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In the light of recent understanding of the role and ultimate fate of alkali metals used in Wurtz syntheses of
polysilanes, the polymodal nature of the molecular weight distributions that arise in the formation of
poly(methyiphenylsilane) are shown to be entirely consistent with an anionic mechanism of polymerization and
explicable solely in terms of the heterogeneity of the reaction medium.

Despite a considerable expenditure of effort in a search for
alternatives, the sodium-mediated reductive-coupling (Wurtz
coupling) of dichlorosilane monomers remains the most viable
procedure for the synthesis of high molecular weight, linear
polysilane homo- and co-polymers (Scheme 1).

Commonly conducted in boiling toluene, the reaction is
difficult to reproduce and polymodal molecular weight distri-
butions invariably result. A typical distribution is at least
trimodal with M fractions (i) <1500 (consisting mainly of
cyclic oligomers), (if) 4000 to 3 x 104 (this fraction is
commonly of two overlapping peaks) and (iif) 105 to several
million. The cause of this is unclear and the mechanism of the
reaction has remained an enigma, not the least reason being
that a quite rapid reaction in a boiling medium containing
molten alkali metal does not readily lend itself to detailed
mechanistic investigation. It is a very complex, heterogeneous
process that is generally accepted! to resemble more closely a
chain growth rather than step growth polymerization, initiated
and propagated at, or very close to, the sodium surface. It is
thought that the overall polymerization may proceed by
competing non-interactive mechanisms and it is this possibility
that is generally invoked to rationalize the polymodal mole-
cular weight distributions. However, there is evidence in some
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cases, typically in the  preparation of poly-
(methylphenylsilane),? that the heterogeneity of the reaction
system might also be responsible. In this paper evidence is
presented, at least for this particular system, that the
polymodal molecular weight distributions can be entirely
rationalized in terms of the heterogeneity of the reaction
medium. The reasoning is quite general, however, and
consequently there is no need to appeal to the possibility of
competing mechanisms in any Wurtz syntheses of polysilanes.

We have recently reported? studies of the formation of
various polysilanes using the Wurtz condensation reaction
mediated by sodium sand in the presence of 15-crown-5 in
refluxing diethyl ether. Although agitation must be main-
tained, reflux conditions have subsequently been shown not to
be essential. At these lower temperatures, the reaction is
much slower but nonetheless goes to completion. Kinetic/
mechanistic studies are more readily conducted, and using a
simple adiabatic calorimeter it has been possible to follow the
course of the formation of poly(methylphenylsilane) at room
temperature. Following an induction period of about five
minutes, the reaction of a 5% stoichiometric excess of sodium
over dichloromethylphenylsilane obeys a first-order rate law
(#; = 15 min) for at least 97% of its subsequent course. After
about 90 min, the ubiquitous blue colouration that charac-
terizes these reactions appears in the gelatinous precipitate
that is by then evident in the system. It might thus be
reasonably concluded that the appearance of the colour is no
more than the ‘end marker’ of a complete reaction. In the past
it has been treated as such, and the colour, which is always
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destroyed in the process of isolation of the polymer, has been
presumed to be that of a defect sodium chloride. However,
studies* of the precipitated solids separated from various
Waurtz polymer forming reactions mediated by either sodium
or potassium have shown that it is due to the formation of
colloidal alkali metal. Consistent with the model of Zeigler
and coworkers2-5 in which polymer growth occurs at the alkali
metal-solvent interface, significant amounts of the product
polymer are also found in these precipitates. The dry solids
and their colours are surprisingly stable in air. Nonetheless,
the colours are immediately destroyed if any attempt is made
to dissolve either of the containing solids, i.e. the alkali metal
halide in a protic solvent or the polymer in an aprotic solvent.
Thus, rather than marking the complete consumption of the
alkali metal, the colour reveals its continued presence in the
reaction system, albeit in fine dispersion and stabilised within
a solid polymer-alkali metal halide matrix. From scanning
electron microscopy of the dry solid it is evident that, even in
the dry state, it is an open porous material with a surface
appearance not unlike that of a gel particle of the type used in
size exclusion chromatography.®

