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Abstract 

The review presents the first attempt to build the virtual world of free-radical polymerization of vinyl 

monomers itself and in the presence of small additives of stable radicals in due course of extended 

virtual experiment. Chain-reaction essence of the chemical process; quantum-chemical concept of 

elementary reactions; spin theory of radicals; and digital-twin of their presentation lay the foundation 

of the world formed, which opens a new vision of the role of IT technologies for the virtualization of 

various chemical processes 
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1. Introduction – the Metaverse and the Virtual Worlds of Science 

“Over the entire year of 2020, the word ‘metaverse’ was searched less than 5,000 times in Yandex, 

but in November 2021, the Russian search engine recorded almost 76,000 such queries. The surge was 

associated with the announcement of the Meta project, launched on the Facebook platform. Many 

commentators labeled this event a ‘rebranding,’ devaluing its true meaning. In fact, the Greek word 

‘meta’ symbolically launched a technological stage that has so far been little understood.” This is how 

the first section of V. Shabason and S. Malaikin’s book, “The Intelligent Metaverse: From Digital Apps 

to a New Habitat” [1] begins. It is echoed by the second book on this topic, M. Ball’s “The Metaverse: 

How It’s Changing Our World” [2]. Both books were published within a week of each other in July 

2022 and immediately became bestsellers. The process of metaverse entering in human being’s life 

proved extremely rapid, and today, the bibliometrics of metaverse research is growing exponentially 

[3]. 

Both the Russian and American authors of the books mentioned above convincingly 

demonstrate that the advent of the metaverse is inevitable and that, unlike previous technological 

stages of community development, the metaverse is not just another stage of development, but rather 

a new meaning for the existence of human communities, which could be characterized by the word 

“hyperrealization” [1]. The metaverse is a space that creates opportunities for the latter. According to 

the authors, in the metaverse, the boundary between virtual and physical realities will disappear, and 

information will acquire an energetic equivalent. The metaverse does not yet exist. If it does appear, 

it will be singular. The authors believe [1,2] that its emergence is a matter of the next 25-30 years. 

To understand how the above introduction relates to the stated topic, let us, along with the 

authors of the book [1], follow the chain of events preceding the establishment of the metaverse. 

Despite its absence, the metaverse has already been announced. However, what is commonly 

referred to today by this word is not yet a metaverse. The authors propose classifying Facebook, 

Microsoft, NVIDIA, Roblox, and so on as quasi-universes, a prelude to the emergence of a meta-

universe. These are isolated islands of a new way of being, slowly rising from the receding maters of 

the old world. A new environment for the world’s existence, enabling a new way of community self-

organization. 
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Quasi-universes are preceded by digital ecosystems that have become an everyday reality [1]. 

Perhaps everyone can name two or three large businesses that have decided to go beyond their usual 

boundaries to actively explore adjacent territories using digital technologies. Digital ecosystems are 

the result of the unification of digital products into larger entities. They represent a new way of life. 

Digital ecosystems have become a familiar part of the modern business landscape. There are many 

thousands of them. It is obvious that this process cannot but affect science. 

An analysis of the history of scientific development convincingly leads us to the conclusion that, 

in this chain from the object of digital technology application to the metaverse, science can lay claim 

to a place as an ecosystem [4]. Indeed, both applied science, little distinguishable from real business, 

and pure science, anti-business in its goal-setting, are addressed to a large number of users and, 

throughout their development, have actively expanded beyond conventional boundaries and 

explored adjacent territories using digital technologies, from the simplest “accounting” to digital 

twins [5,6]. It is enough to look at structural chemistry and crystallography. Both of these branches 

of materials science are aimed at studying the atomic structure of real substances, and the first move 

beyond the realm of reality was marked by the recording of a chemical formula corresponding to the 

composition of the substances being studied. Actually, a C6H6 molecule or a corpuscle with the 

compound formula SiO2 do not exist. In reality, we are dealing with a colorless liquid with a pungent 

odor in the first case and admiring the sand on the seashore in the second. But today, materials 

scientists around the world know that when the above formulas are mentioned, they are referring to 

benzene and silica. Thus, chemical formulas became the first digital twins of substances. As analytical 

techniques improved, formulas were gradually replaced by tables containing specific digital 

information about the substance, including the periodic table numbers of the constituent atoms, the 

number of atoms of each type, and the geometry of the atoms’ arrangement in three-dimensional 

space. The digital twin matured and gradually transformed into vibrant, beautiful images, such as a 

truncated icosahedron representing the C60 fullerene molecule. Thus, a virtual world of visual images 

of corresponding digital twins was born. And today, a structural chemist or crystallographer, having 

received a set of digital data corresponding to the interaction of, for example, a beam of elementary 

particles with a substance of interest, plunges into a digital abyss from which there is no escape 

without digital twins of the object. At the dawn of structural chemistry and crystallography, no one 

could have imagined that chemical formulas and the still isolated digital twins built on them would 

mark the first steps of materials science into the metaverse.  

The philosophical and analytical view of the metaverse by V. Shabason and S. Mileikin [1] 

receives strong support from the highly professional information technology practitioner M. Ball. As 

M. Ball writes, “the metaverse is a scalable and interoperable network of 3D virtual worlds, rendered 

in real time, that can be accessed synchronously and continuously by a virtually unlimited number 

of users with an individualized sense of presence and continuity of data such as identity, history, 

rights, objects, communications, and payments” [2]. And although Ball’s book takes us further into 

the problems of the technological implementation of the metaverse and the assessment of the costs it 

generates for humans on a commercial basis, Ball, like Shabason and Mileikin, speaks of virtual 

worlds that lie at the foundation of the metaverse and without which it is impossible. “Stylistically, 

virtual worlds,” continues M. Ball, “can accurately reproduce the real world (be so-called digital 

twins) or represent an artistically imagined version of reality.” Thus, while depicting the future of 

the world as the implementation of a 3D version of the Internet and information technologies as such 

(M. Ball) or as the habitat of homo informaticus – a new human species capable of solving problems 

inaccessible to homo sapiens (V. Shabason and S. MIleykin), all authors unanimously point to virtual 

worlds as the foundation of the coming transformation. In the hierarchy of stages of metaverse 

development, the creation of virtual worlds is assigned a place in ecosystems, placing them in the 

place of the main task. In light of this, the main direction that modern science will take becomes 

obvious – the creation of virtual worlds for each of its branches. And although such a formulation of 

the question today may seem unrealistic, it is impossible to cancel the advent of the metaverse and 

the objective laws of its development. Therefore, there is simply no other path for science. 
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One cannot but agree with the authors of the book [1] that the metaverse is a child already born 

and that homo informaticus already exists. The above example of structural chemistry and 

crystallography demonstrates that the development of these branches of science has consistently 

followed the goal of creating virtual worlds of the structure of matter. The development of new 

technical capabilities that facilitate the exploration of adjacent territories using digital technologies is 

accompanied by an increase in the complexity of the virtual worlds being created, and, therefore, 

gives rise to new scientific problems and new virtual worlds. The logic of the development of virtual 

worlds foresees dead-end situations [1], in which virtual worlds become unstable. Mandatory 

adherence to the objective laws of development will lead this system either to self-destruction or to 

transformation into previously uncharacteristic forms. 

This review presents the first result of constructing a virtual world within a digital ecosystem—

polymer chemistry. One of the computational platforms of quantum chemistry is used as the digital 

technology. The subject of this study is the free-radical polymerization of vinyl monomers. 

2. Digital Twins as the Basis for Building A Virtual World 

2.1. Changing the Concept of Modeling 

Digital twins (DTs) burst into our lives in 2002, from the podium of the Society of Manufacturing 

Engineers conference, voiced by Michael Greaves [7]. Although the term itself had been proposed 

much earlier [8], it was Greaves who imbued it with the new meaning that DTs represent today. 

Greaves proposed DTs as a conceptual model underlying product lifecycle management. Eight years 

later, John Vickers implemented this concept [9], which has since evolved significantly [10]. Since 

then, the concept has spread widely across industry, healthcare, construction, business, education, 

public life, and other fields [6]. The book broadly presents the successes of the DT concept, achieved 

in various areas of human activity. 

While nuanced, the general concept of digital data concerns the trinity of a physical object, a 

virtual/digital object, and the connections between them. These connections are provided by data 

flowing from the physical object to the digital/virtual object, and by information accessible from the 

digital/virtual object to the physical environment. This concept, while new to large, massive areas of 

human activity, has been widely used in academic research since the first computers became 

available. Known as simulations or modeling, the concept has enabled radical advances in academic 

research, particularly in the natural sciences. 

Today, it is impossible to imagine modern physics, chemistry (or the same sciences, but with the 

prefixes bio- and geo-), and material science without modeling. The enormous leap in the development 

of computing software and tools over the past half-century has led to many previously primarily 

empirical sciences becoming virtual-empirical, and some, such as graphene science, are primarily 

virtual. Despite such rapid development, the relationship between a real object and its model, 

established as subordinate to the model, remained unchanged until recently. As it turns out, this 

circumstance significantly limits the further development of science in its predominantly virtual 

nature. And here is where the concept of digital domain, as formulated above, comes into play. 

Indeed, physical and virtual objects form the basis of both modeling and the concept of digital 

domain. The difference between these two approaches lies in the different meanings inherent in 

understanding the relationship between them. Using grammatical terms, this distinction can be 

thought of as the distinction between a complex sentence (main-subordinate) in the first case and a 

compound sentence (equal-equal) in the second. In every language, replacing one sentence with 

another changes the meaning of spoken language. The same is true in science. It is precisely this 

change in semantic speech, which the concept of digital twins brings to science, that transforms 

explanatory subordinate modeling into a free, legitimate virtual experiment. The first virtual 

experiments as legitimate participants in the research process took place and revealed their special 

and significant place in the technological sphere [11–29]. However, the pioneer of the digital twin 

concept, Greaves, said in one of his interviews given in 2018 [7]: “It doesn’t necessarily have to be an 
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all-or-nothing project. There is a wide range of information that I can collect and process using a 

double. Digital twins can also be used in very specific, very limited scenarios.” Such limited scenarios 

mark the beginning of legitimate virtual experiments in science [30–42]. But these first steps already 

showed that the contrast between the concept of a complex DT experiment and complex modeling 

reveals the high efficiency of the former for solving complex problems. 

2.2. Computational Platform 

The general algorithm for a virtual experiment, as applied to one of the limited scientific research 

scenarios, can be schematically represented as [6] 

Digital Twins → Virtual Device → IT Product. 

Diagram 1 

Here, the digital twins are the digital models being studied, the virtual device is the carrier of 

the selected digital technology, and the IT product encompasses a wide range of computational 

results associated with the digital twin under various influences within the applied computing 

programs. The quality of the IT product largely depends on how broadly and deeply the selected 

digital twins encompass knowledge about the object under study and how adequately the virtual 

device matches the characteristics of that object. The severity of the first requirement can be 

significantly mitigated by a large set of corresponding digital twins. Digital twins are completely free 

from the statistical and random errors that accompany real experiments and are conducive to any 

modification. Given control of the virtual device, the digital twins lay the foundation for a free, 

independent virtual experiment concerning the process of interest. 

