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Butyllithium Polymerization of Butadiene. 
111. Effect of Inactive Lithium Compounds" 

HENRY S. MAKOWSKI and MERRILL LYNN 

Esso Research and Engineering Company 
Linden, New Jersey 

SUMMARY 

- The effect of some lithium sal ts  on the microstructures of low- 
DP polybutadienes was determined. Lithium alkoxides markedly in- 
creased extent of 1 , 2  addition, and the increase was a function of 
the alkoxide/butyllithium ratio. Other sal ts ,  such as lithium hydride 
and lithium hydroxide, had little, if  any, effect on polybutadiene micro- 
structure.  The product from the reaction of 1-hexyne and butyl- 
lithium increased 1 , 2  addition and also resulted in polybutadienyl 
lithium solutions that were very high in viscosity o r  gelled. 

The effect of lithium salts was taken as good evidence that the 
active species in monomer insertion is the organolithium complex 
which proceeds through the ionic species,  LinR (n - ,)*Re. 

ed on the basis  of the known facile formation of dilithio acetylides, 
The viscosity effects obtained with hexynyl lithium were explain- 

R-CH-C-C-Li 
I 

Li  

with the assumption that the propargylic lithium was an active initia- 
tor. 

INTRODUCTION 

Based on the resul ts  obtained a t  low DP in the butadiene poly- 
merization with butyllithium, i t  was concluded that organolithium 

*Presented before the Division of Polymer Chemistry, American 
Chemical Society, San Francisco, California, April 1968. 
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684 Henry S. Mukowski and M e r r i l l  Lynn 

compounds with different degrees of association incorporate mono- 
mer  differently [l, 21. I t  would be desirable to study in more detail 
the effects of various degrees of association (DA) of organolithium 
compounds on mode oCmonomer incorporation. However, DA is 
high only a t  v e z l o w  DP and decreases rapidly to a limiting value 
of 2 a t  higher DP. Ideally, to study the effect of higher DA the agglo- 
merate should not change with DP under normal polymerization con- 
ditions. In theory this is possible by coassociating the active or -  
ganolithium species with polymerization inactive and associated 
lithium compounds. Indeed, even a t  higher molecular weights, lithium 
sal ts  have been demonstrated to affect the microstructures of poly- 
isoprenes and polybutadienes [3-51. 

inactive lithium compounds on the microstructres of polybutadienes 
prepared with butyllithium, and the relationship of the observed ef- 
fects  to associative phenomena in organolithium polymerization. 

This paper describes the effects of various polymerization 

EXPERIMENTAL 

Starting Materials 

Butadiene (The Matheson Co., C .P. grade) was passed through a 
5-ft column packed with calcium sulfate and condensed into a drop- 
ping funnel for liquid addition to the catalyst solution. 

n-Butyllithium was obtained in hexane and heptane solvents from 
the Foote Mineral Company. 

n-Heptane (Phillips Petroleum Co., pure grade) and toluene 
(Fischer Scientific Co.) were treated with sodium ribbon and stored 
under nitrogen prior to use. 

Lithium t-butoxide was obtained from the Foote Mineral Co. 
n-Butyl alcohol, s-butyl alcohol, i-butyl alcohol, and t-butyl alcohol 
(Matheson, Coleman & Bell) were purified by refluxing over and dis- 
tilling from calcium hydride. 

1-Hexyne, phenyl acetylene, and 1,6-heptadiyne (Farchan Acety- 
lenic Chemicals) were dried over anhydrous MgSO, and distilled 
prior to use. 

by azeotroping with toluene and then vacuum-distilled. 

and sodium methoxide (Matheson, Coleman & Bell) were used as 
received. 

the Minerals and Chemicals Philipp Corp. 

Phenol (Baker Chemical Co., analyzed reagent grade) was dried 

Lithium hydride (Matheson, Coleman & Bell, 90% technical grade) 

Natural Attapulgus clay (200/up mesh RVM) was obtained from 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Butyllithium Polymerization of Butadiene. III 

Analytical Methods 

685 

The procedures used for the determination of kinematic viscosit- 
ies, number -average molecular weights, and microstructures of 
liquid polybutadienes have been described previously [l, 21. 

Lithium Salts 

Lithium salts were normally prepared from the starting butyl- 
lithium initiator. Lithium t-butoxide was both used preformed and 
prepared in situ. Lithium hydride and sodium methoxide were used 
directly. Lithium hydroxide was generated by the addition of water. 

