aggregated state in 
benzene. This hardly correlates with the highly cis micro- 
structure of the polymer. In fact, if this assignment is ac- 
cepted, in polymerizations carried out in dilute hydrocarbon 
solution at  room temperature, the microstructure of poly- 
butadiene or polyisoprene correlates better with the configu- 
rational preference of the active center in THF. These results 
raise the possibility that the monomeric form of the lithium 
compounds in hydrocarbons resembles more the monomeric 
(solvated) form known to exist in ether solvents. 

(b) 'IHF-Containing Solvents. On addition of T H F  to 
hydrocarbon solutions of polybutadienyllithium, the high- 
field y signal becomes stronger as more THF is added. The 
low- and high-field y signals can be assigned to trans and cis 
structures on the basis of coupling constants in the 1 : 1 adduct 
(Table 11) in the THF. Glaze12 has also suggested this as- 
signment. Isomerization from the benzene-stable form is, 
however, less complete with polybutadienyllithium than with 
polyisoprenyllithium. In the latter case only the high-field 
y signal appears at equilibrium at all temperatures between 
- 80 and 20". The differences presumably reflect increased 
steric preference in isoprene compounds because of the methyl 
substitution. With increasing amounts of THF, the y signals 
move upfield and the a signal moves downfield, but to a 
lesser extent (1.4 ppm upfield compared to 0.4 ppm down- 
field in pure THF). The major change in shift occurs in the 
region in which the aggregated species are known to become 
dissociated and replaced by THF-solvated species. This 
must be caused by charge redistribution to the y position. 
A preference for the charge on the a position still remains 
in pure THF, which seems to be a characteristic of increased 

(15) D. J. Worsfold and S.  Bywater, Macromolecules, 5, 393 (1972). 
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Figure 5 .  1H nmr spectrum of the y region at -40" of an oligomer 
of F P  - 6 formed in benzene at initiator concentration -0.5 M and 
transferred to THF-ds. Peak at 6 360 Hz caused by residual un- 
deuterated THF. Scale as in Figure 1. 

indicate the presence of more than one structure. Similarly, 
the a peak is little affected by structure. 

Discussion 
(a) Benzene (or Other Hydrocarbon) Solutions. The nmr 

results on the lithium compounds are qualitatively similar to 
those reported earlier for isoprene adducts. Both cis and 
trans 1,4 forms of the active center can be detected, but no 
separate 1,2 structure. With both monomers, judging by the 
signals from the y protons, one form (the one giving a lower 
field absorption) predominates. These results apply, of 
course, to the aggregated form in which the vast majority of 
the molecules exist in hydrocarbon solvents. Differences 
appear in the structure of terminated oligomers if the behavior 
of isoprene is compared with that of butadiene. With the 
former monomer, the oligomers prepared at high initiator 
concentration do not differ sensibly in microstructure from 
high polymers formed at much lower initiator concentrations. 
Butadiene, however, forms oligomers with abnormally high 
1,2 contents (and predominantly trans configuration in the 
1,4 units)6 if the addition is carried out at  the high concentra- 
tions normally used to form these products. Only if the 
oligomerization is carried out at  dilutions comparable with 
those used in normal polymerization experiments does the 
structure of the oligomer become essentially that of high 
polymer (low 1,2 content; evenly mixed cis/trans ratios in 
the 1,4 units). These results suggest that in butadiene poly- 
merization, but not with isoprene, the mechanism changes at 
high initiator concentration (lo). Under normal polymeriza- 
tion conditions (lo < 10-2 M ) ,  the monomeric dissociation 
products of the predominantly aggregated lithium compounds 
appear to carry most of the reacti0n.1~ Because of the low 
reaction order in active centers (total polybutadienyl- 
lithium) the propagation rate increases only slightly as the 
concentration of active centers is increased. A direct reaction 
of monomer with the polybutadienyllithium aggregates would 
be first order in active centers and could rapidly become im- 
portant at very high polybutadienyllithium concentrations. 
This type of reaction could plausibly result in high 1,2 con- 
tents in the polymer formed because the y position will be 
more exposed. The a position will tend to be buried at the 
aggregate center and less available for monomer attack. The 
difference in behavior with isoprene and butadiene could be 

(14) D. J. Worsfold and S. Bywater, Can.J. Chem., 38, 1891 (1960). 



Vol. 5, NO. 4 ,  JUly-AuguSt 1972 ASSOCIATION OF STYRENE, BUTADIENE, AND ISOPRENE POLYMERS 393 

negative charge stability on less substituted carbon atoms. 
In allyllithium16 the two positions are equivalent, but in crotyl- 
l i t h i ~ m l ~ , ~ ~  substitution makes the y position less favored for 
charge. Nevertheless, the increased charge at  the y position 
leads to high 1,2 contents in the polymer formed. 

It is possible to suppose, as have other authors,I3 that a 
delocalized structure exists only in THF and that the benzene- 
stable form of the active center is a separate covalent form. 
The spectral shifts observed in THF mixtures would result as 
long as equilibration was rapid on the nmr time scale. It 
seems to us more plausiblle to regard the changes as caused by 
variable charge delocalization as the local environment is 
changed. Even in benzene solution there is evidence for 

(16) P. West, J. I .  Purmont, and S. V. McKinley, J .  Amer. Chem. 

