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Abstract. This study focuses on the formation of excited 
molecules and their significant role in influencing dynamic 
regimes of low-temperature oxidation, particularly in the 
context of methane and acetaldehyde reactions. The 
investigation reveals how quantum resonance facilitates the 
formation of excited formaldehyde molecules, driving 
energy transfer processes that influence radical chain 
reactions and inhibit oxidation. These processes lead to the 
formation of weak shock waves, which emerge due to the 
interaction of water complexes with negative halogen ions 
and the self-decomposition of ozone. Using theoretical 
modeling, computer simulations, and spectroscopy, the 
study uncovers the role of quantum resonance in generating 
weak shock waves and establishing oscillatory regimes. 
These findings contribute to a deeper understanding of the 
mechanisms of low-temperature oxidation and the complex 
interactions of excited molecules, offering new applica-
tions in both scientific research and industry. 
 
Keywords: shock waves; Hugoniot theory; resonance; 
relaxation; ion-molecular reactions. 

1. Introduction 

Processes occurring on material surfaces play a key 
role in shaping their properties and behaviour in various 
environments. One important aspect of such processes is 
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the formation of excited molecules, which can arise from 

fragments ejected into the volume as a result of surface 

reactions. Excited molecules possess unique chemical and 

physical properties that can significantly influence 

subsequent reactions, including oxidation processes. The 

formation of excited molecules from fragments formed in 

surface processes, ejected into the volume, can signi-

ficantly affect oxidation processes in several ways. Excited 

molecules in a higher energy state can more readily 

participate in oxidation reactions. The presence of unpaired 

electrons or higher energy in the excited state helps to 

overcome reaction barriers, facilitating oxidation reactions 

that may be kinetically hindered in the ground state, as 

Garrod et al.1 noted in their study. 

For instance, Klessinger and Pötter2 highlighted that 

excited oxygen molecules (O2) are more reactive towards 

organic compounds, leading to an increased oxidation rate. 

Besides, as Crim3 noted, photochemically excited mole-

cules can initiate oxidation reactions that otherwise proceed 

slowly or require higher temperatures. Westermayr and 

Marquetand4 discuss that excited molecules can more 

easily undergo dissociation or ionization, generating active 

radicals or ions that can initiate or propagate chain 

oxidation reactions. For example, excited hydrocarbon 

fragments formed as a result of surface processes can 

dissociate to form reactive radicals, such as OH, which can 

oxidise other molecules. Furthermore, excited electronic 

states often have different potential energy surfaces, 

opening new oxidation pathways that are inaccessible from 

the ground state. This leads to the formation of oxidised 

products that are difficult to obtain through thermal 

oxidation alone. The new energetic landscape of excited 

states allows for reactions that do not occur in the ground 

state, expanding the range of possible oxidation products. 

The study by Chen et al.5 emphasises that the excess 

energy of excited molecules can be transferred to other 

particles through collisions, providing the activation energy 

required for oxidation reactions. This non-thermal exci-

tation mechanism stimulates oxidation processes even at 
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low bulk temperatures, increasing the overall reaction rate 

and efficiency. For example, ozone (O3) containing excited 

oxygen atoms is used as an additive to examine the low-

temperature oxidation of ethanol in the Liao et al.6 study. 

Excited molecules can influence the formation of both 

gaseous and solid oxidation products.7 In the case of Wang 

et al.,8 coal oxidation involves the formation of oxygen-

containing complexes on its surface and the release of gases 

such as CO and CO2. However, the extent of these effects 

depends on the lifetime of the excited states, the 

concentration of excited particles, and their reactivity 

compared to ground-state oxidation pathways. Excited 

states are typically short-lived, and molecules must 

dissipate their excess energy through various pathways 

such as fluorescence, phosphorescence, or non-radiative 

decay, Rathnachalam9 noted. Short-lived excited states 

may relax before participating in oxidation, whereas long-

lived states can significantly impact the kinetics and 

mechanisms of oxidation.10 For example, in the papers by 

Liu et al.11 and Ibele et al.,12 if excited states have a 

sufficiently long lifetime, they can markedly alter reaction 

dynamics, affecting the rates of formation and decay of 

intermediate products as well as the overall yield of final 

products. This is because they have higher energy content 

and potentially more favourable electronic configurations 

for certain types of reactions. Thus, examining excited 

molecules and their interactions in reaction systems is a 

crucial aspect for understanding and optimizing oxidation 

processes. 

