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The polymerization of 1,3-butadiene by =-crotylnicke! iodide was studied in a constant-pressure
The rate law is given in the Results.

In the initial stages

of polymerization the molecular weight of the polymer increased with conversion and the dispersion of molecular
weight was very narrow. With increasing conversion the number of polymer molecules per catalyst molecule in-

creased, as did the polydispersity of the polymer.

A polymerization mechanism involving rapid initiation by a

monomeric allylnickel iodide, slow propagation, and a slow transfer process (probably hydride transfer) is proposed.

P olymerization of unsaturated monomers by transi-

tion organometallic catalysts has had an enormous
impact on the development of transition organometallic
chemistry. However, this impact has been largely in
the area of new synthetic chemistry rather than in the
area of increased understanding of the detailed mecha-
nisms of initiation, propagation, termination, and trans-
fer processes involved in actual polymerization reac-
tions. The extreme sensitivity of transition organo-
metallic catalysts to trace impurities, and the intrinsic
instability of many, has precluded such an extensive
investigation of mechanism by kinetic means as was so
successfully applied to free-radical reactions and, more
recently, carbanionic reactions.

A great deal of attention has been paid to the poly-
merization and oligomerization of butadiene by com-
plexes of nickel. The work of Wilke and his colleagues
on the cyclotrimerization, cyclodimerization, and poly-
merization of butadiene is already a classic example of
the success that may be achieved by the synthetic ap-
proach to understanding mechanism.? 3

The implication of w-allyl intermediates in these cy-
clization reactions has led to numerous investigations of
stable w-allyl complexes as catalysts for polymerization
of butadiene to high molecular weight linear polymers,
both by Wilke and numerous Russian and other
groups. 16
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Our interest in this subject was aroused by reports
that w-crotylnickel halides are effective catalysts for
polymerization of butadiene under mild conditions, 43 11
Moreover, these catalysts exhibit a remarkable stereo-
selectivity, the iodide giving a polymer of predomi-
nantly rrans-1,4 structure, whilst the chloride gives a
polymer of predominantly cis-1,4 structure. Under
the same conditions, w-allylnickel halides give similar
results, low molecular weight polymers being ob-
tained. * 1

m-Crotylnickel iodide (1) is an example of a first row
transition organometallic which exhibits both consider-
able chemical stability and catalytic activity at the same
time. This combination of properties led us to investi-
gate the kinetics of butadiene polymerization by this
catalyst, in the expectation that impurity problems
would not be as severe as those so often encountered
with transition metal alkyl catalysts. The results of
this study are the subject of the present report.
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Figure 1. Polymerization rate as a function of catalyst con-

centration.

Experimental Section

w-Crotylnickel iodide was prepared by Wilke’s?* method
(reaction of crotyl iodide with bis(cyclooctadiene)nickel(0)?
in diethyl ether). Stock solutions of the catalyst were made
up in dry benzene and reserved for the polymerization
experiments.

Polymerizations were run in a 30-ml dimpled reaction
flask immersed in a thermostated water bath controlled to
#+0.02°, and shaken at a rate of about 2 cps to ensure rapid
equilibration between the gas and liquid phases. The uptake
of butadiene was manually monitered at constant pressure
and temperature by a gas buret apparatus equipped with an
oil manometer for sensitive detection of pressure changes.
During polymerizations lasting several hours an automated
gas buret was employed. A nitrogen-driven mercury piston
was used to compensate for gas uptake. The nitrogen flow
into the piston was regulated by a solenoid valve, operated
by a pressure-sensitive, mercury-switch-activated relay.
In any given run, the monomer concentration never varied
more than =001 M from the original concentration.
When a measurement of the reaction rate was being deter-
mined, the monomer concentration was kept constant to
+0.002 M.

In a typical experiment, sodium-dried, outgassed benzene
was saturated with butadiene to a given pressure, or mono-
mer concentration. Once equilibrium had been attained,
catalyst was injected into the reaction flask through a rubber
septum by means of a 1.0-ml hypodermic syringe.

As reaction proceeded, periodic gas-uptake measurements
were made. The gas uptake was linear with time after a
short induction period (ca. 15 min,) had elapsed. Reactions
were terminated by precipitation of the polymer in methanol
containing a small amount of hydrochloric acid. The poly-
mer was purified by reprecipitation from benzene and dried
at room temperature under high vacuum. The molecular
weight of the polymer increased slowly during storage in
air and after several days, the polymer was no longer totally
soluble in tetrahydrofuran. This problem was completely
eliminated by storing the products under high vacuum in the
absence of light.

The stereoregularity of the polymer produced was deter-
mined by the method of Hampton.!® and in ali cases, the
products were at least 959 frans-1,4 with approximately
equal amounts of c¢is-1,4 and vinyl-1.2 structure in accord
with the work of Babitskii. *

Molecular weights and molecular weight distributions
were determined on a Model 200 Waters Associates gel
permeation chromatograph. Tetrahydrofuran (THF) was
used as solvent at a flow rate of 1 ml/min and the instrument
was operated at ambient, or 33°, A solution of 0.5 mg of
polymer in the THF was injected onto the column during
a 15-sec interval. Column banks of polystyrene beads of
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Figure 2. Polymerization rate as a function of monomer
concentration.