Obviously, the choice of virtual device must be consistent with the set of selected digital twins 

and must ensure their reliable mathematical processing in order to obtain a reliable IT that answers 

the experimental questions. Regarding the latter, it represents one of the variants of Big Data (BD) 

sets, the comparative analysis of which presupposes the identification of regular trends in the 

behavior of the object of study. Naturally, the subject content of the selected DTs, virtual device, and 

BD set of the IT product depends on the object of study and the questions posed to it, which is well 

represented in experiments on virtual molecular dynamics [30–33], virtual graphenics [34–36], and 

virtual polymerization [37–42]. Below in this review, this issue will be considered in detail in relation 

to free-radical polymerization. 

3. Fundamentals of A Virtual Free-Radical Polymerization Experiment 

3.1. A General Concept of the Experiment 

Computational polymer chemistry began as classical modeling over 60 years ago and is 

currently one of the most developed areas of chemical virtuality. Over the years, polymer modeling 

has come a long way, from the microscale representation of the problem to the intermediate, 

mesoscale, and macroscopic scales, which have served as the foundational models for quantum 

chemistry (QC) of polymers [43–58], molecular dynamics [59], coarse-grained [60], and continuum 

concepts [53,60], respectively. While radically different in content, all concepts are nevertheless based 

on a common concept of polymers, which are directly modeled as a sequence of points in three-

dimensional space. The aforementioned reviews and references provide a reliable overview of the 

current state of virtual polymer chemistry. At present, they need to be supplemented by the DT 

concept [12,16,26] and quantum computing [61].  

Despite the significant contribution of computational chemistry to polymer science, few truly 

resolved issues remain. The high cost of calculations on models comparable to real systems, the 

limited capabilities of existing computational programs, and the lack of sophisticated software that 

simultaneously incorporates deterministic approaches such as thermodynamics, kinetics, and fluid 

mechanics undoubtedly constitute serious reasons for this fact. However, the exceptional complexity 

of a polymer object, the end product of multifaceted and multidimensional intermolecular 

interactions involving a large number of participants, renders the final material product the result of 
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a choice among a vast number of possibilities. Modern traditional computational chemistry is unable 

to predict this choice. At best, the combination of all approaches, from micro to macro, allows one to 

explain the choices made either by Nature or by magical chemists, owing to their vast experience and 

intuition. However, as it turns out, not only the global concept of DTs, but even its partial 

modification within the framework of traditional quantum chemistry, allows to solve a number of 

problems that were previously inaccessible [34–36]. This circumstance prompted the author to turn 

to the QC of polymers from the perspective of the DT concept. It is quite logical that the first test of 

this new paradigm was made in favor of a question well studied experimentally and repeatedly 

considered virtually in traditional computational chemistry, namely, free-radical polymerization 

(FRP) of vinyl polymers. 

This review presents the first description of a virtual world of free-radical polymerization, 

compiled on the basis of an extensive virtual experiment [37–42] consisting of individual experiments 

carried out under identical conditions. The overall design of the experiment is based on a number of 

fundamental concepts, including the following. The pilot concept is to represent the polymerization 

process as a chain reaction [62,63], including a set of elementary reactions. The latter are considered 

as independent and superpositional, which makes it possible to use all the accumulated experience 

of free-radical polymerization in considering individual chemical reactions [64–66]. Both the initial 

reactants and the final reaction products form a pool of DTs, which are the main objects of the virtual 

experiment. To transform the latter into digitalization tools, two types of descriptors are introduced: 

thermodynamic and kinetic, which are equally characteristic of all elementary reactions. The 

unification of descriptors allows for the introduction of polymerization passports, which are a 

“personal identification document” for each virtual reaction solution (VRS) and provide a potential 

comparison of all virtual characteristic features of the polymerization event being studied with 

empirical reality. 

3.2. Dramatis Personae 

The VRS of vinyl monomers [67,68] underlies the production of the vast majority of modern 

polymer products. Typically, the participants in this process are quite numerous, the main ones being 

monomers (𝑀), polymerization initiating free radicals (𝑅⦁), monomer radicals (𝑅𝑀⦁), continuously 

growing oligomer radicals (𝑅𝑀𝑛
⦁ ), and solvent. Together, these products define the actual reaction 

solution in which the reactions take place. All participants are linked by intermolecular interactions, 

leading to the formation of a large number of different intermolecular complexes. Thus, the 

interaction of a monomer with free radical leads to the formation of a monomer radical, whose 

interaction with the monomer underlies the growth of oligomer radicals, which constitute the 

polymer chain (polymerization propagation). The interaction of the latter with each other or with a 

monomer radicals, as well as with free radicals, determines the cessation of polymer chain growth. 

The interaction of terminated chains determines the formation of the bulk of the polymer material. 

The outcome of each of these elementary processes is greatly influenced by the interaction of their 

components with solvent molecules [69]. 

The real polymer product is determined by the simultaneous occurrence of all these events. 

Accordingly, a VRS as a DT container becomes the object of study in the virtual experiment. Since the 

DT concept works best when identifying trends, the virtual experiment considers a wide variety of 

VRS. A large amount of empirical data related to the FRC of vinyl monomers [67,68], as well as to 

their free-radical copolymerization (FRCP) with stable radicals such as 𝑇𝐸𝑀𝑃𝑂 and C60 fullerene 

[69–88], significantly facilitates the VRS modeling. As it turned out, real reaction solutions in all cases 

consist of a similar set of ingredients, including a solvent, a monomer, an initiator as a source of free 

radicals, and small additions of stable radicals. Obviously, each of the ingredients can vary 

significantly, further enhancing the variation with different concentrations. Therefore, the variation 

of possible VRS is large. This circumstance significantly complicates the selection of a limited number 

of compositions sufficient for the reliability of the identified trends, on the one hand, and the 

verification of these trends by comparison with experimental data, on the other. In light of this 
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problem, when implementing a virtual experiment [37–42], attention was paid to a particular group 

of real experiments on the FRC of vinyl monomers and their FRCP with stable radicals [85–87]. In 

these studies, special attention was paid to the kinetics of the initial stages of the process, which was 

presented in terms of the time-dependent percentage consumption of the monomer 𝑥(𝑡) . The 

experiments were carried out in the same solvents, at the same temperature, in the same reactor, that 

is, under virtually identical conditions, including monomers, initiators, and stable radicals, while the 

concentrations of these ingredients were strictly fixed. Based on these experiments, a set of VRSs was 

constructed [37–42] in which the monomer is one of three vinyls, namely, styrene, methyl 

methacrylate, or N-isopropylacrylamide ( 𝑁𝐼𝑃𝐴 ); the initiator is either the alkyl nitrile 2,2 -

azobisisobutyronitrile (𝐴𝐼𝐵𝑁) or benzoyl peroxide (𝐵𝑃), and the impurity stable radical is either 

𝑇𝐸𝑀𝑃𝑂 or C60 fullerene, or both. 

3.3. Elementary Reactions 

The game-field in the experiment under discussion represents polymerization as a clearly 

traceable sequence of superposed elementary reactions. From a computational perspective, this view 

of polymerization is most favorable for the use of QC methods for its virtual analysis, reducing it to 

the consideration of individual elementary reactions [64–66]. The theory of elementary reactions and 

their QC analysis have existed for many decades [89–91]. The primary novelty of the DT concept 

concerns precisely this key point, since the large array of elementary reactions, which constitutes the 

experiment game-field, allows for clear distinctions between similar reactions conducted under 

identical conditions, with subsequent comparative analysis of their results, accompanied by the 

establishment of reliable trends. The “same conditions” status implies the use of the same QC tool, 

absolute zero temperature, and a vacuum environment. 

A fairly complete list of elementary reactions associated with the events under study is presented 

in Table 1. The nominations presented in the table concern both the reactions and their final products. 

As can be seen, the number of the latter is quite large, so the digitalization of the chemical process 

under consideration appears quite convincing. A common characteristic of the reactions listed in the 

table is their radical nature. Reactions (1) and (2), combining a free radical with the monomer 𝑅𝑀⦁ 

and its oligomers 𝑅𝑀𝑛
⦁ , clearly control the monomer’s FRP. The former is the cornerstone of the 

entire polymerization process, determining its feasibility. Selecting the most successful participants 

in this reaction empirically, the researchers settled on the free radicals 𝐴𝐼𝐵𝑁⦁ and 𝐵𝑃⦁, obtained 

during the thermal decomposition of the initiators 𝐴𝐼𝐵𝑁  and 𝐵𝑃 , respectively. Stable radicals, 

such as TEMPO, proved unsuitable for this role, since the 𝑆𝑀 reaction (3), similar to reaction (1), 

always ends with the formation of a normal non-radical intermolecular 𝑇𝐸𝑀𝑃𝑂 -monomer 

complex. Only fullerene C60 occupies a special place among stable radicals. The 𝐹𝑀 reaction (4) is 

analogous to the 𝑆𝑀 reaction (3), however, the resulting monofullerenyl 𝐹𝑀, unlike 𝑆𝑀, is also a 

stable radical. The first wave of researchers who, being confident in the radical nature of fullerene, 

introduced it into polymerization, made repeated attempts to detect the reaction 𝐹𝑀⦁  (5), 

accompanied by the formation of a monomer radical and the subsequent growth of a polymer chain 

initiated and added to fullerene (reaction 𝐹𝑀𝑛
⦁   (6)). Although the existence of reaction (5) was 

assumed in a number of cases, no unambiguous conclusion was made, and this reaction, like reaction 

(6), was classified as unlikely. The virtual experiment discussed made it possible to revise the 

experimental data and reliably establish the presence of both reactions at a certain composition of the 

VRS [41]. 

Table 1. Nomination of elementary reactions and/or digital twins related to the initial stage of free radical 

copolymerization of vinyl monomers with stable radicals. 

1) 𝑀, 𝑅⦁, 𝐹, 𝑆 denote DTs related to vinyl monomers, the initiating free radical, the C60 fullerene, 

and another stable radical, respectively. The superscript black dot denotes the radical molecule. 
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In contrast to the unreactive monomer, the capture of its monomer radical 𝑅𝑀⦁, described by 

the reactions 𝐹𝑅𝑀 (7) and 𝑆𝑅𝑀 (8), is traditionally highly expected for both stable radicals. These 

reactions are of particular importance because they have the potential to completely stop the 

polymerization process. These are followed by the reactions 𝐹𝑅 (9) and 𝑆𝑅 (10), representing the 

capture of free radicals 𝑅⦁ by stable ones. Both reactions obviously influence the polymerization of 

the monomer by reducing the number of initiating free radicals. The reaction 𝐹𝑆  (11) takes into 

account the interaction of stable radicals with each other, while the reactions 𝑅𝐹𝑀 (12) and 𝑆𝐹𝑀 

(13) describe the capture of the monomer radical 𝐹𝑀⦁  by stable ones. This set of elementary 

reactions turned out to be quite complete for considering the initial stage of both the FRP of vinyl 

monomers and their FRCP with stable radicals. The corresponding DTs of final products, together 

with the starting ingredients, form a large pool of DTs, quite sufficient for digitalization of the 

chemical process under consideration. 

