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Butyllit hium Polymerization of Butadiene. 
II. Effects of Solvent and Temperature 
on Association of Polybutatadienyl 
Lithium" 

HENRY S. MAKOWSKI, MERRILL LYNN, and ALAN N .  BOGARD 

Esso Research and Engineering Company 
Linden,New Jersey 

SUMMARY 

In the butyllithium polymerization of butadiene in aliphatic sol-  
vents a t  2 5 T ,  the f i rs t  few monomer units are incorporated largely 
in a 1 , 2  manner. With increasing degree of polymerization the ex- 
tent of 1 , 2  addition decreases  to a limiting value of about 10% a t  a 
degree of polymerization of about 50. However, within this region of 
high 1, 2-addition increasing solvent basicity, i.e., changing from 
aliphatic to aromatic solvents, markedly reduces extent of 1 , 2  ad- 
dition and also narrows the molecular weight distribution. Further ,  
in aliphatic solvents, increasing polymerization temperature f rom 
25 to 60°C also resul ts  in a marked reduction in 1 , 2  addition. These 
resul ts  are consistent with the concept that an ion pair  of the as- 
sociated organolithium complex, [R (n - 
polymerization species and that changes in mode of monomer incor- 
poration are due to changes in the degree of association of the entire 
organolithium system. 

Lin]@RH? is the active 

INTRODUCTION 

In an ea r l i e r  paper [11 it  w a s  demonstrated that, in the polymeri- 
zation of butadiene with butyllithium in hydrocarbon solvents, degree 

*Presented before the Division of Polymer Chemistry, American 
Chemical Society, San Francisco, California, April 1968. 
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of association (DA) of the organolithium species changes rapidly 
with increasing degree of polymerization f rom a value of n for  the 
initiator to a limiting value of 2.  More significantly, however, the 
degree of association a t  f i r s t  increases  to a very high level and then 
almost as rapidly decreases  with further increase in degree of poly- 
merization. These changes in association coincide with changes in 
polybutadiene microstructure,  i.e., in the sterochemical course of 
the polymerization. Based on this and other observations, i t  was 
concluded that changes in degree of association were responsible for  
changes in microstructure and that the associated organolithium 
partakes directly in monomer insertion. 

It was further shown that increasing temperature tends to dis- 
sociate higher -order agglomerates, whereas lower-order agglo- 
merates  (DA = 2)  are relatively unaffected. Ziegler e t  al. [2] showed 
that very low molecular weight polybutadienes can be varied in  
microstructure by varying polymerization temperature.  We believe 
this change in microstructure to be related to the effect of in- 
creased temperature lowering the degree of association of the high- 
ly associated agglomerates. Other resul ts  have been reported on 
the effects of changes in hydrocarbon solvent and in temperature on 
initiation, molecular weight, and microstructure [3-51. 

This paper is concerned with more detailed effects of temperature 
and solvents on the properties of low molecular weight polybutadienes 
and the relationship of these effects to associative phenomena in 
organolithium polymerization. 

Henry  S. Makowskz, Merrill Lynn, and Alan N. Bogard 

EXPERIMENTAL 

Starting Materials 

Butadiene (The Matheson Co., C .P. grade) was passed through a 
3-ft column packed with calcium sulfate or  barium oxide and con- 
densed into a dropping funnel. 

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

Heptane (Phillips Petroleum Co., pure grade), benzene (Matheson, 
Coleman & Bell), toluene (J. T. Baker Co., reagent grade),  and mesity- 
lene (Enjay Chemical Co.) were treated with sodium ribbon and 
stored under nitrogen pr ior  to use.  

the Minerals & Chemicals Philipp Corp. 
Natural Attapulgus clay (200/up mesh RVM) was obtained from 

Analytical Methods 

a t  25°C according to ASTM 445. 
Kinematic viscosities of liquid polybutadienes were determined 
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Number -average molecular weights of polybutadienes were deter - 
mined in benzene solutions with a Mechrolab vapor-pressure osmo- 
meter.  

