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The possible course of initiation reactions of anionic polymerization for
radical anions of benzophenone and 2,2'-bipyridyl as initiators and for
acrylonitrile, styrene, and 4-vinylpyridine as polymerizing monomers were
discussed by quantum chemical calculation in the & approximation. Calcula-
tions showed that the equilibrium of these reactions is greatly affected by
solvation. Calculations indicate that the initiation can proceed only in the case
of acrylonitrile (and partially in the case of 4-vinylpyridine) and 2,2’-bipyridyl
ought to be the more effective initiator than benzophenone.

Ha ocHoBe KBaHTOBOXMMHYECKOTO pacyeTa B T-NpHUOAUXKEHUH ObIN 06CyX-
AeHbl BO3MOXHOCTH XO[1a UHHLIMHUPYIOLLUX PEAKLMIA aHMOHHOMH NOJUMEPH3aLIUH
B Clly4ae aHMOH-paguKanoB 6eH30¢eHOHa U 2,2'-6unMpranna KaKk MHULMATO-
POB M aKPHUJIOHUTPHIIA, CTUPONA U 4-BUHIINMPHUANHA KaK MOJMMEPHU3YIOLIUXCS
MOHOMepOB. PacyeTsl nMoka3saiy, YTO 3HaYMTENbHOE BIIMSHUE Ha paBHOBECHE
3TUX peakLuii oka3biBaeT conbBaTauus. O6GHApYXXEHO, YTO UHMLMHPOBaHUE
MMeJio Gbl MECTO TOJBLKO B ClTyYae aKpUJIOHUTPHIA (M 4aCTHYHO 4-BHHUIINUPH-
AuHA), npuyeM 6onee IpHEKTUBHBIM MHULIMATOPOM JOJIKEH ObITh 2,2 -6Unu-
puaun.

Anionic polymerization is one of the processes intensively investigated experi-
mentally and applied recently [1—3]. It was shown that initiation reactions which
are the first step towards successful polymerization may proceed in various ways
[3]. The participation of individual reactions in the initiation process was in most
cases estimated intuitively with regard to difficulties of experimental deter-
mination.

We aimed at evaluating the course of reactions when the initiator (I) is generated
by reduction of the conjugated molecules and the radical anion is formed. During
initiation, the transfer of an electron from an initiator (I) to a monomer (M) [1] is
significant.

IF + M21+M* (1)
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The radical anion of the initiator can disproportionate according to the scheme
2I- =21+ 2)

Dianion I~ formed by disproportionation reaction can also give rise to radical
anion of monomer [1]

P"+M2I1"+M-~ 3)

The radical anion of monomer can disproportionate according to the scheme
2M*2M + M*~ (4)

From the view-point of the polymerization the following reactions are interesting
M:+M-2 " M—M"~ %)
M +Ma2"M—M- 6)

since they are the initial stage [1] of propagation reactions

"M—M"+M2 " M—M—M" (7)
‘M—M~+Ma2-M—M—M" 8)
Since the calculation of the rate constant for the above-mentioned reactions is not
feasible we restrict to determination of the relative stability of individual compo-
nents in the mentioned reactions considering only changes in s-electron and
solvation energies. On this basis one may estimate relative reactivity. It should be
kept in mind that such a procedure involves several approximations. Thus e.g.,
neither the effect of the change in entropy, nor the possibility of the formation of

ion pairs with the present alkali metal cations is considered. With regard to this fact
the calculations are only of qualitative character.

Calculations

The course of the mentioned reactions was discussed for the systems:

Initiators benzophenone (BPh); 2,2'-bipyridyl (BPy)
Monomers: acrylonitrile (AN); styrene (ST); 4-vinylpyridine (VP)

For individual forms of the respective molecules the total m-electron energy E. was
calculated ; for closed-shell systems (neutral molecules and dianions) the PPP method was
used in the & approximation [4] and for open-shell systems (radical anions) the LHP method
in the &t (PPP-like) approximation [5] was employed. The original parametrization [6] was
used in both methods. Resonarice integrals 3,, were expressed as a function of bond lengths
[7]. Bicentric repulsion integrals y,, were computed according to Mataga and Nishimoto [8].
The experimental or standard geometry of neutral molecules [9] was considered for all
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systems, simply assuming the same geometry for the neutral form, radical anion or dianion of
a molecule.

Since in the systems studied we consider charged molecules in medium or strongly polar
solvents (tetrahydrofuran, dimethylformamide, etc. ), we may expect that the equilibrium in
reactions is influenced not only by the total x-electron energy for individual components E,
but also by their solvation energy calculated as follows [10]

Eu=—3(1-7) S S0.0m. ©

where Q, and Q, are the net charges on atoms ¢ and v, v, is the electron repulsion integral,
and ¢ is the dielectric constant for solvent.

In calculations we considered € =37.5 (value for dimethylformamide). From the calcu-
lated m-electron energies and solvation energies for individual reactants, the energetic
difference AE was computed for each reaction considered.

Results and discussion

The first problem to be studied is the equilibrium of disproportionation reaction
of radical anions of an initiator since it controls concentration of the individual
forms of initiator (I and I°"). For BPh and BPy, the following values were
obtained (all values are given in eV)

2BPh*22BPh+ BPh*~
e=1; 4313
AE = )

€=37.5; 0.135

2BPy- 2BPy+ BPy*~
e=1; 4.343
AE =

£=37.5; 0.097

These values show that solvation plays a significant role. Without considering
solvation (i.e. in the gas phase), the disproportionation should not proceed at all.
Since E,,, is for products (dianion and neutral molecules) considerably larger
(about twice) than E,,, for two radical anions, the values obtained for strongly
polar media indicate that disproportionation might be here significant. BPy* ought
to disproportionate a little more than BPh*.

