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Abstract

Recently, some specificities of hydrothermal synthesis have been discussed by Avvakumov, Senna
and Kosova, emphasizing the ability of water to dissolve selected materials at increased tempera-
ture and pressure, and suggest that the process is based on self-ionization. The present author
proposes an alternative approach based on low-energy electrons generated by processes of me-
chanical action (mechanical activation). These types of reactions encompass both mechanochem-
istry and tribochemistry. Mention wise is that tribochemical reactions are distinct from those of
thermochemical reactions. G. Kaupp considers mechanochemistry as mechanical breakage of in-
tramolecular bonds by external force. Sakaguchi et al. introduced the concept of mechano-anion-
radicals (MARs) generation process in the polymer mechanical degradation via two types of car-
bon-carbon (C-C) bond cleavage, homogeneous and heterogeneous. Based on the negative-ion-
radical-action-mechanism (NIRAM) approach, this paper proposes a novel mechanism which
eliminates the heterogeneous C-C bond splitting. It is evidenced that both the proposed alternative
mechanism and the substitution of the heterogeneous C-C bond splitting are possible.
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1. Introduction

In the broad range of mechanochemical terminology, there are many known and widely used definitions of
mechanochemistry [1]-[4]. Reviews on mechanochemistry [5]-[7] show Matthew Carey Lea as the first system-
atic researcher on the chemical effects of mechanical action. Work [8] indicates that mechanochemistry and tri-
bochemistry might be compared with the terms physical chemistry and chemical physics. In the latter term
physics is first and chemistry second. In tribochemistry, friction (tribos) is the first. Here tribochemistry (organic
mechanochemistry) is considered as the subset of mechanochemistry (inorganic mechanochemistry). The dif-
ference between mechanochemistry and tribochemistry is formal, as compared with chemical physics and
physical chemistry.
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As mechanics includes friction, tribochemistry should be included in mechanochemistry. Mechanochemical
reactions are clearly distinct from those of thermochemical ones. To initiate thermochemical reactions an ade-
quate heat amount has to be supplied to overcome the activation energy [8]. Mechanical interaction of a solid-
solid enables chemical reactions to be initiated by lower activation energy than regular thermochemical reac-
tions.

Recent review article on the historical development of mechanochemistry [9], shows and discusses the-
mechanically induced self-propagating reaction (MSR). In that paper, the current knowledge on MSR is re-
viewed from both experimental and theoretical points of view. Examples of specific phenomena are discussed. It
also was stated that the mechanism of MSRs is extremely complex and suggested to combine adequate models
with systematic empirical studies. Such approach must generate a way to better understanding of MSR proc-
esses.

Present mechanochemistry takes into account physical chemistry and chemical physics. Other specific re-
search works [10]-[12] provide unique information on mechanochemistry and mechanical bond-cleavage. Ac-
cordingly, the preparation of co-crystals via mechanochemistry combines the quest for clean and green processes.
On the other hand, the question of exactly which processes are the subjects of mechanochemistry is still debated:;
as new areas of science and technology discover the possibilities offered by mechanical treatment. Therefore, it
is necessary to periodically re-consider fundamental notions of mechanochemistry. The most important deve-
lopment of the past several years was the increasing use of mechanical activation in organic

Heterogeneous C-C bond cleavage of solid polymer, produced by mechanical fracture, as demonstrated by
Sakaguchi et al. [13] [14] combines triboelectricity in polymers with effects of the ionic nature of carbon-carbon
bonds in the polymer main chain on charge due to yield of mechano-anions produced by heterogeneous scission
of the carbon-carbon bond.

Polymerization of acrylamide (AA) and methacrylamide (MA), initiated by mechanical action (milling), was
presented and discussed in detail over 20 years ago [15]. In work [16] the NIRAM approach has been discussed
in detail.

2. Mechanochemistry

In the broad range of mechanochemical terminology, there are many known and widely used definitions of
mechanochemistry. Actually, the term mechanochemistry has been used for over one century. The same is due to
the practical application of mechanochemistry. Paper by L. Takacs [1] underlines that volume 42 (2013) of
Chemical Society Reviews [2] and the most recent Faraday Discussion on mechanochemistry [3] reflect many of
the new developments. Chemical reactions in solids initiated by mechanical action had been considered for a
long period of time [4]. Reviews on mechanochemistry [5]-[7] show Matthew Carey Lea as the first systematic
researcher on the chemical effects of mechanical action. Work [8] indicates that mechanochemistry and tribo-
chemistry might be compared with terms: physical chemistry and chemical physics. In the latter term physics is
first and chemistry second. In tribochemistry, friction (tribos) is the first.