Densities of polybutadienes were determined a t  25°C with a modi- 
fied, graduated 5-ml volumetric flask. 

Polybutadiene microstructures were calculated from the peaks 
of maximal absorption appearing around 11. Op (type I unsaturation), 
10.4 p (type I1 t rans  unsaturation), and 13. 5 p (type I1 cis unsatura- 
tion) as previously described [ 11. 

Solvent Studies 

n-Butyllithium in heptane was used a s  received for  the heptane 
solvent runs.  In all other cases  the n-butyllithium solutions were 
prepared as follows: n-Butyllithium in hexane was carefully stripped 
under reduced p res su re  (2 m m  Hg) and under nitrogen. Temperature 
during stripping was not permitted to exceed 30°C. The residual 
n-butyllithium was kept a t  full vacuum for  4 h r .  The neat n- 
butyllithium was then diluted with dry solvent (benzene, toluene, o r  
mesitylene) under nitrogen. The resultant solutions were analyzed 
for total base by the titration of aliquots with standard HC1 solutions. 

A series of 17 runs of varying degree of polymerization (from 
3 to 100) was made with each of the four solvents a t  25°C. Polymeri-  
zations were conducted in round-bottomed flasks a t  atmospheric 
p re s su re  as described previously [l]. In every case the total volume 
of solvent was maintained at 1 liter. Dry butadiene (108 g, 2.0 moles) 
was condensed into an addition funnel, and the liquid butadiene was 
added to the butyllithium solution over a period of 1 h r .  Polymeri- 
zations were maintained a t  25 * 3°C. The polymerization solutions 
were then s t i r r ed  fo r  16-66 h r .  Polymer solutions were worked up 
by adding thereto 25 g of natural Attapulgus clay per  0 . 1  mole of 
start ing butyllithium. The mixture was s t i r r ed  vigorously for  a few 
minutes, and the s lu r ry  fi l tered.  The clear ,  colorless solutions were 
vacuum-stripped, and the polybutadiene residues were kept a t  a 
temperature of 100-110°C for 2 h r  a t  2-4 mm Hg to ensure solvent 
removal. The polybutadienes were fi l tered through Celite before 
being sampled fo r  analysis. Number-average molecular weight, type 
unsaturation, kinematic viscosity, and density were determined on 
each polybutadiene. 

cribed above; however, s t i r r ing t imes were limited to 4 hr.  
A series of 17 runs was made in heptane solvent a t  60°C as des- 

Yields and polybutadiene properties a r e  given in Table 1. 

Rate Studies 
The conversion of butadiene with time was determined a t  three 

temperatures (40,60,and 80°C) in two solvents (heptane and toluene). 
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In all cases, the molar ratio of butadiene/butyllithium was kept at 
about 30, and the butadiene concentration at  about 15 wt. %. 

The polymerizations were conducted under nitrogen in glass ap- 
paratus at  atmospheric pressure.  The temperature of the reactions 
was controlled to *2"C by a thermocap relay and a pneumatic table. 
The polymerization apparatus consisted of a four-necked flask 
equipped with a n  air s t i r re r ,  a thermometer well, a dry ice cold finger 
condenser, a dropping funnel for the addition of the catalyst solution, 
a dropping funnel for the addition of solvent, and a dropping funnel 
fo r  the addition of monomer. The monomer funnel w a s  equipped with 
a dry ice cold finger condenser for the condensation of gaseous 
butadiene. 

Solvent and butyllithium solution were transferred to the reaction 
flask and heated to the desired reaction temperature. Liquid buta- 
diene was  added to the flask incrementally over a period of 1 hr and 
allowed to react for an additional 4 hr.  At the termination of the 
reaction the polymerization solution was yellow in toluene and dark 
orange in n-heptane. 

Samples were removed from the reaction flask (0,30,60,90,120, 
180, and 240 min after the addition period) by nitrogen pressure and 
collected in flasks containing methanol in order to terminate the 
reaction. The solutions immediately lost color upon contact with 
methanol. 