Despite considerable advancements in the analysis 

of low-temperature oxidation and the role of excited 

molecules, questions remain that require further 

investigation. One such issue is the detailed understanding 

of quantum resonance mechanisms. Although substantial 

research exists, the mechanisms of quantum resonance and 

recharging, particularly in low-temperature oxidation, 

remain inadequately explored. More data is needed on the 

specific conditions under which these processes are most 

effective. Understanding how excited states affect the 

kinetics and mechanisms of reactions under real conditions 

is important. Additional studies on the lifetime of excited 

states and their impact on long-term oxidation processes 

will help determine how the duration of these states 

influences overall reaction kinetics. Another critical aspect, 

the interaction of excited molecules with various radicals, 

especially in the presence of different catalysts, requires a 

deeper understanding. Conducting these studies will 

provide a deeper understanding of the fundamental 

mechanisms underlying oxidation processes and help 

develop new methods for their optimization on an 

industrial scale. The purpose of the study is to explore the 

possibility of the occurrence of weak shock waves during 

low-temperature oxidation. 

2. Materials and Methods 

In this study, various methods are applied to 

investigate the formation of excited molecules from 

fragments formed in surface processes, ejected into the 

bulk, and their impact on oxidation processes. 

The Hugoniot theory was used to describe oxidation 

reactions and the formation of ozone molecules from 

intermediate products such as hydrogen peroxide (H2O2). 

This approach considers transitional processes and 

quantum effects, such as quantum resonance, which 

facilitates recharging and the formation of excited 

molecules. The study involves theoretical modelling of 

processes involving complexes of water molecules with 

negative chlorine ions anchored on the reactor surface. This 

allowed for the prediction of the likelihood of ozone 

molecule formation and the calculation of possible 

resonance transitions. For a detailed analysis of the 

mechanisms of formation and reactions, software packages 

such as Gaussian G09W and GaussianView 05 were used. 

These programmes enabled quantum-chemical calcu-

lations, including calculations of energy barriers, reaction 

probabilities, and energy diagrams of state transitions. 

Particular attention is paid to examining surface processes 

and the interaction of complexes at the phase boundary, 

which includes analyzing the adsorption and desorption of 

molecules on the surface, their impact on reaction kinetics, 

and the formation of active sites. Based on the data 

obtained, kinetic models describing the dynamics of 

oxidation processes in the presence of excited molecules 

were developed. 

Kinetic models were developed in detail to describe 

the formation of excited formaldehyde (CH2O) molecules, 

which consider resonant processes affecting the rate and 

efficiency of radical destruction. Initially, a surface model 

where adsorption processes occur was created. Compu-

tational methods were used to determine stable geometric 

configurations and the energetic characteristics of 

molecules adsorbed on the surface. Next, the energy 

barriers and thermal effects of radical adsorption on the 

surface were calculated. The mechanisms of molecule 

activation during their adsorption on the surface were 

determined, which is a crucial step in the process of 

forming excited molecules. Subsequently, the interactions 

between СH3CO3 radicals and adsorbed OH molecules 

were calculated. Pathways for the formation of excited CH 

molecules as a result of these interactions were identified. 

Computer modelling revealed the most probable mecha-

nisms and conditions under which these processes occur. 

The decomposition of СH3CO3 radicals upon interaction 

with excited CH2O molecules was then modeled. The 

impact of resonance processes on the rate and efficiency of 

radical decomposition was determined. This allowed for an 
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understanding of how resonance energy transfer between 

particles can accelerate certain elementary acts and inhibit 

reactions by breaking the leading radical chains. 

The models considered reaction probabilities, the 

rates of formation and decomposition of intermediate 

products, and the influence of thermal and non-thermal 

activation mechanisms. Both classical and quantum effects 

were accounted for in the calculations, providing an 

accurate description of the processes at the molecular level. 