For  the DP studies at  4 t-BuOLi/BuLi 4 moles of t-butyl alcohol 
was added to 5 moles of butyllithium, and the solution was cautiously 
stripped under reduced pressure to a suitable concentration. The 
total concentration of lithium compounds i n  the concentrate was  
determined by titrating an aliquot directly with standard HC1 solu- 
tion. 

Polymerizations 

Polymerizations were conducted in round-bottomed flasks at  
atmospheric pressure as described previously [l, 21. Preformed 
lithium salt o r  the reagent required to produce the desired lithium 
salt was introduced to the catalyst solution, and the resultant solu- 
tion o r  slurry was s t i r red for at least 30 min. 

Dry butadiene was condensed into an addition funnel, and the 
liquid butadiene was added to the butyllithium solution over a period 
of 1 hr .  The polymerization solutions were then s t i r red from 16 
to 66 hr .  Polymer solutions were worked up as described previous- 
l y  [I, 21. 

In every case with the lithium butoxides homogeneous catalyst 
solutions resulted, and the solution remained homogeneous through- 
out butadiene addition and polymerization. Lithium ethoxide, although 
per se of limited solubility in hydrocarbons, gave a homogeneous 
solution, even at a ratio of 2 EtOLi/BuLi. The addition of phenyl 
acetylene, l,g-heptadiyne, phenol, and water resulted in precipitates 
which never dissolved. Added LiH similarly did not dissolve. 

With 1 -hexyne homogeneous catalyst solutions were obtained up 
to a 1-hexyne/BuLi ratio of 0.5. Above this ratio some precipitate 
remained. In all cases of homogeneous catalyst solutions the ad- 
dition of butadiene resulted in an initially cloudy solution. Never- 
theless, in, every case,  i.e., whether precipitate was present initially 
or not, the precipitated solids dissolved during the course of poly- 
merization. 

At a 1-hexyne/BuLi ratio of 0.5 the resultant polymer solution 
was much more viscous than usual. Upon the addition of Attapulgus 
clay the usual, fluid solution was obtained. 
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686 Henry S. Makowski and M e r r i l l  Lynn 

At a 1-hexyne/BuLi ratio of 0.67 the precipitate present initially 
gradually dissolved until a clear ,  gelled solution resulted. However , 
when Attapulgus clay was added the gel gradually but totally de- 
composed, resulting again in a fluid solution. 

given in Tables 1-5. 
Details on the preparation and properties of polybutadienes are 

RESULTS 

The effect of a lithium sal t  on the course of butyllithium poly- 
merization of butadiene was measured primarily by the resultant 
polybutadiene microstructure.  With the catalyst system resulting 
from 1-hexyne and butyllithium, in addition to microstructure 
changes, extraordinarily high viscosities were obtained. 

n-BuLi) on polybutadiene microstructure is detailed in Tables 1 and 
2 and illustrated in Fig. 1. Both preformed t-BuOLi and t-BuOLi 
generated from butyllithium and t-butyl alcohol were very effective 
in increasing extent of 1 , 2  addition. Preformed t-BuOLi was pe r -  
haps more effective than in situ t-BuOLi, although the reason for 
this is not known. In any event, 1 , 2  addition increases  markedly up 
to a t-BuOLi/BuLi ratio of 4,after which there is a t  best  a slight in- 
- c rease  in 1 , 2  addition. With preformed t-BuOLi a polybutadiene of 
Mn = 600 was obtained which contained almost 70% 1 , 2  addition and 
yet had a bulk viscosity of only 1. 27 stokes. Such a combination of 
high 1, 2 addition and low viscosity has, to the best of our knowledge, 
never been achieved before. 

- BuLi a r e  detailed in Table 3 and illustrated in Fig. 2.  At very low 
DP, where 1 , 2  addition and, presumably, degree of association are 
high, a lkoxde has no measurable effect on microstructure. However, 
a t  about DP = 10 the alkoxide effect is readily detected resulting in 
increased 1 , 2  addition. With increasing D P  there is a reduction in 
overall 1 , 2  addition, but the extent of 1, 2 addition remains consider- 
ably higher than with butyllithium alone. In these runs i t  was noted 
in many instances that not all the butadiene had reacted even after 
20 o r  more hours reaction time. In the absence of alkoxide buta- 
diene conversion is quantitative within this period of time. This  ob- 
servation is a qualitative demonstration of the rate-reducing effect 
of alkoxide in alkyl lithium polymerization. 