The solvent was removed by stripping under reduced pressure.  
Final stripping was accomplished a t  full vacuum (usually 2 mm Hg) 
and 100°C for 2 hr .  Lithium methoxide was removed by filtration. 
Celite was added to the polymer, mixed thoroughly, and filtered 
through a sintered glass funnel. The polymers thus prepared were 
clear and colorless liquids. 

The results of these runs a r e  given in Table 2. 

RESULTS 

The effects of solvent type and temperature were measured 
primarily from polybutadiene microstructures and relative mole- 
cular weight distributions. The latter were obtained by correlations 
of number -average molecular weights with bulk viscosities. The 
eaec ts  of solvent and temperature on polybutadiene microstructure 
could be discerned i n  the molecular weight region below about 2000, 
where i t  had already been shown that with aliphatic solvents at 
ambient temperature polybutadienes high in 1 , 2  addition are ob- 
tained [l]. 

The effect of solvent type on polybutadiene microstructure at a 
polymerization temperature of 25°C is illustrated in Fig. 1. At mole- 
cular weights below about 2000 the extent of 1 ,2  addition i s  high i n  
heptane but markedly reduced in the aromatic solvents. Further,  
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although the differences are small ,  i t  appears  that benzene is less 
effective in this regard than toluene and mesitylene, which are 
equivalent. In heptane an increase in polymerization temperature to 
60°C also reduces 1 , 2  addition to about the same level obtained with 
aromatic solvents a t  25°C. This temperature effect i s  illustrated in 
Fig. 2.  After a molecular weight of about 2000-2500 has been 
achieved, the microstructres  of the polybutadienes are the same 
regardless  of polymerization solvent and temperature. 

1 , 4  addition increases  somewhat faster than the t r a n s - l , 4  addition, 
both a t  the expense of 1 , 2  addition. Thus a polybutadiene of 400 
molecular weight prepared in heptane solvent at 25°C has a cis / t rans  
ra t io  of 2 : 3, while the polybutadienes with molecular weights above 
2500 have cis / t rans  ratios of about 4 : 5. 

The relationships of bulk viscosity to number -average molecular 
weight for  polybutadienes prepared in four different solvents are 
given in Fig. 3 .  The curves in this figure a r e  the best  fit of the data 
f rom each solvent system for the equation 

The data in Table 1 show that a s  molecular weight increases cis- 

A statist ical  analysis of all the data showed that the q - Mn curve 
for heptane is different f rom those of the aromatic solvents,i.e.,  
benzene, toluene, and mesitylene. Within the l imits of experimental 
e r r o r  a l l  the data f rom the benzene, toluene, and mesitylene systems 
are indistinguishable and hence can be described by a single curve. 
The significant point is that the bulk viscosities of polybutadienes 
prepared in heptane are higher than those of polybutadienes p re -  
pared in aromatic solvents a t  any given number-average molecular 
weight. These differences in bulk viscosity cannot be attributed to 
microstructure effects if for no other reason than that these dif- 
ferences pers is t  to molecular weights where polybutadiene micro- 
s t ructures  a r e  identical. Thus solvents, in addition to affecting poly- 
butadiene microstructure,  also affect molecular weight distribution. 
Molecular weight distribution in turn is related to relative rate  of 
initiation. 

cular weights, only the data f o r  Mn -C 1500 (cf. Fig.  3) were included 
in the analysis, since number -average molecular weight determina- 
tions are more accurate a t  lower molecular weight 161 and since the 
breadth of molecular weight distribution due to initiating effects 
should be most noticeable a t  lower molecular weights. 

