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Model Butadiene Polymerizations. 11. Monomer 
Distributions in Butadiene Oligomers 

J. C. Randall* and R. S. Silas' 

Research and Development Department, Phillips Petroleum Company, 
Bartlesville, Oklahoma 74003. Received January 29, 1970 

ABSTRACT: Butadiene oligomers, prepared by sec-butyllithium initiation, were hydrogennted and characterized 
according to carbon number and sequences of 1,4 and 1,2 units by gas chromatography. Peak assignments in the 
gas chromatogram of the C8, Clz, and some of the Cle and C ~ O  oligomers were made initially by carbon number and 
number of branches per isomer. Complete assignments for all oligomers through the CU'S were made after testing 
the oligomerization process for conformity to Markov chain statistics. Close conformity was demonstrated by the 
fact that correct relative peak intensities for various C16, CZO, and G . 4  isomers were obtained independently from the 
same set of 1.ransition probabilities. The Markov chain analysis did not give a unique assignment; however, a 
unique assignment was obtained following a glpc-mass spectroscopy investigation. Evidence is presented that 
indicated the oligomerization process was second order. 

he alkyllithium initiation of butadiene may result T in any one oil the following configurations for the 
polymer unit 
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The physical properties of the polymer will depend 
upon the distribution of monomer units among the 
configurations shown above as well as the sequences 
of the various configurations. *a Infrared techniques 
have been developed which allow a determination of 
total cis, trans, and vinyl content in  butadiene poly- 

The total 1.4 cs. 1,2 concentrations have also 
been determined in  a straightforward approach by 
nuclear magnetic resonance. 3 Of additional interest 
would be a determination of the sequences of 1,4 and 
1,2 units in butadiene polymers. 

No means for determining directly the sequence 
distributions of monomer units in high molecular 
weight butadiene polymers is yet available. An in- 
direct approach may be possible if the polymerization 
process conforms to Markov chain statistics. We have 
investigated hydrogenated butadiene oligomers by 
gas chromatography and determined the applicability 
of Markov chain statistics. The use of Markov chain 
theory in the analysis of the oligomer gas chromato- 
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grams has considerable merit and a method is reported 
here that allows assignments t o  be made independently 
of whether the oligomerization process follows first- 
or second-order Markov statistics. 

Experimental Section 

The hydrogenated butadiene oligomer samples are labeled 
A-F and were initially prepared under conditions that would 
give different relative amounts of 1,4 and 1,2 addition.' 
Hydrogenation prior to the gas chromatography investiga- 
tion was accomplished by placing 5 ml of each sample in 
sealed tubes under 30 psi hydrogen and a platinum oxide 
catalyst with stirring for a period of 2 hr. The completeness 
of the hydrogenation reaction was evident in both glpc and 
glpc-mass spectroscopy scans since only an insignificant 
amount of olefins could be detected. 

A Perkin-Elmer Model 880 gas chromatograph equipped 
with a flame ionization detector was used for the oligomer 
analysis. The column consisted of 15 ft of '/a in. i.d. copper 
tubing packed with 12% OV-1 liquid substrate on 80-100 
mesh Chromosorb P. The temperature was programmed 
from 100 to 325" at a rate of 8"/min. Other information 
pertinent to the gas chromatography analysis is: inlet sample 
splitter ratio 1O:l; inlet temperature 250"; inlet pressure 55 
psig; and the detector temperature 175". The peak areas 
were determined by the triangulation method. The glpc- 
mass spectroscopy results were obtained from a Perkin- 
Elmer F-11 chromatograph coupled to a CEC 21-130 mass 
spectrometer. 