3.4. Virtual Device 

All quantum chemists working with the computational polymer chemistry of vinyl monomers 

recognized the radical nature of its participants, and discussions about the choice of appropriate 

software tools have been at the forefront throughout the long-term development of computational 

polymer chemistry (see reviews [43–60] and references therein). The specifics of the QC description 

of stable radicals and open-shell electron systems have been repeatedly raised in relation to virtual 

polymer science [92–95]. However, current circumstances are such that the proportion of calculations 

using configuration interaction (CI) methods, even at the first level of complexity, in virtual polymer 

science is comparatively small. Justifying the long timeframes and high financial costs of such 

calculations, practicing quantum chemists have chosen various versions of the DFT technique, 

including unrestricted versions, as their primary calculation method. Unfortunately, both DFT and 

UDFT algorithms do not work in systems with open electron shells (see a detailed discussion of the 

problem in [96,97]). Accordingly, the numerous articles regularly appearing devoted to virtual DFT-

based FRP do not advance us towards truly significant results in this area of science. In the virtual 

experiment [37–42], this aspect of FRP was considered self-consistently for the first time. The spin 

theory of radicals [98] served as the basis for the applied digital technology. The virtual device was a 

package of computational programs for the electronic properties of open-shell molecules, 

implementing a quantum chemical calculation based on the two-determinant (unrestricted) Hartree-

Fock approximation (UHF). Each elementary reaction was considered through the prism of the spin 

density algorithm for step-by-step consideration of successive intermolecular chemical addition 

reactions [98], allowing for the confident determination of the target atoms of the reactants 

participating in the reaction. The competence of the applied QC covers several stages of radical 

polymerization, including the primary initiation of the process, the first steps of growth of a linear 

polymer chain and the act of terminating this growth. 

The virtual device in the experiment was represented by the CLUSTER-Z1 software [99,100], 

which implements the AM1 version of the semi-empirical UHF [101]. The program has proven highly 

effective for open-shell electron systems such as fullerenes [102], graphene molecules [103], and stable 

radicals [104]. 

3.5. Descriptors of Virtual Polymerization 

The main goal of the polymerization digitalization is to evaluate the properties of a chemical 

process numerically. To realize this desire, it is necessary to construct in silico models that establish 

a mathematical relationship between the structures of molecules and the properties under 

consideration. Molecular descriptors play a fundamental role in solving this problem, since they are 

formally the numerical representation of the molecular structure [105]. In the concept of a chain 

reaction, each polymerization process is the result of intense competition between bimolecular 

elementary reactions determined by their rates. Burdened with a large number of such reactions not 

only at the initial stage of the process, presented in Table 1, but also many others throughout its 
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development, any outcome of this competition resembles a “pineapple-on-a-plantation” solution. 

The fate of a monomer (see Figure 1), caught in the field of interaction of numerous participants, can 

be figuratively represented as the state of a pineapple on a plantation, surrounded by sword-shaped 

leaves. Each leaf is one realized path of development in the corresponding direction. A large number 

of others are hidden within the individual scales of the fruit’s bark. Each step along this path is 

governed by the well-known energy graph shown in the figure. According to the graph, each 

elementary reaction occurs between a pair of reactants, the energy of intermolecular interaction 

between which, 𝐸(𝑅), follows a typical format as they approach each other in a chosen direction, 

𝑅, which represents the reaction coordinate. As can be seen from the figure, the graph relates the total 

energy of the reactants of the initial pair Y, 𝐸(𝑌), the energy of the final product of the interaction 

of the components of the pair X, 𝐸(𝑋), and the transition state energy of the intermolecular complex 

under consideration, 𝐸𝑇𝑆(𝑋 ↔ 𝑌) , which determines the height of the reaction’s energy barrier. 

Another important energy parameter is the enthalpy of reaction, ∆𝐻 , or the binding energy, 

𝐸𝑐𝑝𝑙=𝐸(𝑋)-𝐸(𝑌). Both quantities are directly related to the atomic structure of the object and can 

rightfully be considered molecular descriptors. In the experiment conducted [37–42], 𝐸𝑐𝑝𝑙  plays this 

role of a virtual thermodynamic descriptor. 

 

Figure 1. Universal energy graph of pairwise intermolecular interactions in a multi-possibility system. A 

photograph from the publicly available pro-dachnikov.com collection was used for the illustration. 

The execution of each of the swords surrounding the pineapple in Figure 1 and the opening of 

the windows on its cortex are controlled by the kinetics of the corresponding reactions, with the 

fastest of them emerging as the winner. Thus, reaction rate constants 𝑘(𝑇) are unambiguous virtual 

descriptors of chemical reactions. The standard description of the rate constant 𝑘(𝑇)  is usually 

given by the Arrhenius relation [89–91] 

𝑘(𝑇) = 𝐴𝑒(
−𝐸𝑎
𝑘𝑇

)
.      (1) 

Here 𝐴 is a complex entropy-frequency factor, and 𝐸𝑎 represents the activation energy, which 

is either the dissociation energy of product 𝑋, 𝐸𝑎𝑑, or the association energy of molecular pair 𝑌, 
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𝐸𝑎𝑎. The main difficulty in estimating the value of 𝑘(𝑇) lies in the very complex nature of the factor 

𝐴  [106]. Its definition touches upon complex problems of the rotational-vibrational dynamics of 

polyatomic molecules, complicated by a large number of both vibrational and rotational degrees of 

freedom, as well as anharmonicity of motion. However, for similar elementary reactions, it is 

expected that 𝐴  varies little [64–66], so that the activation energy becomes decisive in their 

comparative analysis. Its value can be determined by constructing 𝐸(𝑅) graphs, or barrier profiles, 

corresponding either to the association of components of molecular pairs 𝑌, or to the dissociation of 

the final product 𝑋. An alternative approach to obtaining the activation energy is provided by the 

approximate Evans-Polanyi-Semenov (EPS) equation, which linearly relates the energy 𝐸𝑎 to the 

reaction enthalpy ∆𝐻 or the binding energy 𝐸𝑐𝑝𝑙  [48,49,55] 

𝐸𝑎 =  𝔐 + 𝛼𝐸𝑐𝑝𝑙 .      (2) 

Here, 𝔐  and α are statistical parameters that are approximately constant for a given set of 

reactants but different for different sets. The activation energies defined in this manner act as virtual 

kinetic descriptors in the experiment. 

3.6. Transition State 

The barrier profiles 𝐸(𝑅)  required to determine 𝐸𝑎  were calculated for the dissociative 

reaction, starting with the energy 𝐸(𝑋)  at the equilibrium covalent bond length between the 

reaction participants and continuing until this bond is broken, following its regular elongation. As 

an example of one of the many calculations performed for the experiment [37–42], Figure 2 shows the 

barrier profiles corresponding to the initiation reaction of the FRP 𝑅𝑀⦁  (1) of styrene (𝑀1 ) and 

𝑁𝐼𝑃𝐴 (𝑀3) monomers stimulated by the 𝐴𝐼𝐵𝑁⦁ free radical [37]. The insets in the figure represent 

the equilibrium structures of the corresponding products 𝑋 in the ground and transition states. The 

reaction coordinate in both cases links the carbon atom of the vinyl group of the monomers with the 

carbon atom of the free radical 𝐴𝐼𝐵𝑁⦁ 

 

Figure 2. Barrier profiles of virtual dissociation of monomer radicals 𝑅𝑀1⦁  (a) and 𝑅𝑀3⦁  (b). UHF AM1 

calculations. 

As can be seen from the figure, the 𝐸𝑎𝑑  values are quite close in both cases. This means that the 

dissociation kinetics of both radical monomers should be similar. In contrast, 𝐸𝑎𝑎  differs 

significantly, showing a more than twofold decrease in the case of 𝑅𝑀1⦁ compared to 𝑅𝑀3⦁. This 

feature is obviously related to the difference in the 𝐸𝑐𝑝𝑙   values of these substances and is of 
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particular interest, indicating that the initiation of 𝑅𝑀⦁ free radicals is kinetically more favorable for 

vinyl monomers with a set of sp2𝐶 = 𝐶 bonds than for monomers with a single such bond. This 

conclusion correlates well with experimental data indicating the same trend, regularly observed in 

relation to the kinetic rate constants of FRP initiation reactions [67,68]. 

A careful analysis of the transition states in both cases revealed a certain general pattern in the 

behavior of the latter, despite the radically different kinetics. Firstly, the reaction coordinate 𝑅𝑇𝑆, 

corresponding to the maximum of the barrier profile, is noteworthy. In both cases, the 𝑅𝑇𝑆 values 

are located near 2.1 Å. The latter is close to the value 𝑅𝑐𝑟𝑖𝑡
𝐶−𝐶 ≅2.11 Å, which determines the onset of 

sp3𝐶 − 𝐶 bond cleavage in ethane [107]. It is known that the value of 𝑅𝑐𝑟𝑖𝑡
𝐶−𝐶  varies quite noticeably, 

reacting to changes in the atomic configuration around the bond [103] and providing a very 

pronounced dispersion, which amounted to ~ 0.10 Å for the participants in the experiment [37]. This 

fact forced us to look closely at the intermolecular contacts in the monomer radicals 𝑅𝑀⦁, which in 

the case of vinyl monomers are represented by the connecting intermolecular sp3𝐶 − 𝐶 bond and 

the adjacent intramolecular sp2𝐶 = 𝐶 bond of the vinyl units of the monomers. As it turned out, the 

lengths of these bonds are closely interrelated. In Figure 3, the red line depicts the dissociation of the 

sp3𝐶 − 𝐶  bond, which begins at the point (𝑥, 𝑦)  (1.535;1.471), indicating that the intermolecular 

contact in the radical monomer is a combination of a standard-length sp3 𝐶 − 𝐶  bond and an 

elongated sp2𝐶 = 𝐶 bond of the vinyl group. Due to the elongation the latter is radicalized [107], 

thereby providing unpaired electrons with a total number of 𝑁𝐷  = 1.925 e, which leads to the 

formation of the target atom C3 with 𝑁𝐷𝐴 = 0.67 e. The value of 𝑁𝐷 is consistent with the general 

law that governs the gradual radicalization of sp2𝐶 = 𝐶  bonds shown in the inset of the figure. 

Similar to sp3𝐶 − 𝐶 bonds, the onset of sp2𝐶 = 𝐶 bond radicalization corresponds to 𝑅𝑐𝑟𝑖𝑡
𝐶=𝐶≅1.395 

Å for ethylene, the value of which also disperses, responding to the change in the bond environment. 

For vinyl monomers, the dispersion value is estimated to be ~0.02 Å. The dispersion zones for the 

𝑅𝑐𝑟𝑖𝑡 values for both bonds are represented by vertical and horizontal light gray stripes, 

corresponding to the sp3𝐶 − 𝐶 and sp2𝐶 = 𝐶 bonds, respectively. 

