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The use of metal complex and organometallic compounds in 
radical polymerization is still a relevant direction in the 
development of methods for controlling the process and 
obtaining new polymers. A number of papers are focused on the 
use of metal compounds to control the nucleation of growing 
chains. These works deal with polymerization initiating and 
catalytic systems including known compounds, e.g., 
metallocenes,1–7 as well as new metal complexes.8,9 The main 
modern trend in the development of controlled radical 
polymerization relates to the radical polymerization with 
controlled termination of growing chains, in particular, with the 
improvement of Atom Transfer Radical Polymerization (ATRP), 
Organometallic Mediated Radical Polymerization (OMRP), and 
Stable Free Radical Polymerization (SFRP) mechanisms.10–23 
New metal complexes can be used in new areas of controlled 
polymerization, e.g., halogen-substituted salicylhydroximate 
copper(ii) metallacrowns9 may be of interest for the development 
of ATRP photocatalysis.

In all these cases, the mechanism of chain growth remains 
free-radical and the process is controlled by monitoring the 
molecular-weight characteristics of the polymers, i.e., ensuring 
linear growth of Pn and achieving a narrow molecular weight 
distribution (MWD). The molecular structure of homopolymer 
chains and stereoisomerism thereof is not changing therewith. 
Having said that, publications1,2 state the possibility of formation 

of metal complex active chain growth centers at the ends of 
macromolecules under conditions of radical polymerization of 
vinyl monomers in the presence of some iron, titanium, and 
zirconium complexes, with such centers being able to coordinate 
with the monomer and incorporate it into the chain in a radical-
free (coordination) discontinuous manner. The possibility of 
coordination growth and the structure of coordination active 
centers (ACs) of polymerization have been proved by quantum-
chemical modeling2 taking typical vinyl monomers such as 
methyl methacrylate (MMA) and styrene as examples. The 
mechanism of the process exemplified for styrene is outlined in 
Scheme 1.

The mechanism (see Scheme 1) is indirectly supported by a 
number of experimental facts. (1) The obtained polymers are 
capable of acting as catalysts for post-polymerization of their 
monomer in the absence of a radical initiator and even in the 
presence of a radical inhibitor,18 as well as another monomer 
with the formation of block copolymers. (2) The polymers 
possessed higher stereoregularity (syndiotacticity), which is 
characteristic of coordination chain growth. (3) Changes in 
microstructure in the case of binary copolymerization, namely, 
an increase in the proportion of homotriad of monomer units, 
were discovered along with (4) changes in molecular weight 
characteristics of polymers, i.e., broadening of MWD indicating 
polycentricity of the polymerization system. (5) Successful 
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kinetic modeling of the polymerization process based on the 
scheme of radical-coordination polymerization19 was in a good 
agreement with experimental kinetic dependencies.

All experimental data indicate that the contribution of the 
coordination ACs to kinetics of the gross process of radically 
initiated (co)polymerization of MMA and styrene is insignificant, 
therefore, their concentration in the composition of all 
macromolecules is low, thereby making the experimental 
determination of the structure thereof quite difficult. The situation 
is similar to ionic-coordination polymerization where direct 
experimental determination of the structure of ACs is also almost 
impossible due to their low concentration in the resulting polymer. 
Accordingly, any direct experimental facts concerning the proposed 
scheme of formation of coordination ACs under the conditions of 
radical-initiated polymerization seem to be significant.