As mechanics includes friction, tribochemistry should be included in mechanochemistry. Mechanochemical
reactions are clearly distinct from those of thermochemical ones. To initiate thermochemical reactions an ade-
quate heat amount has to be supplied to overcome the activation energy [8]. Mechanical interaction of a solid-
solid enables chemical reactions to be initiated by lower activation energy than regular thermochemical reactions.
Recent review article [9] presents historical development of mechanochemistry from experimental and theoreti-
cal points of view; examples of specific phenomena are discussed.

Interestingly to note that ten years ago, work [10] made it possible to register mechano transduction (MT) also
in live cells with spatiotemporal characterization. It was found that the transmission of mechanically induced ac-
tivation is the dynamic process that directs signals via the cytoskeleton to spatial destinations. MT is the term
concerning action mechanisms by which cells convert mechanical stimulus to chemical activity [11]. It is re-
sponsible for physiological processes in the body including, for instance, touch and balance. Generally, the MT
mechanism changes mechanical signals either into chemicalor electrical signals. Other specific research work
[12] provides unique information on mechanochemistry and mechanical bond-cleavage. The bond breakage in-
creases the solid’s activity. The actual energy needed for chemical reactions is lowered by mechanical work [17].
Reactions by low-energy electrons are described in [18]-[20]. Catalyst lowers the activation energy. From this
point of view, mechanochemistry is closely linked to mechanocatalysis and, chemistry can be categorized ac-
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cording to how is the energy put into the reaction system. Thermal energy is known as a source triggering
chemical reactions. Photon is another type of energy which brings about photochemical reactions. The energy of
photon is determined by the wavelength of incident light. Chemical reactions are also enhanced by the electric
potential. Thus, the electric potential and current are measures of the energy input. All these energy types lead to
very specific entanglements of mechanochemistry and tribochemistry [21] [22]. Mechanochemistry is to be dif-
ferentiated from molecular solid-state chemistry, where contacts between micronized molecular solids are cre-
ated by the mechanical action.

By introducing some of the earliest research works in mechanochemistry, it is possible to show how mech-
anochemical reactions differ from regular thermochemical ones. It is of note here, that according to paper [7]
and information [23], Theophrastus of Eresus demonstrated mechanochemistry already in 315 B.C. Another
publication [24] concerns mechanochemistry of advanced materials. However, its mechanism has not yet been
accounted for. Paper by Takacs [25] also stresses that Carey-Lea showed that HgCl sublimates when heated and
decomposes under friction. AgCl melts undecomposed when heated, but it decomposes under friction. Recent
Takacs’ review paper [25] provides very detailed information relating to the history of mechanochemistry start-
ing with prehistoric times, when reactions were initiated during grinding and rubbing accidentally. It also in-
cludes the main developments until the presently achieved results.

Mechanochemistry might also be considered as a sustainable and ecological technology, mechanical energy
can be applied by using a simple ball mill mechanical system, leading to a strain in the bulk after removal mate-
rial from the mill. Very detailed review publications [8] [26] [27] include a wide range of industrial applications
of mechanochemistry and underline the need for sustainability brought about by the Kyoto Treaty and the in-
creasing global demand for products leading to an increase in sustainable manufacturing processes. Such proc-
esses and/or new technologies can lower environmental demands. Improved sustainability can be realized in the
form of reduced energy use, less organic solvents, better selectivity and reduced waste.

Another well specified study [28] presents several advantages of mechanochemical technology, such as sim-
ple process, ecological safety and the possibility of obtaining a product in the metastable state. Therefore, it
gives an overall review of the mechanochemistry applications in waste management. Interestingly to note that
based on that study, the modification of fly ash and asbestos containing wastes (ACWSs) can be achieved by
mechanochemical technology (MCT). Additionally, MCT provides with a prospective application in pollution
remediation along with waste management. Hazardous metal oxides can be transformed into easily recyclable-
sulfide by mechanochemicalsulfidization; the waste plastics and rubbers, which are usually very difficult to be
recycled, can also be recycled by mechanochemical technology [29]. The importance of waste-free mechano-
chemical synthesis and production should also be mentioned.