Results and Discussion 

The addition of 1,3-butadiene to  sec-butyllithium 
when butadiene is in excess (2:1, 3 : l )  gives oligomers 
which differ in  carbon number by increments of four 
and possess degrees of branching that are determined 
by the modes of addition. ? h e  oligomer samples 
investigated differed substantially in relative concen- 
trations of 1,4 and 1,2 monomer units as reflected by 
the gas chromatograms of the hydrogenated oligomers 
which contained significant differences in  intensities 
among samples A-F for peaks with similar retention 
times. The gas chromatogram of sample A is re- 
produced in  Figure 1. With the exception of intensity 

(4) 3. C .  Randall, F. E. Naylor, and H. L. Hsieh, Macro- 
molecules, 3, 497 (1970). 
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TABLE I 
TENTATIVE GAS CHROMATOGRAPHY ASSISCNMENTS BY 

CARBON NUMBERS AND NUMBERS OF BRANCHES~ 

Figure 1. Gas chromatogram of oligomers from reaction 
of sec-butyllithium with 1,3-butadiene. 

differences, the gas chromatogram is typical of the 
oligomer samples. 

Tentative gas chromatography assignments foi the 
oligomers were made initially by inspection. An elu- 
tion order was assumed that considered the total num- 
ber of isomers possible for each carbon number ar- 
ranged according t o  the number of branches. Each 
oligomer has one methyl branch from the sec-butyl 
initiator unit and a number of ethyl branches determined 
by the number of 1,2 units. Reverse of 2,l addition 
was not considered since to  our knowledge it has not 
been reported and appears improbable from the 
mechanistic considerations in part I of this series.5 
The preclusion of 2,l addition was justified by the 
observation that only one CS, 3-methylheptane, was 
present among the hydrogenated oligomers. In ad- 
dition, a larger number of isomers than observed would 
be expected for the higher oligomers if there were 2,l 
addition. An important consequence of hydrogena- 
tion is that the terminal unit will always be “n-butyl” 
after 1,4 and 1,2 addition as shown. Thus the total 

W ~ C H ~ C H = C H C H ~  
1,4-terminal unit H* 

+ “w.wCHzCHzCH&H3 
wwCHzCHzCH=CH2 

1,2-terminal unit 

numbers of isomers possible for each carbon number 
are substantially reduced and, more importantly, any 
sequence change related to  termination is automatic- 
ally removed from the analysis. Sequence changes 
brought about by termination can only be resolved 
in the unhydrogenated oligomers. The total number 
of isomers expected for each oligomer is therefore 2n-1 
where “n” is the number of added butadiene units for 
a particular oligomer. The only Cs  is 3-methylheptane, 
likewise 3-methyl-5-ethylnonane and 3-methylundecane 
are the only CI2’s, and so forth. The observed num- 
ber of gas chromatography peaks correspond well 
with the number of isomers predicted for each oligo- 
mer through the C20)s. Considerable overlap is en- 
countered among the C24’s, but even the C24 oligomers 
can be grouped according to  the longest carbon chain 
into a pentadecane, f m r  heptadecanes, six nonade- 
canes, four heneicosanes, and a tricosane. Tentative 
peak assignments, 8-1, 12-1, 12-2, etc., are given 
in Figure 1 according to  carbon number. Stereoiso- 
mers are possible with 1,2 addition and may account 
for the broadness of s3me of she early peaks for each 
carbon number. The last peak of each series should be 
a singlet unless there is overlap with the next higher 
homolog. In the glpc scans of samples which con- 

( 5 )  F. E. Naylor, H. L. Hsieh, and J. C. Randall, Macrornole- 
cules, 3, 486 (1970). 

8-1 
12-1 
12-2 
16-1 
16-2) 
16-31 

20-6,7 
20-8 
24-1 
24-2 
24-3 
2 4 4  
2 4 4  

a I denotes the sec-butyl initiator unit; T denotes the 
“n-butyl” terminal unit, see text. The number of isomers for 
each collective assignment are given in parentheses. 