A chromatography–mass spectrometry analysis of specially 
prepared samples was made herein to experimentally detect 
radical-coordination polymerization products indicative of the 
mechanism of formation of metal complex ACs and the structure 
thereof. Previously,20 it was shown that mass spectrometry could 
be used to detect species formed during zirconocene-catalyzed 
polymerization. The samples were prepared by thermal (100 °C) 
exposure of mixtures including ferrocene Cp2Fe, radical initiator 
[azobisisobutyronitrile (AIBN) or benzoyl peroxide (Bz2O2)], 
monomer [MMA, styrene, and allyl chloride (AllCl)]. Mixtures 
Cp2Fe/initiator/monomer taken in the molar ratio of 1 : 2 : 10 
were used as solutions in toluene. Under such a ratio of monomer 
and Cp2Fe concentrations, the fraction of radicals to be spent for 
interaction with Cp2Fe can be assumed to be considerably greater 
than under conditions of conventional polymerization with the 
formation of a high-molecular-weight polymer. Accordingly, the 
low-molecular-weight products formed under such conditions 
may have structures corresponding to the intermediates of 
Scheme 1. The aim of this study was the chromatography–mass 
spectrometry analysis of the products of radical transformations 
in the above systems.

When Cp2Fe reacts with AIBN or Bz2O2 in toluene, no 
addition products of the primary radicals, i.e. 2-cyanoprop-2-yl 

and benzyloxy radicals, to the Cp-ring of Cp2Fe were detected. 
At the same time, in both cases, addition products of benzyl 
radical 1 were detected. Apparently, toluene served as a source 
of the benzyl group. In the case of Bz2O2, a phenyl radical 2 
addition product was detected. 

Thereby, secondary radicals formed in the absence of monomer 
in the reaction of initiating radicals with a solvent inclined to be 
involved in chain transfer reactions in polymerization or, as in the 
case of benzoyloxy radical, under decomposition thereof into 
phenyl radical and carbon dioxide in the absence of strong radical 
acceptors interact with Cp2Fe. In any case, the obtained result is 
an experimental confirmation of step a (see Scheme 1), i.e., the 
formation of a metal-centered radical due to the addition of a free 
radical to the Cp-ring of Cp2Fe. The detection of two benzyl 
radical addition product with elimination of Cp-ligand, namely, 
species 3, in the Cp2Fe/AIBN/toluene system seems to be 
important, which corresponds to step c of Scheme 1.

When considering the specific chemical structure of 
oligomers, the following reactions forming end functional groups 
are taken into account: initiation by addition of 2-cyanoprop-2-yl 
radical (structures 4, 5), chain termination by capture of benzyl 
radical (structures 4, 7), chain termination by transfer to monomer 
(structures 5, 6), initiation of growth by CH2=C•X radical formed 
by transfer to monomer (for styrene and allyl chloride, 
structure 6); initiation and termination by benzyl radicals 
(structure 7). Furthermore, the structures of oligomers formed by 
coordination growth on ferrocenic ACs should be considered in 
accordance with the aim of the research (structures 8a,b).

NºC–C(Me)2–(CH2–CHX)n–CH2–Ph 4

NºC–C(Me)2–(CH2–CHX)n–CH2–CH2X 5

CH2=CX–(CH2–CHX)n–CH2–CH2X 6

Ph–CH2–(CH2–CHX)n–CH2–Ph 7

NºC–C(Me)2–(CH2–CHX)n–FeCp 8a

Ph–CH2–(CH2–CHX)n–FeCp 8b

Analysis of the mass spectrometry data for coincidence with 
the values of molecular masses calculated for various possible 
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Figure  1  Mass spectrum of positive ESI ions of thermal transformation products in Cp2Fe and Bz2O2 mixture in toluene.



Mendeleev Commun., 2024, 34, 721–724

–  723  –

structures 4–8 enabled us to indicate a number of the most 
probable products. The main products of styrene transformation 
(see Online Supplementary Materials, Table S2) are dimers and 
trimers, based on the intensity of the corresponding signals in the 
spectrum. The formation of extremely low-molecular-weight 
products is due to the experimental conditions such as elevated 
polymerization temperature and, mainly, high rate of initiation 
of monomer transformations at a monomer/initiator ratio of 1 : 2. 
In some cases, oligomers were found to form associates with 
acetonitrile.