On the other hand, the question of exactly which processes are the subjects of mechanochemistry is still de-
bated as new areas of science and technology discover the possibilities offered by mechanical treatment. There-
fore, it is necessary to periodically re-consider fundamental notions of mechanochemistry. The mostimportant
development of the past several years was the increasing use of mechanical activation in organic chemistry, par-
ticularly in organic synthesis. While high-energy milling is used to break primary bonds, lower energy is used to
facilitate solvent-free reactions and to prepare co-crystals.

3. Goals of the Article
The first goal proposes to substitute the self-ionization process [30] [31] in Equations (1) and (2)

2H,0 - H,0" + OH" €))]

H,O0+e" —H* +OH" )
by action of low-energy electrons in Equation (3)

H,O+e" - H" +0H" 3)

The second goal verifies mechano-anion-radicals (MARs) concept of the polymermechanical degradation via
two types of carbon-carbon (C-C) bond cleavage, homogeneous and heterogeneous.

4. Discussion

Theoretical studies suggest that a formulation concerning triboelectricity is possible, anyway the formulation of
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a satisfactory theory to account for the triboelectricity of polymers has yet to be established [13] [14]. It was
emphasized that the frictional action between two polymers should induce macroscopic fracture of the polymers
and simultaneously cut of carbon-carbon (C-C) bonds of the polymer main chain on the frictional surface pro-
ceeds [13].

Tetra Cya No Ethylene (TCNE) molecules are here of specific importance. The TCNE compound, having an
electron affinity of 2.88 eV, attracts an electron from the ME, produced by heterolytic C-C bond cleavage in a
polymer main chain, producing TCNE. It was postulated that the polymer fractured with TCNE in the dark at 77
K under vacuum generates free radicals and positively plus negatively charged ions. Mixing by vibro milling
was applied to generate homogeneous radicals and heterogeneous ions [13]. Then, it was assumed that UV irra-
diation in TCNE presence produced MARs. After the milling, the fractured sample was dropped into the ESR
(Electron Spin Resonance) sample tube under vacuum in the dark at 77 K, and irradiated using an IR lamp (visi-
ble photon energy range was 1.24 - 3.10). The situation is reflected in Figure 1.

Figure 2 demonstrates the proposed novel alternative mechanism based on the negative-ion-radical approach
(NIRAM). It excludes generation of positively charged mechanical ions. This process produces polymer mech-
ano-anions being combined with the polymer triboelectricity phenomenon caused by mechanical scission of the
polymer main chain on the mechanically activated surfaces by contact friction.

The energy of electrons emitted from polymers amounts to scores of kilo electron-volts (keV), with the emis-
sion itself being a lengthy, slowly decaying process; such electrons are called mechano-electrons [13]. The elec-
tronic theory proposes an electron transfer across the interface of contacting bodies with different electronic and
structures [15]. Work [16] presents the NIRAM approach. Figure 2 demonstrates proposed novel alternative
mechanism based on the negative-ion-radical approach (NIRAM).

The novel alternative mechanism excludes production of positively charged heterogeneous ions suggested by
Sakaguchi’s research group [13] [14]. This process produces polymer mechano-anions being combined with the
polymer triboelectricity phenomenon caused by mechanical scission of the polymer main chain on the mechani-
cally activated surfaces by contact friction. Friction between dielectrics results in the production of electric
charge. The energy of electrons emitted from polymers amounts to scores of keV, with the emission itself being
a lengthy, slowly decaying process; such electrons are called mechano-electrons [17].

According to the present author knowledge, major work related to the generation process of polymer mech-
ano-anions has been performed by very special Sakaguchi’s research group [13] [14]. Both papers list adequate
references along with the statement saying “a number of quantitative and theoretical studies suggest that a for-
mulation concerning triboelectricity is possible”, anyway the formulation of a satisfactory theory to account for
the triboelectricity of polymers has yet to be established. Here it should be noted that mechanochemically

To generate free radicals and positivly plus negatively
charged ions vibromilling (mixing) was used.