tained substantial quantities of oligomers producing 
peak 24-1, a distinct shoulder was present on peak 
20-8. With overlap indicated for 20-8 and 24-1, 
five groups of Cza’s can be discerned. Overlap within 
the set of C ~ O  oligomers also appears likely for either 
the fifth or sixth peak of the series, and are labeled, 
respectively, 20-5,6 and 20-6,7. Peak 20-5,6 was 
likely the two-component peak as indicated by a com- 
parison of line widths a t  half-height with “20-6,7,” 
however, we were unable to resolve either peak. Struc- 
tural assignments for 8-1, 12-1, 12-2, etc., are given 
in Table I which corresponds to assignments accord- 
ing t o  carbon number and the numbers of branches. 
Collective assignments are made for those peaks which 
result from isomers with the same number of branches. 
For  example, 16-2 can be assigned to  either 3-methyl-5- 
ethyltridecane or 3-methyl-9-ethyltridecane. A similar 
situation exists for 20-2, 20-3, and 20-4 and 20-5,6; 
20-6,7. No attempts were made for specific assign- 
ments in the C24’s or even group assignments in the 
CB’S. A sufficient number of tentative assignments 
have been made to  check the conformity of the oligomer 
distribution to  Markov chain statistics. 

Assignments by Markov Chain Analysis. The hy- 
drogenated butadiene oligomers can be easily defined 
in terms of Markov chain theory by letting “0” represent 
a 1,4 unit and “1” a 1,2 unit with the chains growing 
conceptually from left to  right as described in ref 6. 
We will follow the basic notation of ref 6 with modifica- 
tions only as necessary. For a first-order Markov 
chain, transition probabilities for a two-unit sequence 
are given as follows. 

PI1, probability for a monomer unit to add 1,2 to a 

Plo, probability for a monomer unit t o  add 1.4 t o  a 
preceding 1,2 unit 

preceding 1,2 unit 

( 6 )  F. P. Price,J. Chem. Phys. ,  36, 209 (1962). 
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Pol, probability for a monomer unit to  add 1,2 to a 

Poo, probability for a monomer unit to add 1,4 to  a 

TABLE I1 

CHAIN TRANSITION PROBABILITIES 
preceding 1,4 unit BUTADIENE OLIGOMERS DEFINED IN TERMS OF MARKOV 

preceding 1,4 unit First order Second order 

A second-order Markov chain takes into account Ci2 I-1,2-T Pi I 
the penultimate unit configuration and has the transition I-l,4-T PO' 
probabilities C16 I-l,2-1,2-T PI 'PI 1 P3" 

I-1,2-1,4-T Pi'Pio PS" 

PRR, 

P32, 

Prr , 

P.0, 

probability for a monomer unit to add 1,2 to  
preceding 1 ,.2-1,2 units 
probability for a monomer unit to add 1,4 to  
preceding 1 ,.2-1,2 units 
probability for a monomer unit to add 1,2 to 
preceding 1 ,.2-1,4 units 
probability for a monomer unit to add 1,4 to  
preceding 1,.2-1,4 units 

preceding 1,4-1,2 units 

preceding 1,4-1,2 units 

preceding 1 ,#4-1,4 units 

preceding 1,4-1,4 units 

PIX, probability for a monomer unit to  add 1,2 to  

PIC, probability for a monomer unit to  add 1,4 to 

Po, ,  probability for a monomer unit to  add 1,2 to 

Poo, probability for a monomer unit to  add 1,4 to  

For conciseness, the second-order transition proba- 
bilities have been written in decimal numbers corre- 
sponding to the polymer binary notation;6 i.e., P1l,lo = 
P3y. 

The sequences of butadiene units in the various 
oligomers can now be defined by either first- or second- 
order Markov chains; however, if the oligomers are 
to be defined completely, two more sets of transition 
probabilities are needed. 