The effects of a number of lithium compounds on polybutadiene 
microstructure were examined. These are given in Table 5. All 
lithium butoxides and lithium ethoxide were effective in increasing 
1, 2 addition. One particular run dramatically i l lustrates the effect 
of alkoxide on polybutadiene microstructure.  With 10 t-BuOLi/BuLi 
in toluene a t  60°C, a polybutadiene of Mn = 2500 was obtained which 

The effect of lithium t-butoxide/butyllithium ratio (t-BuOLi/ 

The changes in microstructure with DP for  the system 4 t-BuOLi/ 
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Fig. 2. Polybutadiene microstructure as a function of m. 
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contained over 50% 1 , 2  addition. Under these conditions in the ab- 
sence of alkoxide only 10% 1, 2 addition is obtained [21. 

products derived from the reaction of butyllithium with phenyl 
acetylene and 1,6-heptadiyne had little effect on polybutadiene micro- 
structure.  Sodium methoxide increased the amount of 1 , 2  addition 
but it is not certain just how significant the change is. 

Interesting resul ts  were obtained with the products derived f rom 
the reaction of butyllithium with 1-hexyne. It is now recognized that 
alkynes react under the conditions utilized in these polymerizations 
to form not only hexynyl lithium but also a t  least  some dilithio com- 
pounds, LiC-C-CHLi-R [6-81. For the sake of simplicity the r eac -  
tion products obtained from 1-hexyne will be referred to as hexynyl 
lithium. The results obtained with hexynyl lithium are detailed in 
Table 4 and illustrated in Fig. 3. Hexynyl lithium does result  in in- 

Lithium phenoxide, lithium hydride, lithium hydroxide, and the 

7 0  - 
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6 0  - 
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S 4 0 -  
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Fig. 3 .  Effect of hexynyl lithium on polybutadiene microstructure.  
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Butyllithium Polymerizalion of  Buladiene. III 695 

creased 1 , 2  addition, although in fact the increases are not as large 
when molecular weights are taken into account. Unfortunately, i t  is 
difficult to study hexynyllithium/BuLi ratios higher than 2 because of 
solubility limitations. However, i t  was noted that as the amount of 
hexynyl lithium was increased relative to butyllithium the molecular 
weight of the resultant polybutadiene decreased. In fact, a t  a 2 : 1 
ra t io  of hexynyl lithium/BuLi the molecular weight w a s  about one 
half that obtained in the absence of hexynyl lithium. The most inter-  
esting findings with hexynyl lithium were the observations regarding 
solubilization of initially precipitated hexynyl lithium during the 
course of polymerization and the resultant highly viscous polymeri - 
zation solutions. Hexynyl lithium/BuLi at 1 : 1 gave a clear solution 
in heptane, and the resultant solution after butadiene polymerization 
was a very viscous, clear solution. With 2 : 1 hexynyl lithium/BuLi a 
large amount of precipitate was present initially, but this precipitate 
dissolved during the course of butadiene polymerization. The final 
"solution" actually was a gel. Upon reaction with water (supplied by 
Attapulgus clay) the thick o r  gelled solutions decomposed to fluid 
clear  solutions, and the polymers isolated therefrom were low mole- 
cular weight, low viscosity fluids. 

DISCUSSION 

In recent years  more detailed information has been gathered on 
the effects of lithium sal ts  on organolithium polymerizations. 
Lithium sal ts  have been demonstrated to affect reactivity [9, lo ] ,  
stereoregularity [ 3 - 5 , 1 1 , 1 2 ] ,  and initiation and propagation rates 
[13]. In virtually all cases the changes from the normal have been 
attributed to some form of coassociation of the growing organo- 
lithium compound with the polymerization inactive lithium salt.  The 
resul ts  reported herein again demonstrate, perhaps in a more quan- 
titative fashion, the effects of lithium sal ts  on the course of organo- 
lithium polymerization. 

A large amount of useful information has  been obtained with low 
molecular weight polybutadienes. These materials a r e  quite simple 
to make and are readily characterized with regard to microstruc- 
ture ,  number-average molecular weight, and, in a relative way, 
molecular weight distribution. 

ture  a t  DP = 10 i s  illustrated in Fig. 1. Lithium t-butoxide was 
chosen for these studies because of i t s  high solubility in hydro- 
- carbons. It should be noted that even in the absence of alkoxide a 
DP = 10 polybutadiene already is high in 1, 2 addition, about 30%. 
Starting from this relatively high level, 1 , 2  addition increases  
steadily up to a t-BuOLi/BuLi ratio of 3-4.  Further increases  in 
this ra t io  up to 10 did not further increase the 1,2 addition, which 

The effect of t-BuOLi/BuLi ratio on polybutadiene microstruc- 
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remained at about 62%. These polybutadienes closely resemble in  
microstructure those obtained with sodium and alkyl sodium. It 
should be pointed out t h c t h e  same correlation would not be ex- 
pected for all levels of DP, or  more fundamentally degree of associa- 
tion (DAJ,  of polybutadienyl lithium. The tendency of alkoxide to 
coassociate and thereby affect mode of monomer insertion must be 
a function of the compositions and DA's of both alkoxide and organo- 
lithium . 