The dissociation of 𝑅𝑀1⦁ is completed at the point (4.203;1.342) (not shown), passing through 

the transition state at the point 𝑅𝑇𝑆 (2.129;1.387). As can be seen from the figure, 𝑅𝑇𝑆 is located in 

the region where the lengths of both bonds are close to their 𝑅𝑐𝑟𝑖𝑡 . Judging by the 𝑁𝐷𝐴 values at 

this point and referring to the inset, it can be concluded that the transition state corresponds to the 

onset of radicalization of both bonds. In this case, the sp2𝐶 = 𝐶 bond is only at the very beginning 

of its long path to cleavage, whereas the onset of radicalization of the sp3𝐶 − 𝐶 bond signifies the 

beginning of its cleavage. Therefore, the energy peak designated as 𝐸𝑇𝑆  indicates the reaction 

coordinate corresponding to the onset of cleavage of the sp3𝐶 − 𝐶 bond during dissociation of the 

monomer radical. The sharp threshold transition, visible in the energy graphs around 𝑅𝑇𝑆 , is 

provided by the spin density of the object and marks either the exit of the spin density from zero 

values (dissociation) or the zeroing of the spin density upon the formation of a standard single bond 

(association). It has been suggested that it is precisely the spin-driven nature of the transition state 

that makes it so universally significant for any chemical reaction [106]. Clearly, the transition state 

described above, based on a single sp3𝐶 − 𝐶 bond, is also the simplest, which becomes significantly 

more complex in the case of reaction coordinates represented by double or triple bonds. 
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Figure 3. Relationship between sp2𝐶 = 𝐶  and sp3𝐶 − 𝐶  bonds forming an intermolecular contact in the 

radical monomer 𝑅𝑀1⦁ (styrene). The inset shows the dissociation of the sp2𝐶 = 𝐶 bond of ethylene and the 

sp3𝐶 − 𝐶 bond of ethane. The pictorial inserts represent the equilibrium structures of the radical monomer in 

the ground and transition states. On the right is a detailed structure of the intermolecular contact in 𝑅𝑀1⦁. The 

hydrogen, carbon, and nitrogen atoms are marked in yellow, dark gray, and green, respectively. The target atom 

for the next reaction step is marked in red. UHF AM1 calculations. 

The above statement that the coordinate of the transition state 𝑅𝑇𝑆  is determined by the 

𝑅𝑐𝑟𝑖𝑡  bond providing the intermolecular contact in the reaction product 𝑋  was confirmed in the 

calculations of numerous barrier profiles performed during the experiment [37–42]. Figure 4 

summarizes the revealed trends [37,40]. The 𝑅𝑀2
∗ and 𝑆𝑅𝑀 profiles describe the dissociation of 

the methyl methacrylate dimer radical and the capture of its monomer radical by the stable 𝑇𝐸𝑀𝑃𝑂 

radical, respectively. The connecting bonds of the intermolecular contacts in this case are sp3𝐶 − 𝐶 

and sp3𝐶 − 𝑂 bonds. The lower panel of the figure shows the dissociation curves of these bonds in 

ethane and ethylene glycol, respectively. It is clearly evident from the figure that the change in the 

position of 𝑅𝑇𝑆 in the profiles under consideration follows the trend in the position of 𝑅𝑐𝑟𝑖𝑡 of the 

corresponding bonds. While the position of 𝑅𝑇𝑆, corresponding to the sp3𝐶 − 𝐶 bond in the 𝑅𝑀2
∗ 

profile, remains virtually unchanged when the monomer is changed, it changes dramatically when 

the monomer is replaced by fullerene C60 in the 𝐹𝑅 profile, thereby demonstrating the influence of 

the topochemistry of monomer F on its reaction with the initiating free radical. 
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Figure 4. (a) Barrier profiles of virtual dissociation of the products 𝑆𝑅𝑀 (1), dimer-radical 𝑅𝑀2
∗ (2) and 𝐹𝑅 

(3) (see text); (b) 𝑁𝐷(𝑅) plots describing the elongation of the sp3𝐶 − 𝐶 bond of ethane and the sp3𝐶 − 𝑂 

bond of ethylene glycol. UHF AM1 calculations. 

3.7. Digital Polymerization Passports 

The results of the virtual experiment discussed [37–42] were presented in a matrix-table format. 

This format allowed for the generation of a universal “digital polymerization passport” (DPP) for the 

studied VRS. The availability, high efficiency, and relative simplicity of the applied QC 

computational method allow for the generation of such a passport for any VRS related to the FRP 

and/or FRCP of vinyl monomers. The passports themselves, on the one hand, are strictly specific to 

each of the VRS ingredients. On the other hand, they represent an informative source of knowledge 

about the process under study. The first such document were issued for the FRP of methyl 

methacrylate and its FRCP with C60 fullerene and the stable radical 𝑇𝐸𝑀𝑃𝑂 [40]. Similar studies 

followed for styrene [41] and 𝑁𝐼𝑃𝐴 [42]. The DPPs presented in these experiments consist of two 

pages. The first page contains text information regarding the VRS under consideration, including the 

nomination of elementary reactions and the corresponding DTs, supplemented by the 

thermodynamic and kinetic descriptors 𝐸𝑐𝑝𝑙   and 𝐸𝑎 = 𝐸𝑎𝑎 , respectively. The second page 

displays images of the equilibrium structures of the DTs under consideration. This form of the DPP 

proved to be quite convenient for testing digitalized predictions using available empirical data. The 

main results of the virtual experiment under discussion are presented below in this same form. 

4. Virtual Free-Radical Polymerization of Vinyl Monomers 

Of the large set of virtual free-radical polymerizations considered during the experiment, only 

those containing styrene (𝑀1 ), methyl methacrylate (𝑀2 ), and 𝑁𝐼𝑃𝐴  (𝑀3 ) as vinyl monomers 

were selected to present the main results. The choice of monomers was based on the number of vinyls 
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or sp2𝐶 = 𝐶 bonds in the monomer. For example, monomer 𝑀1 contains 7 sp2𝐶 = 𝐶 bonds, while 

monomers 𝑀2 and 𝑀3 contain only one such bond, represented by a vinyl group. It was shown 

that the spin density and energy characteristics of these two monomer types differ significantly. These 

differences were so big that they allowed us to present a fairly complete picture of the process under 

consideration. We begin our presentation of the obtained results with the simplest virtual free-radical 

polymerizations, containing only the above-mentioned monomers and the 𝐴𝐼𝐵𝑁  initiator. The 

description below concerns the initiation of virtual free-radical polymerization, polymer chain 

growth, and, to some extent, chain termination. The first two processes are described by the 

elementary reactions 𝑅𝑀⦁ (1) and 𝑅(𝑀)𝑛
⦁  of Table 1. The chain termination is illustrated by the 

final products of the reactions 𝑅𝑀⦁ + 𝑅⦁ , 𝑅𝑀⦁ + 𝑅𝑀⦁ and 𝑅(𝑀)𝑛
⦁  + 𝑅𝑀⦁. 

4.1. Initiation of Free-Radical Polymerization and Chain Propagation 

A detailed description of the virtual reactions involving the three aforementioned monomers 

within the elementary reactions 𝑅𝑀⦁  (1) and 𝑅(𝑀)𝑛
⦁   (2) and the resulting VPPs for the 

corresponding VRSs are contained in [37,40–42]. The bulk of the QC calculations concerned linear 

chains of oligomer radicals with the number of chain links 𝑛 and the total length of the ‘clothesline’ 

connecting the monomers in them, 𝐿. In the experiment [37–42], the number of links reached 8, and 

the corresponding length 𝐿  was ~30 Å. This was made possible by the high efficiency of the 

semiempirical UHF approximation, which underlies the virtual device used. 

Analysis of the obtained results revealed the following patterns. 

Oligomeric radicals 𝑅(𝑀)𝑛
⦁  , starting with the monomer radical, are formed by successive 

addition of monomer units. The first RM⦁ unit is formed at the initiation stage of polymerization, 

while all others arise during the gradual propagation of the latter. All studied vinyl monomers form 

stable oligomer radicals characterized by significant 𝐸𝑐𝑝𝑙 . The spin density and energy parameters 

clearly differentiate the monomers by the number of sp2𝐶 = 𝐶 bonds involved, thereby dividing the 

latter into single-group and multi-group ones. 

The structural composition of all 𝑛-oligomer radicals follows the same formation algorithm and 

is built around a basic ‘clothesline’ consisting of 𝑛 intermolecular bonds, each of which is formed by 

the subsequent addition of a monomer through an sp3𝐶 − 𝐶 bond, which, in turn, causes elongation 

of its remaining sp2 𝐶 = 𝐶  bond with the radical attacking target. The successive sp2→sp3 

transformation of covalent bonds in the area of intermolecular junction, accompanied by the 

elongation of the clothesline, in combination with the resistance to the emerging steric hindrances, 

leads to a bizarre, non-linear contour of the rope. 

The transition state, characterized by 𝐸𝑇𝑆 , is the central point that allows for the direct 

determination of 𝐸𝑎. The obtained data presented with kinetic descriptors are summarized in Table 

2, which concern fragments of the studied VRSs. The corresponding passport photographs related to 

these solutions are presented in Figure 5. 𝐸𝑇𝑆 were determined by constructing barrier profiles for 

two oligomer radicals, marked in bold in Table 2. The remaining values were obtained using the EPS 

relation (2). 

The obtained profiles clearly distinguish between single-group and multi-group monomers, 

indicating different kinetics of the latter. Against this background of difference, the transition state 

reveals a certain common feature associated with the identical position of the 𝑅𝑇𝑆 profile maximum 

on the reaction coordinate axis, which is an intermolecular sp3𝐶 − 𝐶  bond of the intermolecular 

junction, coinciding with 𝑅𝑐𝑟𝑖𝑡
𝐶−𝐶≅2.1 Å in all the cases. Simultaneously with the critical behavior of 

this sp3 bond, the length of the adjacent intramolecular sp2𝐶 = 𝐶 bond of the vinyl group takes on a 

value of 1.387 Å, which coincides with 𝑅𝑐𝑟𝑖𝑡
𝐶=𝐶 , which marks the onset of radicalization of sp2 bonds 

upon elongation. The framing of the energy parameter 𝐸𝑇𝑆 by two critical values, related to covalent 

sp3 and sp2 bonds, simultaneously indicates the spin-determining nature of the transition state of vinyl 

radical oligomers. 
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Table 2. Elementary reactions and digital twins of their final products, supplemented with virtual kinetic 

descriptors related to the initial stage of the FRP of vinyl monomers, kcal/mol 1). 

 𝑀 𝑅𝑀• 𝑅𝑀𝑛
·•∙  

Set of digital twins 

𝑅⦁ 𝑅𝑀⦁ 𝑅𝑀𝑅 𝑅𝑀𝑛𝑅 

𝑅𝑀• 𝑅(𝑀)𝑛
⦁  (𝑅𝑀)2 𝑅𝑀𝑛𝑅𝑀 

Virtual reaction solution for styrene (𝑀1) 

𝑅⦁ 8.50 (1) 2) 𝑅𝑀𝑅  

𝑅𝑀• 
12.06 (2) 2) 

6.12 - 16.49 (2-6) 2,3) 
(𝑅𝑀)2 𝑅𝑀6𝑅𝑀 

Virtual reaction solution for methyl methacrylate (𝑀2)   

𝑅⦁ 12.28 (1) 2)   

𝑅𝑀• 10.46 (2) 2)  𝑅𝑀8𝑅𝑀 

Virtual reaction solution for 𝑁𝐼𝑃𝐴 (𝑀3) 

𝑅⦁ 19.09 (1) 2)   

𝑅𝑀• 

8.39 (2) 2) 

7.74 (3) 2,3) 

8.49 (4) 2,3) 

  

1) The digital data obtained in the study of barrier profiles [40–42] and a set of digital twins of the products that 

stop polymer chain growth are shown in bold. 2) The numbers in parentheses indicate the number of monomers 

in the oligomeric chain. 3) The data were obtained using the Evans-Polanyi-Semyonov relationship (see [37]). 