We proceed now to the evaluation of the reaction (1), ie. to the electron
transfer from an initiator to a monomer. It is obvious from the results of
calculations in Table 1 that the electron transfer reaction does not proceed unless
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Table 1

Energy changes in the reaction of the electron transfer from initiator to monomer; AE (eV)

I M I+ M=21+M?

e=1 0.611

BPh AN AE = —
£=375 -0.129
e=1 0.304

BPh VP AE = —
£=375 0.137
e=1 0.899

BPh ST AE = e
£=375 0.882

—
e=1 0.620

BPy AN AE = L
£=375 -0.184
e=1 0.313

BPy VP AE= e
£=375 0.042
e=1 0.908

BPy ST AE= —
£=375 0.827

—_—

E... is considered. However, the effect of E,,, is in these reactions different.
A comparison of various monomers shows that the effect of solvation is the greatest
for AN, smaller for VP, and the smallest for ST. Consequently the initiation with
radical anion ought to proceed only with AN and to a small extent with VP. As far
as the electron transfer reactions are concerned the calculations indicate that BPy*
should be more reactive than BPh~.

In a similar way we may discuss electron transfer reactions with dianions
(Table 2). Here, in contrast to the case with radical anions, without considering
solvation all equilibria should be shifted to the right. Solvation shifts all equilibria
to a reverse direction. Thus for VP and AN we obtain negative values of AE not
exceeding the value —0.3 eV and for ST the equilibrium is shifted completely to the
left. This indicates that dianions BPy*~ and BPh®" could be effective initiators only
with respect to AN (BPy®~ being the more effective); their initiation ability is
considerably smaller in regard to VP and for ST the initiation should not occur at
all.
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Table 2

Energy changes in the reaction of the electron transfer from dianion to monomer ; AE (eV)

G M P +M=2I-+M?

e=1 -3.701

BPh AN AE = >
£=375 —0.264
e=1 —4.009

BPh VP AE = ’
e=375 0.003
e=1 —3.405

BPh ST AE = - *
£=375 0.747

D ———
e=1 —3.723

BPy AN AE = m—
£=37.5 —0.282
e=1 —4.030

BPy VP AE = —
e=375 —0.055
e=1 —3.435

BPy ST AE = —
£=37.5 0.730

—

The next stage of the initiation process which precedes the propagation are
different reactions of the radical anion of monomer. In the first place the
disproportionation reaction will be considered [4]. The values AE are listed in
Table 3.

Similarly to disproportionation reaction of radical anions of initiators, solvation
energy exerts also here considerable effect. The disproportionation would not
practically proceed without solvation ; however, in strongly solvating medium some
disproportionation should occur, the degree of this disproportionation being almost
the same in all three monomers considered.

The calculation of AE of the reactions leading to the beginning of the polymer
chain formation (reactions (5) and (6)) is rather problematic since the o bond is
formed in dimer and the dimer system thus loses conjugation. Zahradnik and
Cidrsky [9] proposed for such reactions a method for calculating dimerization
energy within the 7 method and we employed the method here. The energy for
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Table 3

Energy changes in the disproportionation reaction of monomer radical anions ; AE (eV)

M M7 2M +M?*"
e=1 6.357
AN AE = -
e=375 —0.044
e=1 5.000
VP AE = —
£=375 —0.061
e=1 4.973
ST AE = -
£=375 —0.022

dimer was calculated as follows (we present the computation of the dimer energy
for ST=).
The following structure of the dimer is assumed

HC — CHz (:) CHZ— CH

©

The energy of this system is in the &t approximation expressed as
Edimer = 2ET benzyl anion + 212;)" + Ea

The ionization potential of electrons (with negative sign) on s orbitals of carbon in
—CH,— group (I=—11.16eV) is added to the m-electron energy of the two
benzyl anions. E, represents the energy for the o bond formed and according to
Zahradnik and Cirsky [9] is equal to 3.562 eV. The energy for ST is then
AE =0.257 eV in favour of monomer radical anions of ST+*. For AN* and VP,
extremely high values were obtained in favour of the stabilization of dimer (AE
~30 eV). Considering the level of approximation of the method, these values have
to be taken with caution ; despite this one may expect greater activity of AN+ and
VP~ to dimerization than in the case of ST+. Analysis of the reaction (6) provided
an analogous picture.
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Conclusion

In the introduction to this article we mentioned approximation considered in
discussing initiation reactions of anionic polymerization. In spite of these approx-
imations, useful information was acquired, especially the information concerning
the initiation processes. The effect of electronic structure of the initiators and
monomers as well as the solvent effect on equilibria in different reactions involved
in these processes was discussed. Of special significance is the inclusion of solvation
which, in most cases, entirely changes the equilibria. It is encouraging that the
theoretical conclusions agree with experimental findings [3, 11]. This explains why
our experimental attempt to initiate polymerization of 4-vinylpyridine and espe-
cially styrene by radical anions of 2,2’-bipyridyl and benzophenone failed [11].
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