PIr, probability for a monomer unit to  add 1,2 t o  
sec-butyllithium 

Poi, probability for a monomer unit to add 1,4 to  
sec-butyllithium 

For second-order chains 

PSI1, probability for two consecutive monomer units to  

PrlI, probability for two consecutive monomer units t o  

PIiT, probability for two consecutive monomer units to 

Pol1, probability for two consecutive monomer units to  

add 1,2-1,2 to sec-butyllithium 

add 1,2-1,4 to sec-butyllithium 

add 1,4-1,2 to  sec-butyllithium 

add 1,4--1,4 to  sec-butyllithium 

Definitions for the CI2, CIS, and sec-butyllithium- 
butadiene oligomers are given in Table 11 in terms of 
both first- and second-order Markov chain transition 
probabilities. Hydrogenation eliminates any neces- 
sity for defining the terminal unit which has a proba- 
bility of one. Unequivocal glpc assignments can 
lead to a determination of the applicability of Markov 
chain theory, the subsequent order, and the resulting 
transition probabilities. Reference compounds would 
he useful; however, assignments can be made if the 
addition of butadiene to an alkenyllithium chain end 
conforms to a hnarkoffian process since the following 
relationships exist for the cl6 and oligomers for 
either first- or  second-order Markov chains 

1-1,4-1,2-T 
I-l,4-1,4-T 
1-1,2-1,2-1,2-T 
1-1,2-1,2-1,4-T 
I-l,2-1,4-1,2-T 
I-l,4-1,2-1,2-T 
1-1,2-1,4-1,4-T 
I-1.4-1.2-1.4-T 
1-1,4-1,4-1.2-T PU'POOPOI PO"POI 
I-l,4-1,4-1.4-T Po'Poopuo po"poo 

Xis(1-1,2-1,2-T) = X20(1-1,2-1,2-1,2-T) + 
X20(1-1,2-1,2-1,4-T) (1) 

XI6(I-l ,2-1,4-T) = X?o(I-I ,2-1,4-1,2-T) + 
X20(1-1,2-1,4-1,4-T) ( 2 )  

X ]  6(1-1,4-1 ,2-T) = X*o(I-I ,4-1 ,Z-I ,2-T) f 

&(1-1,4-1,2-1,4-T) (3) 

Xl6(I-l,4-l,4-T) = X20(1-1,4-1,4-1,2-T) + 
X.:o(I-1,4-1,4-1,4-T) (4) 

The X ' s  represent respective mole fractions. The 
relationships follow from 

First order 

Po0 + Po: = 1 

PI0 + P I 1  = 1 

( 5 )  

(6) 

Second order 

Po0 + POI = 1 

PI2 + PI3 = 1 

P20 + P21 = 1 

P32 + P33 = 1 

since addition of butadiene must occur by either 1,4 
or 1,2. 

Equations 1-4 will be hereafter referred to as the 
"sum rule" equations. Since the glpc response factors 
for alkanes with the same carbon number are similar,' 
the relative areas can be used as mole fractions and 
both sides of the sum rule equations can be checked 
for equalities after each possible assignment. If an 
assignment with consistently low deviations from the 
sum rule equations can be found for varied oligomer 
distributions, the conformity to Markov chain theory 
could be examined further through a calculation of CQ4 
relative intensities with the resulting transition prob- 
abilities. Unfortunately, overlap among oligomers in 
the gas chromatogram necessitates a combination of 

(7) 

(8) 

(9) 

(10) 

(7) R. Kaiser, "Gas Phase Chromatography," Butterworths, 
London, 1963, p 117. 
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TABLE I11 
ASSIGNMENTS I, II, AND CALCULATED 

SECOND-ORDER TRANSITION PROBABILITIES 

Structure 
~. 

1-1,2-1,2-T 
I-l,2-1,4-T 
I-l,4-1,2-T 
1-1,4-1,4-T 
1-1,2-1,2-1,2-T 
1-1,4-1,2-1,2-T 
I-l,2-1,4-1,2-T 
I-l,2-1,2-1,4-T 