(1) is constant [7] independent of polymerization solvent, since 

Although the difference in bulk viscosities pers is t  to higher mole- 

For all the polybutadienes reported herein the value of a in Eq. 
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where D = @w/Rn. The average value of a for the four solvent sys- 
tems was found to be 2 . 3 5  f 0.09. The magnitude of the deviations 
due to experimental e r ror  for the average and individual values of 
a justify the use of an average value of a to describe the molecular 
weight-bulk viscosity behavior of all the polybutadienes. Thus, since 
a can be considered constant in these systems, differences in mole- 
cular weight distribution should be reflected directly in the indivi- 
dual values of K'. However, even for the molecular weight range 
examined herein, K' itselfmost likely i s  not truly constant, since 
the relatively large Mw/Mn a t  low molecular weights due to initiat- 
ing effects i s  expected to decrease with increasing molecular weight. 
An evaluation of the constancy of K' might best be accomplished 
via gel permeation chromatography on a molecular weight ser ies  of 
polybutadienes, since molecular weight distribution i s  obtained 
directly. 

An increase in polymerization temperature, which resulted in a 
change in polybutadiene microstructure, surprisingly had no deter- 
minable effect on the bulk viscosities of polybutadienes (cf. Table 1). 

The effects of solvent and temperature on polymerization rate  
a re  detailed in Table 2 and illustrated in Fig. 4. In these studies 
butadiene was added incrementally over a period of 1 hr .  This was 
necessary to achieve reasonable temperature control. Thus the 
zero times in Fig. 4 represent the times a t  which all butadiene had 
been added. A significant point in this figure is that at  40°C the 
heptane conversion curve is S-shaped while the toluene conversion 
curve is less  S-shaped in character (if S-shaped at  all). 

This can be interpreted in terms of "initiating" effects, i.e., 
continued "initiation" of polymer chains over a longer portion of 
reaction time. This also explains the difference in molecular weight 
distributions of polybutadienes prepared in each of these solvents. 

Additional information on initiating effects is illustrated in Fig. 5 .  
- Under the conditions described herein i t  i s  seen that, even a t  low 
DP with total monomer conversion,a polymer chain is formed for 
every initiator molecule present. With benzene and toluene solvents 
total initiation is attained a t D P  of about 5, whereas with heptane 
this does not occur until a DP of 10-15. 

average molecular weight. Polybutadiene density appears to be re- 
lated directly to number -average molecular weight and to be in- 
dependent of microstructure. It & interesting to note that with this 
correlation, in the region below Mn = 1000, molecular weight can be 
obtained through a simple density determination. 

In Fig. 6 polybutadiene density is plotted as a function of number- 

DISCUSSION 
The above results are interpretable in terms of the effects of 

temperature and solvent on the degree of association (DA) of the 
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680 

organolithium agglomerate. As  described earlier [l], the DA of the 
agglomerate is highest when the f i r s t  few m o n o m e r n i t s  are in- 
corporated, then drops off rapidly with increasing DP. It is in this 
region of rapidly changing DA that the solvent and temperature ef- 
fects  are noted. At higher DP, where the DA has reached a limiting 
value of 2, no changes in polymer properties are found with changes 
in solvent and temperature. At this paint the DA of the propagating 
organolithium species itself is not changed by further increases  in 
DP o r  changes in solvent and temperature. Thus these variables 
have no effect on the mode of monomer incorporation by this discrete 
organolithium species with an apparently lower limiting DA = 2. 
This is important because a logical extension of this finding is that 
temperature and solvent changes should not appreciably affect the 
mode of monomer incorporation of any discrete  organolithium 
species,  regardless  of DA. 

be due only to changes in DA. It follows then that organolithium 
species of different DA incorporate monomers differently. This,  
perha-ps, will not be considered unexpected but, as f a r  as we know, 
this is the f i r s t  direct  evidence for this "expectation." Apparently, 
the effects of increasing solvent basicity and increasing temperature 
on higher-order agglomerates are simply to produce lower -order 
associates,  e.g.,DA = 2 earlier in the polymerization. 
- The nature of the polybutadiene microstructure changes a t  low 
DP sheds some light on thena tu re  of monomer insertion reactions 
at high DA. At very low DP polybutadiene is high in 1 , 2  content and 
low (ca. 20%) in c i s - l , 4  content. This result  is more in keeping with 
the concept that the active organolithium species is acting more like 
an ion pair  than like a covalent compound [8,9]- Thus, at least  a t  
high DA, species such as 