4.2. Chain Break and Polymerization Termination 

The trends discussed are related to the initiation and propagation stages of the polymer chain 

elongation process, while identifying similar trends for polymer chain braik events also requires the 

development of a specific algorithm. For the considered vinyl monomer chain termination processes 

without additional additives, this algorithm involves considering the simplest reactions: 𝑅𝑀⦁ + 𝑅⦁ , 
𝑅(𝑀)𝑛

⦁   + 𝑅⦁  , 𝑅𝑀⦁ + 𝑅𝑀⦁  and 𝑅(𝑀)𝑛
⦁   + 𝑅𝑀⦁  as well DTs 𝑅𝑀𝑅 , 𝑅𝑀𝑛𝑅 , 𝑅𝑀𝑅𝑀  and 

𝑅𝑀𝑛𝑅𝑀  (see Table 2). Figure 6 shows several examples of DTs of this type. Formed by the 

combination of radicals, the new intermolecular complexes are neutral molecules with a closed-shell 

electron system, completely devoid of any radical properties, thus indicating that each of the listed 

elementary reactions actually halts both polymerization itself and polymer chain growth. The 

intermolecular complexes shown in the figure represent only a small fraction of the potential 

products in VRSs. The species are characterized by a significant spread of 𝐸𝑐𝑝𝑙  values, from -45 to -

4 kcal/mol, and, correspondingly, 𝐸𝑎 values, ranging from 23 to 2 kcal/mol. A significant portion of 

the dispersion in these energies should be attributed to steric effects. However, there is no doubt that 

the path to victory in these complex processes is not straightforward, and therefore the development 

of a specialized algorithm to predict this path is required. 
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Figure 5. Equilibrium structures of digital twins of the FRP participants: styrene (a), methyl methacrylate (b), 

and 𝑁𝐼𝑃𝐴 (c). The names of the digital twins follow Table 1. Small yellow and gray balls represent hydrogen 

and carbon atoms, respectively. Large green and blue balls represent nitrogen and oxygen atoms. Red balls 

represent target carbon atoms. UHF AM1 calculations. 

The above presents the results of the first part of the virtual experiment [37–42], related to the 

FRP of vinyl monomers as such. Like its real-world counterpart, the virtual experiment proved to be 

very informative, providing researchers with a new set of concepts and characteristics that allow to 

develop a comprehensive understanding of the processes governing polarization. In assessing the 

reliability of the virtual results, it is necessary to turn to the experimental data. The latter, concerning 

the three studied VRSs, indicate that the FRP of the vinyl monomers under consideration occurs 

reliably over a wide range of changes in the concentrations of the participating ingredients, solvents, 

and temperature conditions. This is fully consistent with the obtained set of thermodynamic virtual 

descriptors 𝐸𝑐𝑝𝑙  , indicating the energetic stability of all the resulting monomer and oligomer 

radicals. The kinetic descriptors in Table 2 indicate that the time characteristics of polymerization 

initialization in the VRSs under consideration are largely similar, so that differences could be 

expected only in small details. However, this difference in the actual kinetics of the process in 

different VRSs has so far remained undetected. For their part, the data presented in the table acquire 
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the status of reference data that confirm the polymerization of vinyl monomers. Based on these data, 

one can observe changes in the polymerization kinetics caused by the introduction of additives into 

the VRSs under consideration. 

 

Figure 6. Equilibrium structures of digital twins of intermolecular complexes that ensure termination of polymer 

chain growth. Complexes 𝑅𝑀⦁ + 𝑅⦁  (a) and 𝑅(𝑀)𝑛
⦁   + 𝑅𝑀⦁  (b) for multi-group (left) and single-group 

(right) monomers, respectively. Small yellow and gray balls represent hydrogen and carbon atoms. Large green 

and red balls depict nitrogen and oxygen atoms. UHF AM1 calculations. . 

5. Virtual Free-Radical Copolymerization of Vinyl Monomers with Stable 

Radicals 

5.1. Brief Review of Empirical Observations 

Naturally, both real RSs and VRSs with their associated free-radical polymerization are not 

indifferent to the addition of stable radicals. Two of the latter are the most popular among practicing 

researchers: monotarget 𝑇𝐸𝑀𝑃𝑂 and polytarget C60 fullerene [69–87]. In the first case, the entire 

radical power is concentrated on a single oxygen atom of the molecule, while in the second, the 

radical activity is distributed across all carbon atoms. As expected, these stable radicals participate 

differently in the FRP of vinyl monomers, so the associated free-radical copolymerization (FRCP) of 

these monomers proceeds in varied ways. Within the framework of the chain reaction concept, this 

difference is determined by the diversity of elementary reactions involved in the process. As can be 

seen from Table 1, the participation of 𝑇𝐸𝑀𝑃𝑂  stimulates reactions (3), (8), and (11), while the 

presence of fullerene C60 causes reactions (4)-(7), (9), and (12). Experimental observations fully justify 

these expectations and provide rich material for detailed study. This is best demonstrated in studies 

of the kinetics of the initial stage of the FRCP of vinyl monomers in the presence of these two radicals, 

presented in the form of several graphs in Figure 7. 
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Figure 7. Empirical kinetics of the initial stages of the FRCP of vinyl monomers with 𝑇𝐸𝑀𝑃𝑂  and C60 

fullerene. 𝐴𝐼𝐵𝑁⦁ -initiated transformation of methyl methacrylate (a), styrene (b) and 𝑁𝐼𝑃𝐴  (c) in the 

presence of different [C60]: 0 (columns 1); 1.0 × 10–3 (graphs 2); 2.0 × 10–3 mol/L (graphs 3); 6.7 × 10–3 mol/L (graphs 

4). The same for methyl methacrylate (d) and styrene (e), but with [𝑇𝐸𝑀𝑃𝑂 (C60)] 0 (graph 1); [𝑇𝐸𝑀𝑃𝑂] 1.0 

× 10–3 mol/L and [C60] 0 (graph 1’); [𝑇𝐸𝑀𝑃𝑂] 0 and [C60] 1.0 × 10–3 mol/L (graph 2); [𝑇𝐸𝑀𝑃𝑂 (C60)] 1.0 × 10–3 

mol/L (graph 2’). (f) Styrene transformation initiated by 𝐴𝐼𝐵𝑁⦁- (graphs 1’ and 3) and 𝐵𝑃⦁- (graphs 1 and 2) 

in the absence (1’ and 1) and in the presence (3 and 2) of fullerene [C60]=2.0× 10–3 mol/L. T=600C; solvent o-DCB; 

[𝑀𝑀𝐴(𝑆𝑡)] = 2.0 mol/L; [𝑁𝐼𝑃𝐴]= 0.73 mol/L; [𝐴𝐼𝐵𝑁 (𝐵𝑃)]=2.0x10-2 mol/L. Digitized data from [86,87]. 

The figure accumulates empirical data presented as time-dependent total conversion 𝑥(𝑡) of 

the monomer, which reflects well the kinetics of the initial stage of the FRP of vinyl monomers and 

their FRCP with fullerene C60 and 𝑇𝐸𝑀𝑃𝑂  upon initiation by free radicals 𝐴𝐼𝐵𝑁⦁  and 𝐵𝑃⦁ 

[86,87]. The panorama represents a set of experiments carried out under the same conditions with 

respect to temperature, solvent, monomer content, and chemical content of free and stable radicals. 

Graphs 1 in all panels represent the reference FRP graphs of the corresponding monomer. Figures 

7a–7c demonstrate the effect of small additions of C60 on the reference FRP of methyl methacrylate 

(𝑀𝑀𝐴), styrene, and 𝑁𝐼𝑃𝐴. As can be seen, the effect varies for different monomers, ranging from 

a simple decrease in the slope of reference graph 1 for MMA to a delay in the onset of the FRP of 

styrene and NIPA due to the appearance of low-intensity fractions in their graphs. Until recently, 

these fractions, also observed in other cases, were designated uniformly, referring to them as 

induction periods. Figures 7d and 7e show the effect of the combined action of C60 and 𝑇𝐸𝑀𝑃𝑂 on 

the FRP of MMA and styrene. As can be seen from the figures, the presence of 𝑇𝐸𝑀𝑃𝑂 manifests 

itself identically in both cases, providing for the appearance of fairly long induction periods. The 

effect of additional C60 is completely analogous to that observed in the absence of 𝑇𝐸𝑀𝑃𝑂 (Figures 

7d and 7e), but is delayed relative to the onset of the FRP of the corresponding monomer on the 

duration of the induction period provided by the presence of 𝑇𝐸𝑀𝑃𝑂 . Analysis of the data 

presented in Figures 7a, 7b, 7d, and 7e reveals that stable 𝑇𝐸𝑀𝑃𝑂  and C60 radicals act on the 

polarizable medium in a superpositional manner. Figure 7e demonstrates that the mode of action of 

C60 on the monomer’s FRP depends not only on the monomer but also on the type of initiating free 

radical participating in the reaction. Thus, when 𝐴𝐼𝐵𝑁⦁ is replaced by 𝐵𝑃⦁, the FRP of styrene in 

the presence of C60 is accompanied by a significant rearrangement of the low-intensity portion of the 
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full 𝑥(𝑡) graph, which precisely indicates a change in the process kinetics. The effects discussed are 

clearly expressed and intense enough to stimulate a persistent desire to understand their intricacies 

from the perspective of the spin theory of radicals in general and fullerenes in particular. 

5.2. A Brief Excursion Into the Spin Theory of Fullerenes 

5.2.1. the Origins of the Radicality of Fullerene C60 

The digital twin of buckminsterfullerene C60 with continuous symmetry 𝐶𝑖  (99.9% 𝐼ℎ) [109] is 

a closed framework structure of sp2𝐶 = 𝐶 covalent bonds, each of which is dynamically unstable. 

Being a conventional covalent bond connecting two atoms until its length exceeds the critical value 

𝑅𝑐𝑟𝑖𝑡
𝐶=𝐶  = 1.395 Å (see Figure 8a) [108], above this value the bond transforms into a covalent bond 

between gradually radicalizing atoms. The bond elongation is accompanied by a violation of spin 

symmetry, since the α and β spins are in different electron orbitals [110–114]. This feature generates 

a non-zero spin density matrix, the real and imaginary parts of which represent the spin density and 

spin current density responsible for spin emergents [97], among which the total, 𝑁𝐷, and partial, 

with respect to each atom, 𝑁𝐷𝐴, numbers of effectively unpaired electrons occupy a special place 

[98]. Both quantities represent quantitative measures of atomic radicalization, thereby determining 

the molecular chemical susceptibility (MCS) of the molecule as a whole and the atomic chemical 

susceptibility (ACS) of individual atoms, respectively. Both quantities are amenable to computational 

and experimental verification, which has been performed repeatedly [115]. 