Assignment I 

16-1 
16-2 
16-3 
164 
20-1 
20-3 
20-2 
204 

Assignment I1 

16-1 
16-3 
16-2 
164 
20-1 
20-2 
20-3 
2 M  
20-7 20-5,6 1-1,2-1,4-1,4-T'\ 

1-1,4-1,4-1,2-TI 20-7 ]20-5,6 I-l,4-1,2-1,4-T 
1-1,4-1,4-1,4-T 20-8 20-8 

Sam- 
ple PJI P2I1 PI" Pa3 P13 P ~ o  Poa 

Transition Probabilities (Assignment I) 
Aa 0.18 0.21 0.39 0.22 0.29 0.44 0.68 0.51 
B 0.07 0.19 0.26 0.48 0.34 0.32 0.75 0.65 
C 0.44 0.15 0.35 0.06 0.64 0.70 0.36 0.23 
D 0.15 0.21 0.37 0.28 0.21 0.39 0.67 0.55 
E 0.47 0.16 0.32 0.05 0.56 0.71 0.49 0.45 
Fa 0.16 0.21 0.39 0.23 0.26 0.40 0.62 0.56 

a Duplicate determinations on separate runs. 

appropriate sum rule equations which reduces the 
number of independent equations and the opportunity 
for a unique assignment. The tentative assignments 
in Table I were evaluated using the sum rule equations 
and all possible specific assignments where only collec- 
tive assignments could be made previously, including 
the assignment of a pair of structures to  20-5,6 and a 
single structure of 20-6,7 and likewise the reverse as- 
signment. It also became necessary in several of the 
samples to  evaluate the extent of overlap between 
20-8 and 24-1. Resolution was obtained with the 
appropriate sum rule equations for the C20 and CZ4 
oligomers, the details of which are given in the Ap- 
pendix. Depending upon the assignments t o  20-5,6 
and 20-6,7, it was necessary to  combine the sum rule 
equations (2) + (3) or (3) + (4) or (2) + (4) as directed 
by the assignment. A cOmputer program was written 
which considered all these assignments and subsequent 
permutations of eq 2, 3, and 4. There were a total of 
7 2  sets and each was evaluated by its deviation from 
the equalities specified bq the three independent sum 
rule equations. The absolute Lalues of the deviations 
from each of the sum rule equations were combined 
and printed out with each assignment. The 72 assign- 
ments could be divided into 36 pairs since an interchange 
of assignments for 16-2, 16-3, and the Czo derivatives 
thereof led t o  the same result. A number of pairs of 
assignments gave low deviations from the sum rule 
equations in  a particular sample; however, only one 
pair gave consistently a low deviation for s a m p l s  
A-F. The assignments, labeled I and 11, both in- 
dicated that overlap occurred for 20-5,6 and are given 
in Table 111. Assignment I was used in a nonlinear 
least squares analysis to obtain the second-order 
Markov chain transition probabilities which were used, 
in  turn, t b  calculate predicted relative areas. The 

Cle and Cz0 predicted relative areas for assignments I 
and I1 are the same as discussed previously; however, 
the transition probabilities for assignment I1 can be ob- 
tained by simply interchanging eq 11-14. 

&,(I) = P13(II), etc. (11) 

P1,l(I) = P2,(II), etc. (12) 

P , y I )  = P l y I I )  (13) 

PL"(1) = P2"(II) 

The remainder of the transition probabilities are the 
same for both assignments. The observed and pre- 
dicted values from the nonlinear regression analysis are 
given in Table IV for assignments I and 11. The 
relative areas are reported to  the nearest 0.01 mol 
fraction which is the estimated experimental error. 
The resulting transition probabilities were also rounded 
to  two significant figures and are included in Table IV.  
The Czr  glpc assignments were grouped by the numbers 
of 1,2 units as given in Table I. Relative areas were 
calculated from the transition probabilities that were 
obtained from analysis of the C16 and Cn0 oligomers 
and are listed in Table V with the observed values. 
The agreement among observed and predicted relative 
areas overall is gratifying and demonstrates the con- 
formity to  Markov chain statistics in support of glpc 
assignments, I, 11. If sufficient differences has existed 
for the transition probabilities interchanged in  assign- 
ments I and 11, one possibly could have distinguished 
the two assignments through a comparison of the pre- 
dicted and observed Cnr relative areas. Both assign- 
ments, however, gave nearly the same predicted areas 
as evident from the results listed in Table V. 