For more precise evaluation, Monte Carlo and molecular 

dynamics methods were used, enabling the simulation of 

particle behaviour at the atomic level and considering the 

influence of various factors. To calculate the energy 

exchange between the particles of interest, an expression 

was used to compute the probability of photon emission or 

absorption by excited particles per unit time in a given solid 

angle. The calculations detailed the influence of quantum 

resonance on recharging and the formation of excited 

molecules. 

These methods and approaches collectively facili-

tated a comprehensive analysis of the processes related to 

the formation of excited molecules and their influence on 

oxidation reactions, which is a substantial step towards 

further understanding and optimizing industrial chemical 

processes. 

3. Results and Discussion 

The study investigated two main aspects: the 

formation of excited molecules from surface reactions and 

their role in the generation of weak shock waves, as well as 

the influence of these phenomena on reactor dynamics. The 

study explored the formation of slow shock waves in the 

reactor as a result of surface reactions, confirming the 

potential for generating such waves under feedback 

conditions. In the reactor’s near-surface layer, the forma-

tion of excited formaldehyde molecules from the leading 

chain of СН3СО3 radicals was observed. By transferring 

energy, these molecules activated СН3СО3’s decompo-

sition, leading to the establishment of an oscillatory 

reaction regime within the system. 

In the first instance, the study was based on the 

concept of a chain of elementary reactions involving 

complexes of water molecules with negative chlorine ions, 

fixed on the reactor’s surface. These complexes interacted 

with intermediate products of the oxidation reactions of 

organic compounds, such as H2O2, as illustrated in 

examples (Eq. 1-5). The essence of this process lies in 

quantum resonance, which results in the conversion of 

H2O2 molecules into ozone molecules. This mechanism is 

based on the ability of water molecules and chlorine ion 

complexes on the reactor surface to create specific 

conditions that facilitate energy exchange between 

molecules and activate reactions. Consequently, a quantum 

resonance phenomenon occurs, accelerating the transition 

from H2O2 to ozone, thereby initiating processes that lead 

to the generation of slow shock waves in the reactor. 

H2O ∗ Cl− + H2O2 → H2O ∗ Cl + H2O ∗ O−,  (1) 

H2O ∗ O− + O2 → H2O + O3
−, (2) 

O3
− + H2O ∗ Cl → O3 + H2O ∗ Cl−, (3) 

O3 + M → reaction channel,  (4) 

O3 → O + O2. (5) 

The reaction scheme illustrates the process leading 

to the onset of sharp pulsations in the reaction system 

during the initial stages of low-temperature oxidation of 

organic compounds. In the first stage, complexes of 

H2O*Cl- and H2O2 interact, creating a quantum resonance 

that facilitates the conversion of H2O2 into ozone mole-

cules, denoted as H2O*O-. This process is accompanied by 

the release of a significant amount of energy, particularly 

in a narrow layer near the region of active reaction centres. 

In the third stage, quantum resonance occurs in the reaction 

between molecules O3
− and H2O*Cl, resulting in the 

formation of ozone (O3) and the regeneration of H2O*Cl-. 

The self-decomposition of ozone molecules at high 

temperatures (600-700K) occurs very rapidly, within the 

range of 10-2 to 10-3 seconds, leading to a substantial release 

of energy in a narrow zone near the active reaction centres. 

Thus, the presence of quantum resonance in these 

elementary steps (the first and third) plays a crucial role in 

the dynamics of the reaction system, promoting the 

emergence of sharp pulsations and oscillations during the 

low-temperature oxidation of organic compounds. 

Charge transfer from a negative ion to another 

particle is possible only if its electron affinity is higher than 

that of the neutral particle involved in the collision. In this 

context, the electron affinity of a chlorine atom (3.62 eV) 

exceeds that of a hydrogen peroxide molecule (3.02 eV), 

making such a process impossible at low collision energies. 

However, water can dissociate the negative chlorine ion 

and excite an additional electron to a level up to 0.6 eV, 

sufficient to induce resonance with the H2O2 molecule. 

This phenomenon plays a significant role in the reaction 

mechanisms under consideration. The self-decomposition 

of ozone, an exothermic process, leads to the formation of 

weak shock waves.13 This study also examined the weak 

shock wave formation during the oxidation of methane. 