Figure 8 summarizes the above and shows that when atomic radicalization is taken into account, 

the long and short bonds of the molecule are significantly dispersed (panel b) and the bond length 

compositions of both groups change noticeably (panel c). The presence of a limited number of bond 

length groups is closely related to the specific distribution of spin density over the atoms of the 

molecule, the value of which in terms of 𝑁𝐷𝐴  is shown in Figure 8d, and its multicolor image is 

presented in the inset. As can be seen from this figure, the C60 DT is regioselective towards 

intermolecular interactions when exposed to the field of chemical attacks. The interaction is stronger, 

the higher the 𝑁𝐷𝐴  of the atom being attacked, as a result of which the ACS plotting is not only a 

spin portrait of the fullerene, but also the best descriptor underlying the algorithm of its virtual 

derivatization [107]. Figure 8 also demonstrates a profound conceptual difference between the C60 

fullerene DT from the point of view of the spin-symmetric both RHF and DFT approaches, in contrast 

to the spin-asymmetric UHF. 
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Figure 8. Dynamic instability of sp2𝐶 = 𝐶 bonds in fullerene C60. A. Dissociation of covalent bonds of ethane, 

ethylene, and propyne (a); dispersion (b) and length distribution (c) of short and long bonds of fullerene C60; 

atomic chemical susceptibility of fullerene C60 (d). Numbers in the inset and histogram mark the same atoms. 

5.2.2. Spin Density Algorithm for A Virtual Addition Reaction 

The first application of spin theory to one of the fundamental events in molecular chemistry—

molecule derivatization—reveals the following unique feature of C60, concerning the inevitable 

sp2→sp3 transformation of the attacked atoms of the molecule. This transformation affects not only all 

covalent bonds of the atom in question but also those of other atoms in its immediate vicinity. 

Resisting the imposed structural deformation and minimizing its impact, which could lead to the 

opening of the closed structure of the molecule, the entire covalent bond network is set in motion, 

relaxing all its atoms into a new equilibrium position. Figure 9 shows one example of such an event. 

The two-dimensional graph shown in the figure does not fully reflect the structural change in the 

valence bonds of the molecule, but concerns only their structural-passport part. The C60 atom at 

number 33 is attacked by a free radical, 𝐴𝐼𝐵𝑁⦁, which is the most frequently expected event in the 

FRP of vinyl monomers upon the addition of C60 to VRS (see [87] and references therein). The attack 

leads to the formation of monofullerenyl 𝐹𝑅, shown in the figure. As a result, the number of valence 

bonds of atom 33 increases to 4, and their type changes from sp2 to sp3, which increases the length of 

all bonds. However, only the last bond, clearly shown in the figure, connects the fullerene to the 

radical. As for other three bonds, they remain in the system of sp2 bonds of other atoms, thus 

becoming bonds of mixed type. This peculiarity manifests itself in the fact that at the terminal atoms 

of the bonds (atoms 24, 32, and 34), the spin density does not disappear, as at atom 33, but takes on 

different values, which is expressed in 𝑁𝐷𝐴  values of 0.20, 0.36, and 0.55 e in fullerenyl instead of 

0.20, 0.27, and 0.27 e in the original fullerene. Each atom of the trio under consideration is the terminal 

of two more bonds, each different, so the 𝑁𝐷𝐴  values represent the cumulative effect of a complex 

structural-spin rearrangement of the molecule caused by the addition of one addend through one 

sp3𝐶 − 𝐶 bond. Thus, each act of derivatization of the molecule is accompanied by a strong collective 

perturbation, which explains the exceptional lability of the structural, electronic, and spin systems of 

the molecule, which is a unique characteristic of fullerene C60. 
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Figure 9. Distribution of covalent sp2𝐶 = 𝐶 bond lengths in fullerene C60 (histogram). The same (dark gray 

curve with dots) and ACS plotting (red curve) in fullerenyl 𝐹𝑅, shown in the inset. Red asterisks mark the atoms 

visualized by lilac markings in the image. The structural and passport set of bonds for C60 and 𝐹𝑅 is the same. 

Calculations by UHF AM1. 

The purple spheres of varying sizes in the 𝐹𝑅 image mark the first five atoms at the top of the 

ACS Z→A list of 𝑁𝐷𝐴  values from 0.55 to 0.29 e. These atoms form a set of targets for subsequent 

attacks, located at distances of one, two, three, and four bonds from atom A. Which of these atoms 

participates in the next derivatization step depends on the addend structure due to the mandatory 

requirement to avoid steric hindrance when binding to the fullerene core. Each addend is an 

individual case, thereby completing the algorithmic selection of the top of the ACS list with a distance 

of a number of bonds from the previous binding site. Thus, in the case of the second binding of the 

𝐴𝐼𝐵𝑁⦁ radical to the fullerenyl 𝐹𝑅, this act occurs at the fifth target atom, located at a distance of 

four bonds from atom A. The remaining four atoms in this case are “chemically dormant.” The third 

location of 𝐴𝐼𝐵𝑁⦁ on the C60 core will occur on an atom from the top ACS list of the fullerenyl 

𝐹𝑅2 at a distance of four bonds from the second anchor, and further derivatization will proceed 

similarly. Apparently, the maximum number of 𝐴𝐼𝐵𝑁⦁radicals bound to the C60 core is 12. Such spin 

density algorithm was used in the virtual experiment [37–42] in all cases to determine the position of 

the target atom of the reaction under consideration. 

5.3. Chain Reaction of Polymerization in View of Spin Theory 

Let us consider the set of experimental data presented in Figure 7 in terms of the elementary 

reactions and their final products, presented in Table 1. According to the table. reactions (1) and (2), 

which combine a free radical with a monomer to form the monomer-radical 𝑅𝑀⦁and the oligomer-

radical 𝑅𝑀𝑛
⦁ , control the FRCP of the monomers (graphs 1 in Figures 7a-7d). Reaction (3) culminates 

in the formation of a neutral product 𝑆𝑀, whose detection in the final product is unlikely due to the 

low concentration of the 𝑇𝐸𝑀𝑃𝑂 radical. While the formation of a single product 𝑆𝑀 is possible 

in the case of 𝑇𝐸𝑀𝑃𝑂, two similar products are possible in the case of fullerene C60, described by a 

doublet of reactions (4) and (5). This doublet reflects one of the unique features of fullerene, 

concerning the configuration of intermolecular junctions between it and the vinyl monomer. This 

junction is formed by two sp2𝐶 = 𝐶 bonds, one of which belongs to the fullerene, and the other is the 

vinyl group of the monomer. Accordingly, the compound can be either two-bond or one-bond 

coupled. While the first configuration leads to the formation of a [2x2] cycloadduct, a stable radical 

𝐹𝑀, similar to the initial C60, the second leads to the formation of a fullerene-initiated monomer 

radical 𝐹𝑀⦁, similar to 𝑅𝑀⦁ and capable of further polymerizing vinyl. The equilibrium structures 

of these two DTs, related to methyl methacrylate, in Figure 10 are supplemented with ACS plottings 
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revealing the radical properties of the fullerenyls under discussion, represented by the number of 

effectively unpaired electrons 𝑁𝐷𝐴. The picture is common to all representatives of vinyls. The ACS 

of both DTs are plotted against a background representing the ACS distribution of the parent C60 

fullerene. As can be seen from the figure, both fullerenyls retain the polytarget type of radicalization. 

The appearance of new targets with increased radicality in the fullerene core (see the most prominent 

atoms 35, 22, and 11 in Figure 10a and additional atoms 37 and 35 in Figure 10b) is an expected 

consequence of the reconstruction of the sp2𝐶 = 𝐶  bond system of the fullerene caused by the 

formation of fullerenyls, discussed earlier in Section 5.2.2. The purple balls mark the carbon atoms 

with the three highest 𝑁𝐷𝐴  values. The bright scarlet balls mark the target atoms of the adduct, 

located at a distance of three bonds from the atoms of the first anchoring. The appearance of a new 

fullerenyl target 𝐹𝑀⦁, atom 62, linked to the vinyl bond of the monomer (see Figure 10b), with a 

predominant value of 𝑁𝐷𝐴 = 0.97e, demonstrates the undoubted readiness of the latter to continue 

association with other monomer molecules, similar to that observed in the case of standard FRP [38]. 

Accordingly, reaction (2) describes the growth of the polymer chain 𝑅𝑀𝑛
⦁  initiated by a free radical, 

and the reaction 𝐹𝑀𝑛
⦁   (5) describes the polymerization of the monomer initially grafted to the 

fullerene. Although the existence of reaction (5) was previously suggested in a number of cases, no 

confident conclusion about its existence was made, and this reaction, like reaction (3), was classified 

as unlikely. The first evidence of fullerene-initiated styrene polymerization was obtained precisely 

during the virtual experiment under discussion [41]. 

In contrast to the unreactive monomer, the capture of its monomer radical 𝑅𝑀⦁, described by 

reactions FRM (7) and 𝑆𝑅𝑀 (8), is traditionally expected in both cases with a high probability. These 

reactions should be highlighted since they have the potential to completely stop and/or delay 

monomer polymerization, causing an induction period in the 𝑥(𝑡) graph. Reactions 𝐹𝑅 (9) and 𝑆𝑅 

(10), describing the capture of the free radical 𝑅⦁ by stable ones, also affect monomer polymerization 

by decreasing the number of initiating free radicals and thereby lowering the slope of the 𝑥(𝑡) 

graphs. Reaction 𝑅𝐹𝑀 (12) and 𝑆𝐹𝑀 (13) are similar to reactions (9) and (10), but related to the 

monomer radical 𝐹𝑀⦁. The listed reactions are in qualitative agreement with all the characteristic 

changes presented by the experimental data. A quantitative description of their kinetics constituted 

the main objective of the virtual experiment [37–42]. 
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Figure 10. Equilibrium structures and ACS plottings in digital twins of methyl methacrylate fullerenyls 𝐹𝑀 (a) 

and 𝐹𝑀⦁  (b) (black histograms). The ACS histogram of fullerene C60 is shown in pink. The carbon atom 

numbering of the fullerene and its fullerenyls is identical. Calculations by UHF AM1. 

Table 3 summarizes identical fragments of the text pages of the VPPs related to various VRSs. 

The content of elementary reactions is limited to the FRP of the monomers, as well as their FRCP with 

fullerene C60. Figure 11 presents fragments of the image pages of these data sheets related to the 

elementary reactions occurring in the considered VRSs. A more complete content of the issued VRSs 

can be found in [38]. In the composition of both the table and the figure, the data follow the order 

suggested by the presentation of the empirical data in Figure 7. 

The collection of DTs shown in Figure 11 is composed as follows. The first row presents 

monomers 𝑀  and monomer radicals 𝑅𝑀⦁ , grouped as pairs for methyl methacrylate (𝑀𝑀𝐴 ), 

styrene (𝑆𝑡), and N-isopropylacrylamide (𝑁𝐼𝑃𝐴). The three columns thus formed include pairs of 

monofullerenyls 𝐹𝑀  and 𝐹𝑀⦁  (second row) and single monoaggregates 𝐹𝑅𝑀  (third row). All 

DTs are associated with elementary reactions where the alkyl nitrile 𝐴𝐼𝐵𝑁⦁ acts as a free radical 

𝑅𝐴⦁. The fourth row includes three DTs associated with the reactions 𝑅𝑀⦁, 𝐹𝑅𝑀 and 𝐹𝑅, which 

are related to the FRCP of styrene with fullerene C60 in the case where the role of the initiating free 

radical 𝑅𝑃⦁ is given to benzoyl peroxide 𝐵𝑃⦁. The full list of DTs considered during the project can 

be found in [38]. 