The true assignment can be selected if glpc peaks 
16-2 and 16-3 can be independently assigned since the 
only differences in assignment, I and I1 result from 
this interchange. The glpc-mass cracking patterns 
were obtained for 16-2 and 16-3. The fragment ratio 
155:169 was higher for 16-2 than 16-3. A second 

' ~ 155; 199 
: I ; ,  

1 ,  I 

I!169'1 1113; c c-c 

( 16-2) c-c-clc-c-c-c-c-c-c-c-c-c ' ,  , 

1691 
I j 155 1 ;99 j 

' I  ( 8  

( I  6-3) C-C-C-C-C-C-C)C-C-CLC-C-C $ 8  

11169; I*13( ' [ 
C c-c 

fragment ratio 99:113, was lower for 16-2. Both ob- 
servations are consistent with the above structural 
assignments for 16-2 and 16-3. The isomer 3-methyl- 
5-ethyltridecane (16-2) would be expected to  give 
abundant 113, 155, and 169 fragments. The alterna- 
tive, 3-methyl-9-ethyltridecane (16-3), should give 
abundant 99 and 169 fragments with only low amounts 
of 155 and 113 since these fragments require cracking 
between unbranched carbon atoms. An inspection 
of the remaining fragment intensity ratios, i.e., branched 
to unbranched, were consistent with the given struc- 
tures. 

With assignment I now estsblished, it is of further 
interest t o  determine the Markov chain order of the 
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TABLE IV 
OBSERVED AND PREDICTED VALUES OF RELATIVE GLPC AREAS FOLLOWING A NONLINEAR 

REGRESSION ANALYSIS BASED ON SECOND-ORDER MARKOV CHAIN THEORY 

7-- Sample - 
-------A--- -B- -C- -D- --E- -F- 

Glpc peak Obsd Pred Obsd Pred Obsd Pred Obsd Pred Obsd Pred Obsd Pred 

16-1 0 .18  0.18 0.06 
16-2 0.21 0.21 0.20 
16-3 0.40 0.39 0.25 
16-4 0.22 0.22 0.49 
20- 1 0.06 0.05 0.03 
20-2 0.07 0.07 0.04 
20-3 0.17 0.18 0.08 
20-4 0.13 0.13 0.06 

20-7 0.21 0.22 0.18 
20-8 0.11 0.11 0.32 

20-5,6 0.25 0.25 0.28 

0.07 
0.19 
0.26 
0.52 
0.02 
0.05 
0.08 
0.05 
0.29 
0.18 
0.33 

0.43 
0.15 
0.36 
0 .06  
0.30 
0.09 
0.23 
0.17 
0.10 
0.09 
0.01 

0.44 0.14 0 .15  0.47 0.47 0.15 0.16 
0.15 0.21 0.21 0 .16  0.16 0.21 0.21 
0.35 0.37 0 .37  0 .32  0.32 0.40 0.39 
0 .06  0.28 0.28 0.05 0.05 0.23 0 .23  
0.28 0.04 0.03 0.26 0 .26  0.05 0.04 
0.09 0.06 0.07 0.08 0.08 0.07 0.07 
0.24 0.14 0.14 0.22 0.23 0.15 0.16 
0.16 0 . 1 3 0 . 1 2  0 . 2 1 0 . 2 1  0 . 1 3 0 . 1 2  
0.10 0 . 2 6 0 . 2 7  0 . 1 1 0 . 1 1  0 . 2 4 0 . 2 4  
0.10 0.22 0.22 0.09 0.09 0.23 0.24 
0.01 0 . 1 5 0 . 1 5  0 . 0 2 0 . 0 2  0 . 1 3 0 . 1 3  