The growing chains are terminated mainly on benzyl radicals, 
and no products of their interaction with Cp2Fe are found. Also, 
no interaction products of benzyl radicals with Cp2Fe were 
detected. This is likely due to the preferential consumption of 
these radicals in interaction with styryl radicals, which is 
supported by the high intensity of the corresponding signals.

The analysis results of transformation products in Cp2Fe/
AIBN/MMA system in toluene are largely similar to those for 
the styrene system. Moreover, the product of addition of a benzyl 
radical to Cp2Fe was found (Table S3). As for AllCl, in contrast 
to other vinyl monomers, together with oligomers with structures 
4–8 (Table 1), the products containing metallocene fragments 8 
formed at step c (see Scheme 1) were also detected (Figure 2). 
Signal of species 3 was also observed. 

In accordance with Scheme 1, the reactions of the initiating 
radical with monomer AllCl and Cp2Fe proceed with the 
formation of a covalent bond as shown in Scheme 2. However, 
the primary radicals seem to be consumed only for the initiation 
of chain growth, as seen from the reaction product structures. In 
the quantum-chemical analysis of the initial step of radical-
coordination polymerization of a number of monomers in the 
presence of Cp2Fe, it was shown on the basis of the energy 
characteristics of the reactions (Table S4) that 2-cyanoprop-2-yl 

radicals in such systems would react with monomers rather than 
with Cp2Fe. 

Secondary radicals formed via the interaction between 
primary radicals and the solvent and, for AllCl also with the 
monomer, are involved in the interaction with Cp2Fe. Such a 
difference is likely somehow related to the characteristics of the 
radicals and/or parameters of their reactions with Cp2Fe. 
Quantum-chemically calculated values (cf. refs. 21–23) of spin 
density on atoms bearing unpaired valence are given in Table S5.

No dependence between the values of spin density on different 
radicals and selectivity thereof in reactions with components of 
the analyzed reaction mixtures seems to be found. Indeed, the 
benzyl and MMA radicals have almost identical spin density 
values on carbon atoms, but they behave principally differently 
in the reaction with Cp2Fe. No interaction products of styryl and 
acrylate radicals with Cp2Fe may be explained by the fact that 
the addition reactions of these radicals to Cp2Fe are endothermic 
(DH0 is 3.3 and 11.3 kJ mol–1, respectively),24 whereas the 
addition of AllCl radical is exothermic (DH0 = –27.2 kJ mol–1). 
Furthermore, the activation barrier in the latter case is 1.3–1.5 
times lower. The transformation reactions of styrene and MMA 
by polymerization type will likely be kinetically prevailing under 
the considered conditions, up to complete exhaustion of 
monomers.

The MMA post-polymerization catalyzed by toluene solution 
of interaction products in the system of Cp2Fe/AIBN/AllCl was 
performed at 60 °C to verify the ability of the obtained products 
to act as active centers of radical-coordination polymerization. 
The MMA/catalyst volume ratio was 10 : 1, and residual initiator 
concentration was 10–9 mol dm–3. The end of the reaction was 
found by termination of viscosity increase in the polymerizing 
system. After 10 h the post-PMMA conversion was 13%. The 
molecular weight characteristics and stereoregularity of the 
obtained polymer were determined. The increase of 
syndiotacticity by 17.5% compared to free-radical PMMA is the 
proof of the coordination mechanism of the formation thereof 
(Table S6).

In summary, the experiment directly shows that the 
interactions of the monomer, metallocene, and secondary 
radicals result in the formation of metal complex AC structures 
identical to those theoretically predicted on the basis of quantum-
chemical modeling and capable of polymerizing a vinyl 
monomer via coordination mechanism. It is anticipated that in 
future a theoretical evaluation of the possibility of formation of 
the structures catalytically active in coordination polymerization 
for a wide range of monomers and metal complexes will be 
performed.

The work was supported by the Russian Science Foundation 
(grant no. 23-13-20024).
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