Table 3. Elementary reactions and digital twins of their final products, supplemented with virtual kinetic 

descriptors related to the FRCP of vinyl monomers with fullerene C60, kcal/mol 1). 

 𝑀  𝑅𝐴𝑀•   𝐴𝐼𝐵𝑁⦁ (𝑅𝐴⦁) 
𝐶60  

(𝐹) 

Set of digital twins 

𝑀 𝑀𝑛  𝑅𝐴𝑀𝑛
·•∙ 𝑅𝐴𝑀• 2-bond 1-bond 
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𝐹𝑀 𝐹𝑀⦁ 

𝑅𝐴𝑀• - - - 𝐹𝑅𝐴𝑀  

𝑅𝐴⦁ - - - 𝐹𝑅𝐴 

𝐹𝑀⦁ 𝐹𝑀𝑛
·•∙ -  - 

Virtual reaction solution for methyl methacrylate  

𝑀  10.46 (2) 2) 12.28 (1) 2) > 20 (2) 3) 𝐸𝑎𝑑 ≪ 𝐸𝑎𝑐 

𝑅𝐴𝑀•  - - 11.58 

𝑅𝐴⦁  - - 9.40 

Virtual reaction solution for styrene  

𝑀  
12.06 (2) 2) 

6.12 - 16.49 (2-6) 2,4) 
8.50 (1) 2) 24.52 (2) 3) 8.38 (1) 

𝑅𝐴𝑀• - - - 9.73 

𝑅𝑃𝑀•    7.02 5) 

𝑅𝐴⦁ - - - 9.41 

𝑅𝑃⦁ - 8.78 (2)2,5 2.79 (1) 2,5) 28.82 5) 

𝐹𝑀⦁ 11.25 (2) 2) -  - 

Virtual reaction solution for 𝑁𝐼𝑃𝐴  

𝑀  

8.39 (2) 2) 

7.74 (3) 2,4) 

8.49 (4) 2,4) 

19.09 (1) 2) 
17.29 (1) 3) 

27.79 (2) 
20.01 

𝑅𝐴𝑀•  - - 0.023 

𝑅𝐴⦁  - - 9.398 

1) Data obtained in the study of barrier profiles [38] are shown in bold. 2) Numbers in parentheses indicate the 

number of monomers in the oligomeric chain. 3) Numbers in parentheses indicate the dissociation of fullerenyl 

𝐹𝑀, which is achieved by the sequential cleavage of two sp3𝐶 − 𝐶 bonds one after the other or both together 

(see details in [40]). 4) Data were obtained using the Evans-Polanyi-Semyonov relationship (see [37]). 5) Data 

were obtained by replacing the free radical 𝐴𝐼𝐵𝑁⦁ with the radical 𝐵𝑃⦁. 
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Figure 11. Equilibrium structures of digital twins of the products of the FRCP of methyl methacrylate (𝑀𝑀𝐴), 

styrene (𝑆𝑡), and N-isopropyl acridamine (𝑁𝐼𝑃𝐴) with C60 fullerene. The digital twin designations follow those 

given in Table 1. Small gray and yellow spheres represent carbon and hydrogen atoms, respectively. Large green 

and blue spheres represent nitrogen and oxygen atoms. Target atoms are marked in red. UHF AM1 calculations. 

5.4. Virtual Free-Radical Copolymerization of Vinyl Monomers with C60 Fullerene 

Analysis of the data presented in Table 3 and Figure 11 allowed to conclude the following. 

1. The set of elementary reactions introduced into the FRP by C60 fullerene is common to all 

VRSs of vinyl monomers and consists primarily of four members: 𝐹𝑀, 𝐹𝑀⦁, 𝐹𝑅𝑀 (𝐹𝑅𝐴𝑀 and 

𝐹𝑅𝑃𝑀, initiated by the free radicals 𝐴𝐼𝐵𝑁⦁ or 𝐵𝑃⦁, respectively), and 𝐹𝑅 (𝐹𝑅𝐴 and 𝐹𝑅𝑃, as in 

the previous case). The considered fullerenyls 𝐹𝑀 , 𝐹𝑀⦁ , 𝐹𝑅𝑀  and 𝐹𝑅  are monoadducts 

synthesized virtually in accordance with the C60 spin theory, with the corresponding addends 

attached to the same atom of the starting fullerene in all cases. The general structure of the fullerenyls 

and the dominant role of the fullerene in them suggest a similar type of associated reactions, which 

makes it possible to use the kinetic descriptors listed in Table 3 for a comparative assessment of the 

rates of the corresponding reactions. 

2. According to the kinetic descriptors of methyl methacrylate VRSA, the reactions associated 

with fullerenes form the following series with respect to the rate constants: 

𝑘𝑅
𝐹 > 𝑘𝑟𝑚

𝐹 ≫ 𝑘1𝑚
𝐹 , 𝑘2𝑚

𝐹 .      (2) 

The reaction of free radical capture by fullerene heads this series and has every reason to be the 

first. Without affecting the totality of 𝑀𝑀𝐴 monomers, this reaction does not interfere with the FRP 

of the latter, but it does reduce the current concentration of initiating free radicals, which should 

result in a decrease in the overall monomer conversion rate during its polymerization. This very 

response of the 𝑥(𝑡) graph to the presence of fullerene in 𝑀𝑀𝐴 VRSA is observed experimentally 

(see Figure 7a). As expected, the conversion rate depends on the fullerene concentration and 

decreases with increasing concentration, which, as can be seen from the figure, is indeed the case 

experimentally. 

3. The series ordering the sequence of reactions associated with fullerene in the styrene VRSA is 

fundamentally different from that discussed above and looks as follows: 

𝑘1𝑚
𝐹 ≥ 𝑘𝑅

𝐹 > 𝑘𝑟𝑚
𝐹 ,        (3) 

giving a clear preference to the formation of the monomer radical 𝐹𝑀⦁. This reaction already 

affects the totality of the main monomer and can compete with the reaction 𝑅𝑀⦁ (1). The final result 

of the competition depends on the ratio of the rate constants 𝑘𝑖   and 𝑘1𝑚
𝐹  . The ratio of the 

corresponding kinetic descriptors given in Table 3 indicates the comparability of both rates. 

However, additional considerations presented in [38] and concerning the factors A in equation (1) 

allowed to conclude that 

 𝑘1𝑚
𝐹 ≥ 𝑘𝑖 ,          (4) 

So, polymerization in VRSA begins with the free-radical polymerization of styrene, initiated by 

fullerene and occurring on it. Until this reaction is complete, the fullerene-free styrene FRP does not 

begin. Thus, when all the fullerene content in the first stage of polymerization 𝐹𝑀𝑛
⦁  is exhausted, it 

is the turn of the standard styrene FRP 𝑅𝑀𝑛
⦁ , initiated by the free radical 𝐴𝐼𝐵𝑁⦁. Therefore, the 

graph of the total conversion 𝑥(𝑡) should consist of two sections associated with the styrene FRP 

stimulated first by fullerene and then by 𝐴𝐼𝐵𝑁⦁. Since under normal conditions the [C60] content is 

three orders of magnitude lower than [𝑆𝑡], the first initial section of the 𝑥(𝑡) graph should be very 

low in amplitude, which is observed in reality (see Figure 7b). It is clear that the duration of this stage 

increases with increasing [C60], which is fully confirmed by the data presented in the figure. It is 

noteworthy that the slope of the main linear portion of the graph is preserved, remaining the same 

as in the reference reactor without the addition of fullerene. 

As can be seen from Table 3, replacing 𝐴𝐼𝐵𝑁⦁ with 𝐵𝑃⦁ dramatically changes the situation. 

Series (3) in the case of VRSB takes the form 
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 𝑘𝑟𝑚
𝐹 > 𝑘1𝑚

𝐹 ≫ 𝑘𝑅
𝐹 ,       (5) 

and the 𝐹𝑅𝑀 reaction (7) of absorption of the monomer radical 𝑅𝑀⦁ by fullerene comes to 

the fore. Naturally, this reaction has a direct influence on the polymerization of styrene, intervening 

between the two main reactions (1) and (2). According to the table and a detailed discussion of factor 

A [38], the sequence of reactions follows the ordering 

 𝑘𝑖 > 𝑘𝑟𝑚
𝐹 > 𝑘𝑝,        (6) 

so that the resulting monomer radical 𝑅𝑀⦁ is captured by the fullerene, which prevents the 

monomer’s VRP, thereby ensuring the presence of a zero-amplitude conversion graph 𝑥(𝑡)  and 

revealing a classical induction period until the [C60] content is completely depleted. The FRP of 

styrene, starting at this point, is completely identical to the reference FRP. It is precisely this type of 

conversion graph that is presented in Figure 7f. 

4. the Fullerene-Associated Reaction Sequence in Vrsa 𝑵𝑰𝑷𝑨Forms A Series 

 𝑘𝑟𝑚
𝐹 ≫ 𝑘𝑅

𝐹 ≫ 𝑘1𝑚
𝐹 , 𝑘2𝑚

𝐹 .       (7) 

The 𝐹𝑅𝑀  reaction (7), being barrier-free, is absolutely dominant, so that each of the newly 

formed monomer radicals 𝑅𝑀⦁ is destined for immediate capture. The long induction period, which 

determines the complete depletion of [C60], becomes a distinctive feature of the 𝑥(𝑡)  conversion 

graph of VRSA 𝑁𝐼𝑃𝐴, which is observed experimentally (see Figure 7c). 

5. An important result of the virtual analysis [38] is the fact that, in contrast to the wide variety 

of responses to the presence of fullerene C60 in the VRS of vinyl monomers, the single-target stable 

radical 𝑇𝐸𝑀𝑃𝑂  behaves much more modestly. The diversity of the above-discussed VRSs is 

characterized by a single reaction, 𝑆𝑅𝑀 (8), which describes the capture of monomer radicals 𝑅𝑀⦁. 

As shown above, this reaction is characterized by a clearly defined conversion graph 𝑥(𝑡) with zero 

amplitude, attributed to the induction period. The obtained predictions are fully confirmed by the 

experiments presented in Figures 7d and 7e. Since, as was established during the virtual experiment, 

𝑇𝐸𝑀𝑃𝑂  and C60 radicals do not interact, their action in the experimental reaction solutions is 

completely superpositional, as clearly seen in these same figures. 

5.4. Virtual Star-Branched Polymers of C60 Fullerene 

The discussion presented in the previous section concerned the initial stage of chemical 

transformations occurring in the reaction solution. The impressively diverse phenomena induced by 

the presence of C60 fullerene are not limited to these, even after the words about “complete utilization 

of the [C60] content by the end of reactions (4), (6), and (8)” were mentioned. The fact is that these 

three fundamental reactions of the initial stage generally culminate in the formation of 𝑚 -

polyadducts 𝐹(𝑀𝑛
⦁ )𝑚 , 𝐹𝑅𝑚 and 𝐹(𝑅𝑀)𝑚, rather than monofullerenyls 𝐹𝑀𝑛

⦁  , 𝐹𝑅, and 𝐹𝑅𝑀. 