TABLE V 
OBSERVED~ RELATIVE GLPC AREAS FOR C2( OLIGOMERS AND PREDICTED VALUES FROM MARKOV CHAIN THEORY 

~ ~ 

7 ~. 7 Sample 
r-- ’+-- -- B- --- c-- 7-- D--- --- E---. -- F---- 

Glpc --Pred-- -Pred-- -Pred- -Pred- -Pred- -Pred- 
peak Obsd I 11 Obsd I I 1  Obsd I I1 Obsd I I1 Obsd I I1 Obsd I I1 

24-1 0 .02  0.02 0.01 0.01 0.02 0.18 0.18 0.01 0.01 0.15 0.15 0.15 0.02 0.01 0.01 
24-2 0.16 0 . 1 6 0 . 1 7  0.02 0 . 0 7 0 . 0 7  0.42 0 . 4 3 0 . 4 3  0.15 0 , 1 2 0 . 1 3  0.44 0 . 4 1 0 . 4 2  0 . 2 6  0 . 1 5 0 . 1 6  
24-3 0.45 0.43 0.44 0.32 0.26 0.26 0.30 0.32 0.32 0.43 0.42 0.42 0.29 0.33 0.33 0.32 0.42 0.42 
24-4 0.32 0 . 3 4 0 . 3 2  0.40 0 . 4 3 0 . 4 3  0.07 0 . 0 7 0 . 0 7  0.33 0 . 3 7 0 . 3 6  0.05 0 . 1 0 0 . 0 9  0.32 0 . 3 4 0 . 3 3  
24-5 0.07 0 . 0 6  0.06 0.26 0.23 0.23 0.00 0.00 0.09 0.08 0.08 0.07 0.01 0.01 0.07 0.07 0.07 

TABLE VI 
OBSERVEI) AND PREDICTED VALUES OF RELATIVE GLPC AREAS FOLLOWING A NONLINEAR REGRESSION 

ANALYSIS BASED ON FIRST-ORDER MARKOV CHAIN THEORY 
~ 

7-- ~ Sample --- A- -B- -C- -D- -EF 7 - F -  
Glpcpeak Obsd Pred Obsd Pred Obsd Pred Obsd Pred Obsd Pred Obsd Pred 

12-1 0.52 0.43 0.27 0.27 0.73 
16-1 0.18 0.20 0.06 0.08 0.43 
16-2 0.21 0.23 0.20 0.19 0.15 
16-3 0.40 0.35 0.25 0.24 0.36 
1 6 4  0.22 0.22 0.49 0.49 0.06 
20-1 0.06 0.09 0.03 0.02 0.30 
20-2 0.07 0.14 0.04 0.06 0.09 
20-3 0.17 0.16 0.08 0.07 0.23 
2 0 4  0.13 0.11 0.06 0.05 0.17 
20-5,6 0.25 0.22 0.28 0.29 0.10 
2G7  10.21 0.19 0.18 0.17 0.09 
20-8 0.11 0.08 0.32 0.33 0.01 

oligomerization process. If the process were first 
order, a second-order analysis should result in equali- 
ties between the following sets of transition probabili- 
ties 

P o 0  = Pzo 

p 8 3  = p 1 3  (1 6) 

That this was not the case was clearly illustrated by the 
transition probabilities in  Table 111. However, to  test 
more completely the possibility of a first-order fit, the 
first-order probability products given in Table I were 
used in a nonlinear least squares analysis of the rela- 
tive intensities of the C12’s, CI6’s, and C20)s. The ob- 
served and predicted values, on this basis, are given 
in Table VI. Many of the differences between pre- 