R-R-2R Homogeneous

R-R—>R®+ Raa Heterogeneous

Then, it was assumed & suggested that UV irradiation
in the TCNE presence produced mechano-anion-radicals.

mixing in the dark
et e St

R + TCNE R*+ TCNE"-

photoirradiation
LA

R + TCNE R+ TCNE"-

Figure 1. Generation of free radicals, ions and mechano-anion-
radicals (MARs) based on works of Sakaguchi’s research group.

The present author’s alternative mechanism is as follows:

TCNE + ¢ > TCNE"™
and thus. accordidng to the NIRAM approach, the electron
attachment to TCNE replaces the heterogeneous C-C bond
cleavage shown in Fig. 1.

Figure 2. Replacing C-C bond scission by the NIRAM approach.
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initiated polymerization of acryl- and methacrylamides [15] adds well to both mechanochemistry and tribo-
chemistry, from the view point of tribopoly merization mechanisms. The influences of temperature and duration
had been examined. The polymers were characterized in detail and, an anion-radical mechanism was proposed.

Vibratory milling was applied to test the process without polymerization initiators [15]. Tested monomers
were purified by recrystallization (from benzene) and then were introduced together with the grinding bodies
(balls of 9 mm diameter) in the reaction vessel. Grinding was performed with pure nitrogen. After milling,
products were separated from the grinding bodies and, the unreacted monomer was removed by dissolving the
sample in acetone. The remained polymer was dried.

The filtered products were evaporated in the atmosphere and the residual solid was dried to constant weight.

Effect of the grinding duration on the conversion was also studied (see Figure 3). It is of note that the polym-
erization is slow between 24 and 72 hr. Then there is an acceleration and the maximum is reached at 96 hr.

For longer durations, the conversion decreases.

The shape of the conversion time curve is typical for mechanochemically activated polymerizations.

This is found for all monomers previously studied by Oprea research group [15] [32] [33].

Figure 4 demonstrates inhibitors effect on the conversion rate. The temperature influence on the mechanical
activation of AA depicts Figure 5.

60

40

V acrylamide

methacrylamide

Conversion (%)

20

48 96 144 192

t (hr)
Influence of grinding duration on the conversion:
acrylamide; methacrylamide.

Figure 3. Influence of grinding duration on the conversion (%) of
acrylamide (AM) and methacrylamide [15].

& without inhibitors

Conversion (%)

S

) hydroquinone

20 40 60 80 100 120 140 160 180 200
t (hr)
Influence of some inhibitors on mechanochemical polymerization of
acrolamide: without inhibitors; phenol; hydroquinone.

Figure 4. Effect of inhibitors on conversion of mechanically initi-
ated polymerization during the grinding time on the conversion

rate (%) [15].
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Figure 5. Temperature influence on the conversion for acrylamide
(AA) polymerization [15].

Summarizing extensive research results presented in paper [15] the following information is of importance.
1) The vibratory milling of acrylamide (AA) and methacrylamide (MA) solid monomers leads to initiation of
the polymerization process.

2) Mechanism of the polymerization is controlled by a radical mechanism and, it is characterized by auto-ac-
celeration.

5. Summary Remarks

It has been demonstrated that the self-ionization process expressed by the following equations:
2H,0 - H,0" + OH" 1)
H,O+e" > H"+0H" 2

can be substituted by alternative approach, based on low-energy electrons generated by processes of mechanical
action/activation.

The alternative approach is depicted below
H,0+e" — H +OH" (©)

H,O0+e  — OH + Positively charged site (Pcs)".

Pcs* +e  — Neutral surface site (Nss°).

Pcs” sites are produced by the mechanical action/activation processes.

Accordingly, the former Equation (2) H,0+e~ — H" + OH™ can be substituted by reaction
H,0+e — H*+OH" producing (Nss°).

Such reactions relate to both mechanochemistry and tribochemistry.

6. Conclusions

1) The goals of this work are achieved. None evidence has been found for generation of positively charged
ions. Generation of only free radicals and mechano-anion-radicals (MARS) was demonstrated.

2) The developed novel alternative mechanism is based on the negative-ion-radical action mechanism
(NIRAM).

3) The novel mechanism excludes generation of positively charged mechanical ions presented in references
[13] [14].
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