(17) D. Seyferth and T. F. Jula, J .  Organometal. Chem., 8, P13 

(18) E. R. Dolinskaya, J. Ya. Poddubnyi, and 1. Yu. Tsereteli, 

Soc., 90,797 (1968). 

(1967). 

Dokl. Akad. Nauk SSSR, 1911,862 (1970). 

some charge at  the y position, and the appearance in both 
hydrocarbon and ether solvents of similar ultraviolet absorp- 
tion bands19 argues against a covalent form in the former 
solvents. The evidence in diethyl ether solutions at  -70" for 
a weak y absorption at  about the same position as in benzene, 
as well as the expected stronger upfield absorption, l 3  could 
have other explanations than slow equilibration between 
covalent and ionic forms. Apart from the danger inherent in 
analysis of very weak signals in such systems, the presence of 
residual amounts of aggregated structures not completely 
destroyed by ether can be suggested, i.e., slow equilibration 
between associated and dissociated forms under these con- 
ditions. This is evidently not the case with the stronger base 
THF,  for even a t  -80" no extra y signals are observed. In 
addition, the y absorption still drifts upfield after more T H F  
has been added than is required to dissociate the aggregates. 

(19) S. Bywater, A. F. Johnson, and D. J. Worsfold, Can. J .  Chem. 
42, 1255 (1964). 

Degree of Association of Polystyryl-, Polyisoprenyl-, and 
Polybutadienyllithium in Hydrocarbon Solvents 

D. J. Worsfold and S. Bywater* 

Diuision of Chemistry, National Research Council of Canada, 
Ottawa K I A  OR9, Canada. Receiaed April 12, I972 

ABSTRACT: The degrees of association of living polymers of styrene, butadiene, and isoprene (Li counterion) have been 
evaluated principally by means of light-scattering measurements in cyclohexane. Some determinations were made using con- 
centrated solution viscosities. It was confirmed that the association number was two for the styrene compound and four for 
the butadiene and isoprene polymers. The latter polymer shows partial dissociation to dimers at low concentrations. The 
difficulties encountered in interpretation of concentrated solution viscosity measurements in these systems are described. It 
is suggested that these difficulties are responsible for the discordant values of association number found in the literature. 

he active chain ends of polymers formed by the action of T lithium alkyls on hydrocarbon monomers are associated 
in hydrocarbon There has, however, been dis- 
agreement concerning the degree of association. Some reports 
suggest that it is twofold in all cases,6 but others state that it 
varies with the monomer i n v ~ l v e d . ~ - ~ ~  Similar disagreements 
existed in the past about the kinetic order of the propagation 
reaction in these polymerizations. A half-order with respect 
to the active chain ends in all casesI1 has been suggested, but 
other studies found that the order varied with the monomer 
involved. 2-5,7-g By the application of improved techniques 

(1) S .  Bywater, Fortschr. Hochpo1ym.-Forsch., 4, 66 (1965). 
(2) H. Sinn, C. Lundborg, and 0. T. Onsager, Mukromol. Chem., 

(3) A. Guyot and J. Vialle, J .  Mucromol. Sei., Chem. 4, 107 (1970). 
(4)  H. Hsieh, J .  Polym. Sei., Part A ,  3, 173 (1965). 
15) D. Margerison, D. M.  Bishop, G. C. East, and P. MacBride, 

(6) M. Morton, L. J. Fetters, R. A.  Pett, and J. F. Meier, Macro- 

(7) D. J. Worsfold and S .  Elywater, Can. J .  Chem., 38 1891 (1960). 
(8) D. J. Worsfold and S .  Eiywater, ibid., 42, 2884 (1964). 
(9) A. F. Johnson and D. .J. Worsfold, J.  Polym. Sei., Part A ,  3, 449 

(10) D. J. Worsfold, ibid., Part A - I ,  5, 2783 (1967). 
(11) M. Morton, L. J. Fetters, and E. E. Bostick, ibid., Part C, No. 

70, 222 (1964). 

Trans. Faraday Soc., 64, 1872 (1968). 

molecules, 3. 327 (1970). 

( 1965). 

1, 311 (1963). 

these differences have been resolved and, it is more generally 
accepted that the order varies with the monomer. 1 2  

Unfortunately, whereas in the past there was general agree- 
ment that association number and kinetic order were con- 
nected, a t  present there exists, in some reports, a dis- 
crepancy.6,12 Until this is resolved the proposed mechanism 
of the reaction must be in doubt, as the only detailed mech- 
anism suggested' involves the monomeric dissociation product 
of the aggregates as active species in polymerization. This 
requires, for a labile equilibrium, that the kinetic order be 
l/n if the association number is n. 

The generally accepted orders for the propagation reaction 
in the polymerization of styrene, isoprene, and butadiene 
initiated by lithium alkyls in hydrocarbon solvents are one- 
half for styrene and one-quarter or  less for the dienes. There 
is general agreement that the degree of association for poly- 
styryllithium is two. A previous report from these labora- 
tories suggested that for polyisoprenyllithium the degree of 
association was between three and four and that equilibrium 
might exist between dimer and tetramer leading to  a kinetic 
order close to  one-fourth for the reaction.IO This work has 
been repeated over a wider range of concentrations and ex- 

(12) M. Morton, R.  A. Pett, and J. F. Fellers, IUPAC Macro- 
molecular Symposium, Vol. 1, Tokyo-Kyoto, 1966, p 69. 