0.63 0.41 0.37 0.79 0.67 0.49 0.40 
0.45 0 . 1 4 0 . 1 5  0 . 4 7 0 . 4 6  0 . 1 5 0 . 1 7  
0.18 0.21 0.22 0.16 0.21 0.21 0 .23  
0.26 0.37 0.32 0.32 0.30 0.40 0.32 
0.12 0.28 0.31 0.05 0.03 0.24 0.28 
0.32 0 . 0 4 0 . 0 6  0 . 2 6 0 . 3 2  0 . 0 5 0 . 0 7  
0.13 0.06 0.11 0.09 0.19 0.07 0.12 
0.18 0 . 1 4 0 . 1 3  0 . 2 2 0 . 2 1  0 . 1 5 0 . 1 4  
0.13 0 . 1 3 0 . 0 9  0 . 2 1 0 . 1 4  0 . 1 3 0 . 1 0  
0 .14  0.26 0.26 0.11 0.05 0.24 0.26 
0.07 0.22 0.19 0.09 0.09 0 .23  0.19 
0.04 0 . 1 5 0 . 1 5  0 . 0 3 0 . 0 0  0 . 1 3 0 . 1 3  

dicted and observed values are outside experimental 
error. Sample B gave the best first-order fit as ex- 
pected since PZ3,  P13 and PZo, POO were nearly the same 
in the second-order calculation. With more param- 
eters, a better second-order fit is expected; however, 
the standard error for the second-order fit is within 
the experimental error of the glpc area measurements 
whereas the first-order fit is not. The standard errors 
for both first- and second-order calculations are given 
in Table VII. The close conformity to  second-order 
statistics strongly suggests that this is the case. In 
either event, the tentative glpc assignments in Table I1 
are substantiated, as well as the preclusion of 2,l addi- 
tion. 

The applicability of Markov chain theory t o  the 
butadiene oligomerization process presents a unique 
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TABLE VI1 
STANDARD ERRORS OF ESTIMATES FOR PREDICTED us. OBSERVED 

GLPC RELATIVE AREAS ON A BASIS OF FIRST-ORDER AND 

SECOND-ORDER MARKOV CHAIN THEORY 

Sample Second order First order 

A 0.0068 0.0489 
B 0.0114 0.0124 
C 0.0153 0.0617 
D 0.0130 0.0336 
E 0.0046 0.0678 
F 0.0124 0.0493 

approach for making glpc assignments. Second, the 
oligomer distribution is completely characterized. The 
observation that the butadiene polymerization process 
is second order is not too surprising in light of similar 
findings with poly(methy1 methacrylate).* The penulti- 
mate effect in the butadiene oligomerization is small, 
but the existence of such a n  effect affords interesting 
questions concerning butadiene polymerizations. The 
alkenyllithium active end has been reported to  possess 
an unfixed configuration possibly as shown5 

CH 

The configuration of the ultimate unit is determined at  
the moment of further addition of butadiene. In a 
second-order Markov process, the final configuration 
would depend not only upon the manner in which the 
reacting unit approaches but also upon the configura- 
tion sequence of the two preceding units. Whether 
such a n  effect is steric in origin or the result of a com- 
plex is open t o  speculation. 
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Appendix 

Resolution of the overlap between 24-1 and 20-8 
was important in sample C only since the intensity of 
peak 24-1 could be neglected in samples A, B, and D. 
The relative area of peak 20-8 is given by 

(8) H. L. Frisch, C. L. Mallows, F. Heatley, and F. A. Bovey, 
Macromolecules, 1, 533 (1968). 

and similarly for 24-1 
1 5  

A?.-,/ C A ~ ~ - ~  
n = l  

where “A” represents the absolute measured area for 
a given peak. From the “sum rule” relationships for 
the CIB’s, Cpo’s, and C21’s, we find that 

if we denote the following experimentally obtained 
values by 

Aio-1 = F (‘44) 

and 

A16--1 CA16-z = G (‘45) l4 !I = I 

After solving eq A1 in terms of X, we obtain 

G X 3  - 2G(C - D)X2 + /G(C - D ) 2  - 

F 2 / X  - F 2 D  = 0 (A6) 

For  sample C 

C = 2927 

D = 488 

F = 685 

G = 0.43 

For these v: lues, eq A6 has the roots 

X = A24-1 = 3554.72 (I) 

1199.46 (11) 

124.89 (111) 

Only the third root, -125, has any physical significance. 
The relative fractions for  20-8 and 24-1 are 0.20 and 
0.01, respectively. 