Under certain conditions, such as the presence of a 

catalyst or at high temperature and pressure, the oxidation 

process is accompanied by the formation of shock waves. 

Shock waves arise due to the rapid release of energy in the 

form of heat and gases, leading to a sharp change in the 

pressure and density of the medium. During methane 

oxidation, intermediate high-energy radicals and molecules 

are formed, which enter into further reactions, releasing a 

significant amount of energy. Using the system parameters 



466                                                Garnik Sargsyan et al. 

CH4+O2→reaction products and applying the formulas of 

Hugoniot theory, as presented by Baker for ideal gases, the 

process can be described by Eqs. (6-7): 

T = V − V2,  (6) 

T = 0.158(V − 1)2 + 0.37β,  (7) 

where T is the temperature in dimensionless units; V is the 

volume in dimensionless units; β is the flux constant, 

which, at V=1, equals the energy flux. 

For ideal gas mixtures, CH4+O2→reaction products 

β0=0.577 and β=0.43 are related through the equations of 

state. Based on the analysis presented in Fig. 1, weak shock 

waves will be generated in the system. This is confirmed 

by the intersection of the Hugoniot adiabat curves. 

 

 

Fig. 1. The placement of the Hugoniot adiabats  

on the temperature-volume phase plane:  

f(x) = x − x2, (8) 

g(x) = 0.185(x − 1)2 + 0.577 ∗ 0.37, (9) 

k(x) = 0.155(x − 1)2 + 0.43 ∗ 0.37. (10) 
Note: x denotes the dimensionless volume V, β0 and curve 3 

characterises the infinitely weak shock wave in the system. 

Source: compiled by the authors. 

 

Under β=0.43 in the methane oxidation system, the 

formation of ozone molecules in quantities of about 1018 

per cm3 near the “water molecule + negative chlorine ion” 

complex will lead to the appearance of a weak shock wave. 

Under conditions of quantum resonance, processes may 

occur where transitions between quantum states of methane 

and oxygen are associated with minimal energy losses, 

potentially causing a sudden change in the energy state of 

the system.14 During the reaction, electrons are redi-

stributed between methane and oxygen molecules, which 

can lead to an instantaneous release of energy capable of 

creating a shock wave. Shock waves arise from a sharp 

increase in pressure and temperature in the reaction zone.15 

Under quantum resonance and charge transfer, an insta-

ntaneous jump in the system’s energy state may occur, 

leading to the formation of weak shock waves. These 

waves propagate through the medium, causing local 

changes in pressure and density. A weak shock wave can 

repeatedly reflect off the reactor walls without significant 

energy loss, allowing it to be recorded over an extended 

period. 

In chemical reaction systems, energy exchange 

between particles plays a crucial role in establishing 

oscillatory dynamic regimes.16 In such systems, excited 

particles, possessing significant internal energy, can 

substantially accelerate the elementary steps of chain pro-

cesses and break weakly bonded particles by transferring 

energy to them. This process is particularly important under 

conditions of quantum resonance. The low-temperature 

oxidation of acetaldehyde, an intermediate product in the 

oxidation of many organic compounds, can serve as an 

illustration of energy exchange processes and their 

influence on the dynamic regimes of the reaction system. 

Under conditions of quantum resonance, transitions 

between the energy levels of particles occur with minimal 

energy loss, facilitating the efficient transfer of energy 

between excited particles and surrounding molecules. 

Excited particles transfer their energy to other molecules, 

causing their dissociation or ionization. This process is 

particularly important in chain reactions, where such 

energy transfers can initiate or accelerate subsequent 

reactions. High-energy particles cause fluctuations in the 

concentrations of reactants and products, leading to 

unstable and oscillatory regimes.17 These regimes are cha-

racteristic of many chain reactions, where energy is 

transferred along a sequence of reactions at varying rates. 