The studies with DP = 10 polybutadiene show a leveling off in 
1 , 2  addition a t  a t-BuOLi/RLi ratio of 4 .  The system 4 t-BuOLi/BuLi 
in heptane at  25°C produces a polybutadiene of Mn - 2500 with about 
35% 1 , 2  addition whereas the system 10 t-BuOLi/BuLi in toluene a t  
60°C (cf. Table 5) p r o d u c e  a polybutadiene with greater than 50% 
1 , 2  addition a t  the same Mn. The latter result  is all the more extra- 
ordinary when i t  is considered that both toluene solvent and increased 
polymerization temperature markedly reduce 1 , 2  addition [2]. 

Lochmann et  al. have shown that even simple alkyllithiums and 
lithium alkoxides give cocomplexes varying in composition depending 
on the structures and concentrations of the individual components 
[14]: Of course,  lithium alkoxides a r e  associated in hydrocarbon solu- 
tions. t-BuOLi has a DA of about 6 in cyclohexane solution [15]. 
Kamienski and Lewis conclude that straight-chain alkoxides, such as 
n-butoxide, should have considerably higher DA's than the branched- 
chain alkoxides [16]. Brown et  al. have concluded that witb ethyl- 
lithium -lithium ethoxide coassociation occurs but not with disrup- 
tion of the ethyllithium hexamer [17]. Of course, the nature of alko- 
xide coassociation with polybutadienyl lithiums with DA considerably 
less  than 6 is not known. Nevertheless,if DA itself is important in 
stereoregularity of butadiene polymerization, the effectiveness of 
structurally different alkoxides would be expected to be different. 
The effectiveness of normal, secondary, iso,  and tert iary alkoxides 
in increasing 1 , 2  butadiene addition was examined a t  an alkoxide/ 
BuLi ratio of 1 (cf. Table 5). t-Butoxide was less  effective than the 
other three,  which were about equivalent in this respect. Similarly, 
ethoxide appears to be more effective than t-butoxide when the de- 
pressing effect of toluene is taken into account. 

Ultimately the whole significance of these considerations is that 
alkoxide can exert ,  perhaps a variable, but indeed strikingly large 
effect on polybutadiene microstructure. Further,  the manner of 
change is significant. Alkoxides increase 1 , 2  butadiene addition, 
and this result  is more consistent with the active organolithium com- 
pound being ionic in nature [18]. In the absence of lithium sal ts ,  the 
extent of 1 , 2  addition decreases with decreasing DA [I]. Thus, based 
on the resul ts  reported herein and the coassociative tendencies of 
lithium sal ts  and alkyllithiums, i t  is reasonable to conclude that the 
increased 1 , 2  addition due to alkoxides is related to the retention of 
a high DA of the growing organolithium compound. It follows that the 
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Biity llitlziurn Polymerization of Bufadiene. III 69 7 

associated organolithium compound is itself active in monomer in- 
sertion. Indeed the lithium sal t  effects are taken as good evidence 
that the associated complex is the active species in organolithium 
polymerizations. 

The change of polybutadiene microstructure with DP with the 
system 4 t-BuOLi/BuLi is illustrated in Fig. 2. Little effect is noted 
a t  very low m, where 1 , 2  addition is alrea&very high in the nor- 
mal butyllithium polymerization. At about DP = 10 alkoxide sub- 
- stantially increases  1 , 2  addition over the normal.  With increasing 
DP overall  1 , 2  addition decreases  but remains considerably higher 
than the normal. The minimum and maximum in this curve are con- 
sidered to be real. At very low DP in the absence of alkoxide DA is 
very high [l], and so a l k o x s e  would not be expected to exer t  an in- 
fluence. With increasing DP, as DA normally decreases ,  the alkoxide 
se rves  to mgntain a high DA and, therefore, high 1 , 2  addition. 