Following filtration, we found that polymer can be isolated
not only from the blue precipitate, but also from the filtrate.
Size exclusion chromatography (carried out relative to poly-
styrene standards) shows these two polymer samples to be in
approximately equal amounts and to be essentially high and
low molecular weight fractions of the total polymer that is
formed. The polymer from the precipitate displays a symmet-
rical major peak centred at a molecular weight of about
24 0001 and a very high molecular weight minor peak in a tail
extending well into the millions. The chromatogram of the
polymer isolated from the filtrate displays a symmetrical peak
centred at a molecular weight of 4000 and a minor peak at
about 500 associated with the cyclic oligomers. As indicated
above, the chromatogram of the total polymer formed in a

Initiation (slow)

R! R!
] ]

Cl—Si—Cl + 2Na ——— Cl—SiNa* + NaCl (1)
B2 B2

Propagation (fast)

R R1 R! R!
| | |
—SiNa* + Cl—Si—Cl —Si—-Si-Cl  + NaCl (2)
ﬁ2 AZ R2 R2
Rate determining
R!' R! R' R
11 11
-—Si-Si—Cl + 2Na —— —Si-Si'Na* + NaCl (3)
L ke te ke
Cyclization fast
R1 R‘l R1 \SI/
Pooby L g s
Cl—siHsilzsiNar —— - 7\ + NaCl @
R R B2 AN
Back-biting
R' R' R' R! R \Si/
LoLo L L y Ssit sl
—Si—SidsilzSiNat —= —sSiNa* + X 7'\ )
ﬁz R? Az R? F‘;z /Sll-sll\

Scheme 2

1 Molecular weights of polysilanes are recognized to be at least twice
those quoted here, obtained using polystyrene standards.!
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typical polymerization would commonly display one or other
of the two major peaks as a prominent shoulder on the side of
the other.

These observations can be rationalized in terms of the
solubility of the polymer in the sustaining solvent. It is
reasonable to assume that as the reaction proceeds, under
conditions of agitation polymer is able to enter solution to the
limit of its solubility in a given solvent and at a given
temperature. In the early stages of reaction, only low
molecular weight material will be present and it is this that
would tend to saturate the solution. Although dissolution is an
equilibrium process, the increasingly higher molecular weight
polymer formed in the later stages of reaction, being of lesser
solubility, would not displace the lower molecular weight
material from solution. Instead, the higher molecular weight
material would remain in the precipitate of alkali metal halide
but, in accordance with the model of Zeigler and coworkers,
with its chain ends remaining associated with the alkali metal
surface at which they would continue to extend. The two
fractions would thus appear to be ‘non-interactive’. However,
there is another significant and quite general point that should
be made about the higher molecular weight polymer that is
found in the solid phase. Even if the sustaining solvent is a
good solvent of the polymer such as toluene, and the total
amount of polymer present in the system is less than the
amount required to saturate the solution, substantial quanti-
ties of the polymer are still to be found in the solid precipitate.
It must, therefore, be concluded that the alkali metal halide
plays an important role in determining the solubility of this
fraction. One way in which it can do so is developed as follows:
Various intermediates in the formation of polysilanes by
Wurtz-type polymerization have been suggested. They
include silyl radicals,? silyl anions?8 and even radical anions
polymerizing by a single-eletron-transfer mechanism.? How-
ever, EPR studies* offer no evidence for the intermediacy of
radicals or radical anions and the chain mechanism proposed
by Gauthier and Worsfold”-8 reproduced in Scheme 2 is the
most satisfactorily consistent with the body of mechanistic
evidence available to date. The chain reaction proposed
involves a two-stage propagation reaction through silyl anion
active-centres. The growing chains are thus constantly switch-
ing between polar and covalent structures. In the polar form,
the chain ends must prefer to remain associated with the
medium of the alkali metal and its salt, and effectively remain
insoluble. Only when it is in a covalent structure could a
polymer molecule enter bulk solution and in so doing it would
cease to participate in growth. As reaction proceeds, the
particles of alkali metal will decrease in size and thus in surface
area. Unless the alkali metal is in significant stoichiometric
excess, growth sites are thus decreasing in number appreciably
and the effect of this must be a driving force for dissolution of
the polymer.