The radical activity of the fullerenyl polyadducts 𝐹(𝑋)𝑚 gradually decreases with increasing 𝑚. 
This does not occur immediately, but rather through a series of successive stages. Thus, in the case of 

the simplest addends, which are atomic hydrogen and fluorine, the adducts 𝐹(𝑋)𝑚   cease to be 

radicals when 𝑚 reaches 36 for hydrogen [116] and 48 for fluorine [117]. Naturally, with a complex 

addend structure, the result of derivatization is much more modest, since the number of attachment 

sites for such addends on the carbon core of the molecule is limited by the condition of preventing 

steric hindrance. 

Analysis of numerous experimental data on the VRCP of vinyl monomers with C60 fullerene 

shows that the radical activity of the initial monofullerenyls is also not quenched, as a result of which 

the latter participate in the subsequent formation of the polymer mass of the studied monomer as 

stable radicals. It is often said that fullerene is incorporated into the polymer chains of the final 

product, becoming the center of star-shaped branching. From the standpoint of the spin theory of 

fullerenes, this assumption appears to be entirely justified. Indeed, while remaining radicals, 

polyfullerenyls 𝐹(𝑋)𝑚   actively interact with other radicals present in the reaction solution, the 

majority of which during massive polymerization are represented by oligomers of the base monomer 
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𝑅𝑀𝑘
⦁ , forming complex compositions of the type 𝐹(𝑋)𝑚(𝑅𝑀𝑘

⦁ )𝑚′. The diversity of compositions is 

enormous, which obstructs a reliable prediction. Clearly, progress in this direction can only be 

expected after the development of general algorithms for the polyderivatization of fullerene C60, 

supplemented by a thorough kinetic analysis, which, in turn, requires a thorough elaboration of both 

experimental data and theoretical concepts. The main problem concerns the determination of the 

numbers 𝑚 and 𝑚′, as well as the identification of the locations of the target atoms of the fullerene 

core, which enable anchor couplings of 𝑋 and 𝑅𝑀𝑘
⦁  with the core. The difficulties encountered in 

this approach are clearly visible in Figure 12. The figure shows the formation of three simple stars, 

subjected to the ACS algorithm and based on the knowledge of the VRSs discussed in the previous 

sections, while maintaining the individuality of the FRCP processes in all cases [39]. 

The 𝑀𝑀𝐴 star C60-𝐹(𝑅𝐴)3(𝑅𝐴𝑀𝑀𝐴5)1 in Figure 12a accumulates a symbiosis of two main 

reactions occurring in this reaction solution: the capture of initiating radicals 𝐴𝐼𝐵𝑁⦁ by fullerene 

and the simultaneous implementation of the 𝑀𝑀𝐴 VRP. Following Table 1, the result of the first 

reaction is the formation of a set of fullerenyls 𝐹(𝑅𝐴)𝑛 (4), while the formation of oligomer radicals 

𝑅𝐴𝑀𝑀𝐴𝑚
⦁   (2) is a natural consequence of the 𝑀𝑀𝐴  VRP [40]. When constructing the star, the 

choice of numbers 𝑛  and 𝑚  was arbitrarily limited to 3 and 5, respectively. The design of 

fullerenyls 𝐹(𝑅𝐴)𝑛 begins with the formation of monofullerenyl 𝐹(𝑅𝐴)1, the principle of which is 

shown in Figure 9. As can be seen from the figure, the capture of the initiating free radical 𝑅𝐴 by the 

fullerene is accompanied by a reconstruction of both the sp2𝐶 = 𝐶 bond set and the spin density on 

the fullerene atoms. Pale lilac spheres of varying sizes represent the top five atoms from the Z→A 

atomic list of fullerenyl 𝐹(𝑅𝐴)1 with 𝑁𝐷𝐴values ranging from 0.55 to 0.29 e. The first four atoms 

form a set of targets quite suitable for subsequent addition, but, being one, two, and three bonds away 

from atom A, they are inaccessible to the radical 𝑅𝐴 addition due to steric hindrance, thus forming 

a four-atom set of “chemically dormant” atoms. Only the fifth, bright lilac atom, four bonds away 

from atom A, is ready to accept the addition of the second radical 𝑅𝐴. This addition complements 

the previous four-atom set of dormant atoms 𝐹(𝑅𝐴)1  in fullerenyl 𝐹(𝑅𝐴)2  with another four-

atom set of dormant atoms with 𝑁𝐷𝐴 values from 0.47 to 0.30 e, leaving only the ninth bright purple 

atom, located four bonds away from atom B, to accept the third 𝑅𝐴 radical. The set of dormant atoms 

of fullerenyl 𝐹(𝑅𝐴)3 increases to 12 with 𝑁𝐷𝐴 values from 0.55 to 0.28 e, and the 13th atom with 

𝑁𝐷𝐴= 0.27, located four bonds away from atom C, is ready to serve as a target for the next addition. 

The addendum of this subsequent addition is the oligomer-radical 𝑅𝐴𝑀𝑀𝐴5
⦁ , which has a single 

active carbon atom, the reactivity of which is ensured by the value of 𝑁𝐷𝐴 = 0.98 e. The addition of 

the first oligomer-radical 𝑅𝐴𝑀𝑀𝐴5
⦁  to the fullerenyl 𝐹(𝑅𝐴)3 provides the formation of the first 

branch of the 𝑀𝑀𝐴 star C60-𝐹(𝑅𝐴)3(𝑅𝐴𝑀𝑀𝐴5)1. The bright lilac atom of this complex fullerenyl 

indicates the site of addition of the second oligomer-radical or the formation of the second branch of 

the star. 

In the case of the 𝑁𝐼𝑃𝐴 star C60-𝐹(𝑅𝐴𝑀)1(𝑅𝐴𝑁𝐼𝑃𝐴8)1 in Figure 12b, the main reaction of 

the initial period is the capture of the 𝑅𝐴𝑀⦁ monomer radical by the fullerene and the formation of 

the fullerenyl 𝐹(𝑅𝐴𝑀)1. Similar to the previous case, this addition is accompanied by the formation 

of a tetraatomic dormant set of carbon atoms with 𝑁𝐷𝐴values from 0.55 to 0.29 e, while the fifth atom 

with 𝑁𝐷𝐴= 0.29e is the target for the next addition. The addition addend in this case is the oligomer 

radical 𝑅𝐴𝑁𝐼𝑃𝐴8
⦁ . A similar analysis of the fullerenyl 𝐹(𝑅𝐴𝑀)1(𝑅𝐴𝑁𝐼𝑃𝐴8)1 reveals the target 

atom of the 𝑁𝐼𝑃𝐴 star C60-𝐹(𝑅𝐴𝑀)1(𝑅𝐴𝑁𝐼𝑃𝐴8)1, which is ready for the next addition of either 

𝑅𝐴𝑀⦁ or 𝑅𝐴𝑁𝐼𝑃𝐴8
⦁ . 

The formation of the styrene star C60- 𝐹(𝑆𝑡6)1(𝑅𝐴𝑆𝑡6)1 , shown in Figure 12.c, proceeds 

similarly to the two previous cases. The first action in this reaction solution is the polymerization of 

styrene grafted onto the fullerene, accompanied by the formation of the fullerenyl 𝐹(𝑆𝑡6)1 . 

Although the 𝑆𝑡6composition is bulkier than 𝑅𝐴⦁ and 𝑅𝐴𝑀⦁, the response of the fullerene spin 

density to the addition of the oligomer radical 𝑆𝑡6
⦁  is virtually identical to the previous cases. Again, 

four of the five 𝑁𝐷𝐴-highest carbon atoms are dormant, while the fifth accepts the addition of the 
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oligomer radical 𝑅𝐴𝑆𝑡6
⦁ . The latter, in turn, reveals five new target atoms, one of which is the target 

either for the repolymerization of styrene on fullerene or for the addition of a second oligomer radical. 

 

Figure 12. Initial steps of the virtual synthesis of star-branched polymers of C60 fullerene in virtual reaction 

solutions of methyl methacrylate (a), 𝑁𝐼𝑃𝐴 (b), and styrene (c). The size of the purple spheres corresponds to 

the 𝑁𝐷𝐴 values on the corresponding atoms. UHF AM1 calculations. 
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6. Conclusive Remarks 

A new vision of the role of digital technologies for the virtualization of various processes as an 

integral part of the trinity of a physical object, a virtual/digital object, and the connections between 

them emerged relatively recently [9] and was first and most confidently embodied in the materials 

industry [6,7,9–29]. Apart from these achievements, the natural development of the digital 

component of materials science, as it turns out, also took place under the auspices of this trinity [30–

42], beginning with the first introduction of the concept of digital twins [30–32], developing the 

concept of digital twins as a new modeling alternative capable of solving complex problems in 

materials science inaccessible to previous concepts [33–36], and finally, culminating in the trinity of 

a physical object, a digital object, and the connections between them in polymer chemistry [37–42]. 

The final project no longer focused on developing a new methodology for virtualizing the problem, 

but instead utilized the previously developed [30–36] concept of digital twins to solve a specific 

chemical problem. The results of the first virtual experiment of this type, presented in the previous 

sections, do not require repetition, but allow for several important conclusions. 

First, the design of this experiment, its execution, and the analysis of the results convincingly 

represent the realization of the discussed trinity. Understanding the essence of the connection 

between the physical and digital objects allowed us to optimize the parameters of the digital twin 

concept most suited to solving the problem. In turn, feedback between the digital and physical objects 

allowed us to use the obtained results of the virtual experiment to establish new internal connections 

related to the physical object. The virtual device used naturally limited the range of common points 

of contact between the physical and digital objects. However, the origins of this limitation are clear, 

opening the possibility of expanding the scope of contact between the objects by changing the virtual 

device. 

The second point brings us back to the title of this review. Undoubtedly, the virtual experiment 

yielded a vast number of results, previously uncharacteristic of traditional modeling. While this 

number still falls far short of Big Data, the dialectical transition of quantity to quality has nonetheless 

occurred, as the final trinity of information flowing from a digital object to a physical environment 

has made it possible to answer virtually all of the latter’s pressing questions. It is appropriate to recall 

now the remark of Greaves, a pioneer of the digital twin concept, regarding its applicability to limited 

scenarios [7]. Science, for its part, is a limited ecosystem on the path to a metaverse [4], and therefore 

all its projects can be considered limited scenarios. This allows us to conclude that the virtual 

experiment itself and the results obtained in its process represent the first significant contribution to 

the virtual world of polymer chemistry. 

After this review was completed, the author became aware of the multidisciplinary, extensive 

international project CompSafeNano [118]. The project aims to develop and implement 

computational nanosafety and enhance the safety and innovation potential of nanomaterials by 

integrating advanced nanoinformatics, computational modeling, and predictive toxicology to enable 

the design of safer materials at the earliest stages of their development. It is expected that the number 

of similar projects at the intersection of information technology and scientific research will increase 

daily. 
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