100, 400, 10 and 10* A, or 10%, 10%, and 105 A, were used.
A plot of log [equivalent chain length] vs. elution count
for standard monodisperse polystyrenes and polypropylene
glycols supplied by Waters Associates served as the calibra-
tion curve and was used for the calculation of molecular
weights. Chromatograms were analyzed at one-fifth count
intervals. Molecular weights and molecular weight dis-
tributions obtained on the two column banks were in good
agreement,

Results

Kinetics of the Reaction. Under our experimental
conditions (constant monomer concentration, catalyst
concentration, and temperature), butadiene was poly-
merized by 1 in benzene solution with a pseudo-zero-
order uptake of monomer. The uptake of monomer
remained linear over long periods of time, indicating
that polymerization was taking place under steady-state
conditions, However, over exceptionally long reaction
times a slight decline in rate was observed (59 in
24 hr, 2597 in 48 hr at 50°), and this decline in rate was
attributed to a loss of catalyst, manifest by the appear-
ance of a trace of black residue on the walls of the
reaction vessel in the course of such runs.

With a given sample of 1 it was possible to reproduce
rates to within =29% and the reproducibility of rates
using different preparations of 1 was better than
+=5%.

The dependence of the reaction rate on catalyst con-
centration is shown in Figure 1. A good fit is obtained
for a half-order dependence on catalyst and the small
intercept is readily explained by the assumption that
ca. 1097 of the first aliquot of catalyst is destroyed by
impurities in the monomer solution. The first-order
dependence of rate on monomer concentration is shown
in Figure 2,

A good Arrhenius plot was obtained in the range of
40-70°, yielding values of AHT = 14.5 kcal/mol and

ASF = —21.5 eu. The over-all rate expression is
thus
d[CH:] &T 14,500 21.5
— LT = s exp e — — | X
ds h RT R

[CH][(CH;Nil),] /2

The rate constant at 50° was 2.08 = 0.04 X 10¢
M-V
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Figure 3. Reciprocal of degree of polymerization as a func-
tion of reciprocal of monomer concentration.

These results are in accord with those of Vasil’eva,!*
who studied the polymerization of butadiene by w-
allylnickel halides. For polymerization catalyzed by
allylnickel iodide, values of AH¥ = 15.6 kcal/mol and
rate constant at 50° = 1.28 X 10~* M~""* were found.

Molecular Weights of the Polymers. The molecular
weights of polymers produced under our experimental
conditions were generally quite low and almost inde-
pendent of monomer concentration. Figure 3 shows
the molecular weights of a series of polymers produced
at different monomer concentrations, but constant
catalyst concentration and conversion. The molecular
weight showed a strong, though not linear, dependence
on conversion, as illustrated in Figure 4. Table I
shows the near independence of molecular weight with
polymerization temperature over the range of 40-70°.
Such behavior is indicative of a transfer process having
about the same activation energy as the propagation
reaction.??

The Molecular Weight Distributions. Molecular
weights and distributions were determined by standard
gel permeation chromatography (gpc) techniques.
Because of the difficulty of obtaining well-characterized
samples of polybutadiene in the molecular weight
range of interest, absolute calibration of the instrument
was not possible. The “Q" value method?' was not
considered to be reliable for absolute molecular weight
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Figure 4. Molecular weight (¢), J74/J7. (A). number of
polymer molecules per nickel atom (Z) as a function of con-
version.
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TaBLE |
Conversion,
T, °K 7, i1, il M, g
313 4024 5646 1.40 1.0158
323 3813 5393 1.41 1.0075
333 4021 5689 1.41 1.0458
343 3866 5350 1.38 1.0410

determinations, but was assumed to be valid for com-
parative molecular weight studies. It should be pointed
out that in the single instance where we compared «
gpc number average molecular weight with a Mechrolab
vapor pressure osmometer value for the same polymer,
quite good agreement was achieved. Values of 2340
were obtained for the former and 2713 for the latter.

All of the gpc distribution curves indicated that the
polymer contained two overlapping distributions of
comparable size. At lower molecular weights (<2500)
the distribution was very narrow (M./M. o~ 1.2),
but as the molecular weight increased, so did the dis-
persion as shown in Figure 4. We have obtained
similar chromatograms from mixtures of two mono-
disperse polystyrenes of molecular weight similar to
that of our polybutadienes (see Figure 5).