Whatever the mechanism that is represented, the polymer
chain end that is remote from the active centre bears a halogen
atom, which remains a potential site for reaction. Further-
more, if the Gauthier and Worsfold mechanism and the above
reasoning are accepted, then the molecules of the low
molecular weight fraction that enter solution (with the
exception of the oligomers formed by the energetically
favourable cyclization in the earliest stages of reaction) bear
halogen atoms at both ends. Being of markedly lesser mobility
than the dihalosilane monomer and thus with much lesser
ability to penetrate the polymer/alkali metal halide barrier
that surrounds the active centres in the vicinity of the alkali
metal surface, the probability of these chain-end halogen
atoms being involved in reaction is low. Neverthless, just as
polymer molecules diffuse into the pores of gel particles in size
exclusion chromatography, so they will penetrate the expan-
ded porous structure of these polymer-salt aggregates and
some reaction will occur (Scheme 3). This will terminate
growth at the active centre, but in so doing, very much higher
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molecular weight polymer will be produced as it is a
polymer—polymer coupling reaction. Furthermore, the result-
ing molecule will still be available to undergo the same process
again. It is in this way that it is possible to rationalize the
formation of the very high molecular weight fraction that is
invariably formed in any of these polymerizations. It is clear
that different reaction media, methods and conditions of
agitation, and different polymer structures will all influence
the permeability of the solid agglomerate by preformed
polymer chains and, therefore, the extent to which high
molecular weight material will form in this way from the lower
molecular weight fractions.

Two other phenomena are commonplace at the apparent
end of a Wurtz polymerization as characterized by the
appearance of the blue colour and are worthy of consideration
in this paper: (i) if reaction conditions are maintained for a
period, a slow increase in the high molecular weight fraction of
the product polymer, at the expense of the lower molecular
weight fractions can occur, even in those systems that do not
contain an excess of sodium, and (if) if the reaction conditions
are maintained for too long, all the polymer will inevitably
degrade to oligomer. It is possible that the presence of
colloidal alkali metal at this stage of reaction is sufficient to
explain the first of these effects, for even in the colloidal state
it is still available for reaction as described above. The second
effect, however, almost certainly arises through the back-
biting chain mechanism proposed by Gauthier and Worsfold.
From a simple kinetic analysis applied to the unified reaction
mechanism of Schemes 2 and 3, eqn. (7) can be derived. It
shows that as the monomer and shorter polymer molecules are
progressively consumed, so the lifetime (t) of the remaining
silyl anion active ends will increase. The rate constants are
numbered in accordance with the reactions of Schemes 2 and
3, and P*, M and P represent polymer with active chain ends,
monomer, and polymer with chlorine chain ends, respec-
tively.
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Ut = ko[P*][M] + ke[P*][P] + ks[P*] (7

A critical point is reached at which this competitive
first-order reaction of active chain ends (back-biting) domi-
nates over the combined effects of the second-order propaga-
tion and polymer—polymer reactions. It is thus essential that
reaction conditions are not prolonged in the vain hope that
chain extension will result. If alkali metal is used in consider-
able excess over monomer, such a condition will be reached at
much lower degrees of polymerization.

A single heterogeneous anionic polymerization mechanism
can thus explain the observed polymodal molecular weight
distributions resulting from the sodium-mediated reductive
coupling of dichlorosilanes. The bulk of the product will
commonly be of two intermediate molecular weight fractions,
and though a small amount of very high molecular weight
material will usually be formed, along with the other fractions
this will in due course degrade to cyclic oligomer if reaction
conditions are maintained.
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