H e n r y  S. Makowski, M e r r i l l  L y n n ,  and Alan N.  Bogard 

If this extension is accepted, then the effects noted a t  low DP can 

are concluded to be active in monomer insertion. 

sociation phenomena in organolithium polymerization. A major con- 
tribution to the understanding of the mechanism of organolithium 
polymerization would be the study of the effect of DA on the course 
of polymerization; howeverdhe major problem here is that DA 
changes, and rapidly, with DP. Ideally the effects of DA should be 
studied in a system where DA is kept constant under normal poly- 
merization conditions. In theory, this  is possible by coassociating 
the active organolithium with polymerization inactive and associated 
lithium compounds. Lithium sal ts  have a demonstrable effect on 
microstructures of polyisoprenes and polybutadienes of higher mole- 
cular weight [lo-121. W e  have demonstrated that lithium compounds 
indeed exert  a large effect on polybutadiene microstructure [13]. 

This  and earlier work tend to highlight the importance of as- 
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Probably the most extensive work on the effect of polymeriza- 
tion variables on polydiene microstructure and on molecular weight 
distribution, as well as on other properties,  has been done by Hsieh 
[5]. His resul ts  are interesting to us  because, in some instances, his 
resul ts  are contrary to ours.  It should be pointed out, however, that 
Hsieh's lower molecular weight range was sti l l  about two times 
higher than our upper range. Consequently direct  comparisons are 
not possible. Nevertheless, Hsieh has  reported that in the butyllithium 
polymerization of butadiene: (1) toluene produces more 1 , 2  addition 
than aliphatic solvents, although the difference is not large (ca. 4%), 
( 2 )  increasing temperature increases 1, 2 addition while c is-1,4 
addition remains constant, (3) at total monomer conversion increas-  
ing molecular weight increases  c is-1,4 addition markedly while 1 , 2  
addition is relatively unaffected, and (4) microstructure does not 
change with increasing monomer conversion. Assuming the validity 
of these resul ts  there  are two possible general explanations, i.e., 
(1) a further decrease in DA a t  high molecular weights, and (2) in- 
complete "initiation." 

The resul ts  of Morton and Fe t t e r s  1141 would tend to show that 
dimeric organolithium of reasonably high molecular weight is dis- 
sociated to some extent, so  that monomeric RLi could be present. 
An increase in molecular weight, in solvent basicity, and in tempera- 
ture  would tend to increase this dissociation. Monomeric RLi is 
expected to be different in character than dimeric RLi, so that dif- 
ferent modes of monomer incorporation would be predicted, assum- 
ing that the ion pair  RLi,*RB is the active species in dimeric RLi. 

Stearns and Forman [15] suggested the possible association of 
initiator with polydienyl lithium to account for microstructure 
changes with increasing molecular weight. Hsieh has discounted 
this  on the basis that all his initiator was consumed. However,in 
view of our resul ts ,  this explanation can be reactivated. Total con- 
sumption of initiator does not necessarily free propagation from 
" initiating effects.'' 

Neither of these possibilities totally explain Hsieh's results.  
However, some relatively simple experiments can be run which can 
shed more light on the subject. Morton et  al. [16] have demonstrated 
that their  "seeding" technique produces polymers of predicted mole- 
cular weight, whereas "normal" procedures produce polymers of 
higher molecular weight. Thus appropriately prepared " seeds" 
could be f i rs t  characterized to rule out high DA and then utilized in 
studying properties of polydienes under different conditions (mole- 
cular weight, temperature,  solvent). If initiating effects are causing 
the resul ts  of Hsieh, then the "seeding" technique should change 
these results.  On the other hand, if the "seeding" technique gives the 
same resul ts ,  i t  is suggested that organolithium polymerizations 
are even more complex than imagined today. 
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