Discussion

The kinetics of the polymerization reaction described
above are surprisingly simple. The half-order de-
pendence on catalyst concentration suggests that the
dimer is inactive and that the first step in the reaction

is a dissociative equilibrium where k) < k& ;. Such
?H.K <|:Hg (I‘H‘
i
CH )
V2 NN 1 AM
CH 3 Nl\ /N1 H /CH T 2CH\(\ Ni (N
Nen, CH; CH,

a dissociative equilibrium was originally proposed by
Vasil’eva ' to explain the half-order catalyst dependence
and first-order monomer dependence in polymerization
of butadiene by m-allylnickel halides. A dissociative
reaction such as eq 1 is unlikely to be spontaneous
and it most probably involves monomer. A mecha-
nism giving the experimentally observed kinetics would

INDE >,

A REFRACTIV:

Figure 5. Gel permeation chromatograms of (a) mixed
polystyrenes of 1/, = 4600 and 9700, (b) typical polymer
produced by w-crotylnickel iodide catalysis.
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involve a rapid dissociative equilibrium (eq 2), with
propagation occurring via a slow insertion of coordi-
nated butadiene into the w-crotyl-metal bond (eq 3).

CH, CH,
!
CH CH
A _/I\ NN N
CH!{ Ni Ni ) CH+ 2CH, 2=
> ~1 ;/ k-,
CH, CH,
CH,
éH I
A7 /
2cH N cH, (2)
on,
CH__
2 (“]H
CH,
(]35H9
CH I
2 & H \ N/ 3)
CH,
3

If 3 undergoes dimerization, or reacts with monomer
to give an analog of 2, at a rate much greater than k;,
the following rate law applies.

_d[C4He] -’ ks
dt ’ k_g

It is unlikely that the insertion step (eq 3) occurs
spontaneously to give a species as coordinately un-
saturated as 3. It is quite conceivable that a double
bond displaced from the Ni in eq 3 actually fulfills a
coordinating role, thus

) "HCHNIDT: [CHy (@)

?H‘s CH,—CH,
|
e H
CH \\ Nl\ﬁHz — CH{ ~ N{CHCH,

CH.  (n AN
N I

ﬁH

CH,

The observed very narrow molecular weight distribu-
tion in the early stages of growth under steady-state
conditions indicates that initiation is rapid compared
to propagation. In fact, the short induction period
generally observed probably corresponds to the initial
insertion step, the crotyl species being somewhat less
reactive than the CsHi; species. The scheme also
requires an inactive dimer-active monomer equilibrium
analogous to eq 2 even after the allylic ligand has begun
to propagate.

In the early stages of growth, the reaction has the
characteristics of a rapidly initiated “living polymeriza-
tion” (i.e., very narrow molecular weight distribution
and roughly one polymer molecule per catalyst unit).
At later stages, a clear deviation from this behavior
(i.e., broadening distribution and increase in the number
of polymer molecules per catalyst unit) is apparent,
suggesting the existence of a transfer process with a
significant rate compared to the rate of propagation.
Although we have no direct evidence to support it, a
hydride transfer to butadiene such as that which occurs
in the Co(I)-catalyzed dimerization of butadiene to
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methylheptatriene seems the most probable transfer
mechanism, 2272+

Hydride transfer to butadiene within a complex
structurally analogous to 2 would yield a transfer rate
with a rate law of the same form as the propagation
rate law (eq 4). Assuming that this is the only process
by which polymer chains are terminated then the
number average degree of polymerization (D.P.) is
given by eq 6, where k.. is the true transfer rate constant

1 2[(C:H:NiI),]"”? ki
DP.  kylks/k_o)[CHlt ks

and ¢ is the time for which the reaction has proceeded.
The occurrence of the factor 7 in the denominator of
eq 6 explains the very narrow molecular weight dis-
tribution obtained during the initial stages of the
polymerization.

According to eq 6, a plot of 1/D.P, vs. 1/[C,Hj] at
constant catalyst concentration and constant conversion
should yield a straight line with zero slope (since the
constant conversion criterion makes [CHg)s a constant)
and an intercept of ku./k;. Such a plot is shown in
Figure 3. The intercept value corresponds to ki/k: ™~
50. The slight positive slope to the best-fit line shown
in Figure 3, within the limits of experimental error, is
not significantly different from zero.

These results indicate that propagation occurs as a
slow step-growth addition process accompanied by a
transfer step which is slow compared to the time scale
of the experiment, but fast enough relative to the
propagation rate to act as a molecular weight limiting
process. Under these conditions the molecular weight
only asymptotically approaches a constant value,
We are in fact observing, on a very much expanded
time scale, the same kind of nonsteady molecular
weight condition as exists in the first milliseconds of a
free radical initiated vinyl polymerization.

We have as yet arrived at no satisfactory explanation
for the double distribution in the molecular weight
of the polymers obtained in this work. The only
reasonable inference is that there are two distinct
catalytic species present in the system with slightly
different values for k3. In order to obtain two separate
distributions these species should not interconvert
within the lifetime of a propagating polymer chain.
Since the over-all rate law is invariant over a fairly
wide range of experimental conditions it must be
concluded that the rate laws for the two catalytic
species are the same. One possible explanation could
be the existence of two isomeric forms of the catalyst,
e.g., the growing chain may be ¢is or trans to the halide
ion, or the chain may adopt a syn or anti configuration
with respect to the allyl group. Although one would
intuitively expect a rather rapid interconversion between
such isomers, we are presently seeking experimental
evidence in support of such a hypothesis.
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