In these DP studies with the system 4 t-BuOLi/BuLi (cf. Table 3 
and Fig. 2), i t  was noted that in some instances butadiene was still 
present after polymerization t imes normally sufficient for complete 
monomer conversion. This is another qualitative observation of the 
r a t e  depressing effect of alkoxide, the effects of lithium sa l t s  having 
been previously noted [9,10,13]. Seitz and Brown have concluded 
that lithium salts at low relative concentration should decrease the 
reactivity of alkyllithium compounds which behave as electrophiles 
in noncomplexing solvents [l?].  If ionic dissociation is considered 
to  occur,  then the species LinR (n - should dissociate into 

when Xe is a more stable anion than R9, thereby at least partially 
inactivating the R groups. 

One of the problems we have been concerned with has been the 
synthesis of high 1 , 2  polybutadienes with narrow molecular weight 
distribution. We have found not been able to accomplish this through 
the use  of organic donor molecules [19]. The use of alkoxides has  
most closely approached the solution to this problem. As reported 
herein, relatively high 1 , 2  polybutadienes have been synthesized with 
low bulk viscosities. However, acceptably high 1 , 2  addition sti l l  
occurs only a t  very low molecular weights. 

of organolithium polymerization were obtained with products der i -  
ved from the reaction of 1-hexyne with butyllithium. It was assumed 
initially that the highly insoluble and presumably highly associated 
alkynyllithium, R-C-CLi,  which itself does not initiate polymeriza- 
tion, was the only reaction product formed. It followed that the acety- 
lide would maintain a high degree of association when complexed 
with a polymerization active alkyllithium. Subsequently reports  is- 

Perhaps the most fascinating effects of lithium sal ts  on the course 
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sued demonstrating the rather  facile formation of dilithio com- 
pounds [6-81: 

Henry S. Makowski and M e w i l l  Lynn 

R-CH-C -C-L i 
I 

Li 

These reports  are helpful in explaining the observed phenomena 
with acetylides in the butyllithium polymerization of butadiene. 

At 1-hexyne/butyllithium rat ios  of 0 .5  and 0.67 increased 1 , 2  
butadiene addition resulted. In addition, extraordinary increases  in 
polybutadienyl lithium solution viscosities were obtained. At a ratio 
of 0. 5 the initiating solution was clear and contained no precipitate. 
After butadiene polymerization the resultant solution was s t i l l  clear 
but very viscous. At a ratio of 0.67 the initiating solution contained 
a substantial amount of precipitate which dissolved during the course 
of butadiene polymerization, resulting in a gelled polybutadienyl 
lithium solution. Yet in both cases  decomposition of the organo- 
lithium compounds with water g a v e  highly fluid polybutadiene solu- 
tions and polybutadienes-with low Mn and low bulk viscosities. Final- 
ly, i t  was noted that the Mn of the resultant polybutadienes decreased 
progressively with increasing 1 -hexyne. 

All these resul ts  can be best  explained with just one assumption, 
i .e., that the propargylic lithium in dilithio-1-hexyne is polymeriza- 
tion-active. Presumably,  all the 1-hexyne is converted immediately 
and first to hexynyl lithium, C,H,CECLi, and this acetylenic lithium 
compound is polymerization-inactive. Subsequently, some of the 
dilithio compound is formed and competes with butyllithium accord- 
ing to the following series of reactions: 

BuLi -t- RCH,C=CLi - R-€HC-CLi + BuH (1) 
I 

Li  

BuLi + xM - Bu (M),L i 

R R 
I I 

LiCECCHLi + xM - L iC =C C H( M),Li (3 1 
R 

Bu(M),Li + LiC=CCH,R __f Bu(M),H + LiCrCCHLi (4) 

R R R 
I 1 I 

LiC=CCH(M),LI + LiC-CCH,R -+ LiC-CCH(M),H + LiC=CCHLi 

(5) 
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To account for lowering of a n  i t  is a t  least  necessary for dilithio- 
1-hexyne to be polymerization-active [Eq. (3)]. Equation (4) may be 
sufficient to explain the chain transfer observed, but there is no 
reason why further transfer according to Eq. (5) should not a lso oc- 
cu r .  

The high solution viscosity or gel formation that was observed 
is readily explicable on the basis of the polymeric dilithio compound 

R 

LiC-C-CH(M),Li 
I 

Both ends of this molecule are associated in the usual way to a 
DA of a t  least  2. In the absence of PBD-Li this must give a highly 
cross-linked network where the DA of a t  least  one chain end is 
higher than 2 or  a linear polymer of very high molecular weight 
where the DA of each chain end is exactly 2. For every PBD-Li 
present with a normal DA of 2, one "cross-link" o r  "polymer chain" 
is effective broken. 
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