In the low-temperature oxidation of acetaldehyde, 

the following key stages and processes are observed, 

represented by reaction Eqs. (11-14): 

1. Initiation: 

CH3CHO + O2 → CH3CO + HO2
  (11) 

2. Propagation: 

CH3CO + O2 → CH3CO3
 , (12) 

CH3CO3
 + CH3CHO → CH3CO3H + CH3CO. (13) 

3.  Termination: 

CH3CO3
 + RH → CH3CO3H + R. (14) 

The termination of chain reactions with the forma-

tion of stable molecules. Oscillatory regimes in reaction 

systems, such as the low-temperature oxidation of acetal-

dehyde, arise due to the complex interactions between 

radicals and molecules within the system. Excited particles 

and quantum resonance lead to the rapid release of energy, 

creating conditions for oscillatory regimes. For instance, 

periodic oscillations in concentrations arise from cyclic 

changes in the rates of radical formation and destruction. 

Autocatalytic oscillations are caused by positive feedback 
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in chain reactions, where the product of one stage 

accelerates the next. Thermal oscillations can occur due to 

the uneven distribution of heat within the reaction mixture, 

affecting the rate of chemical reactions. Energy exchange 

between particles in reaction mixtures through processes of 

quantum resonance and charge transfer plays a crucial role 

in establishing oscillatory dynamic regimes in chain reac-

tions. The example of low-temperature oxidation of 

acetaldehyde shows that such processes can lead to 

complex and unstable dynamic regimes, influencing the 

concentrations of reactants and products and the distribu-

tion of energy within the system. 

Resonant energy transfer between molecules is a 

crucial mechanism influencing the dynamics of reactions.18 

Two key factors contribute to this transfer: the 

redistribution of internal energy among different states of 

the molecules and the conversion of kinetic collision 

energy into internal molecular energy. Internal molecular 

energy encompasses several forms of energy, including 

electronic energy (associated with the electrons within the 

molecule), vibrational energy (the energy of atomic 

vibrations within the molecule), and rotational energy (the 

energy of molecular rotation). The mechanisms for 

redistributing internal energy include electronic transitions, 

vibrational transitions, and rotational transitions.19 Excited 

electrons can move between energy levels, altering the 

molecule’s energetic state. Molecules can transition 

between different vibrational levels, which changes their 

internal energy. Changes in rotational states can also 

contribute to energy redistribution. Kinetic collision energy 

can be converted into the internal energy of molecules. This 

occurs when the energy from collisions is transferred to 

excite the vibrational or rotational states of molecules. 

Energy transfer mechanisms during collisions include 

inelastic collisions and resonant collisions.20 Inelastic 

collisions allow molecules to exchange energy, leading to 

changes in their internal energy. These collisions often 

result in the excitation of molecules, increasing their 

internal energy. In resonant collisions, energy is transferred 

particularly efficiently if the energy levels of the molecules 

are in resonance, meaning the energy required for a 

transition from one level to another in one molecule 

matches the energy transition in another molecule. 

For resonant energy transfer to occur, the energy 

levels of the two interacting molecules must coincide or be 

close in energy. This condition allows energy to be 

transferred with minimal loss. The frequency and nature of 

molecular collisions also influence the likelihood of 

resonant energy transfer. Higher temperatures and 

pressures increase the frequency of collisions, which 

enhances the probability of resonant interactions. The 

occurrence of oscillatory phenomena due to quantum 

resonance during acetaldehyde oxidation is explained by 

the significant role of resonant energy transfer processes in 

chemical kinetics, which greatly affect reaction dynamics. 

In the CO2 (667.3 cm-1) and C2H4O (704 cm-1) mixture, 

there is an intense vibrational-vibrational energy exchange, 

despite the resonance defect ∆v=36.7 cm−1. Energy 

exchange between CH4 and CO also occurs almost 

resonantly, with a resonance defect of 617 cm-1. To 

calculate the probability of photon emission or absorption 

by excited particles, expression (Eq. 15) is used: 

     dPfℓ
(+)

=
ω3(nQa+1)|e

→
adfℓ

→
|
2

dΩ

2πc3ℏ
, (15) 

where ea

→
 is the vector perpendicular to the direction of light 

propagation Q; nQa is the photon density; d
→

fℓ is the matrix 

element of the transition dipole moment from state f to state 

ℓ. 

After integrating (Eq. 15), the simplified expression 

(Eq. 16) is obtained: 

Pfℓ =
2ω3

3c3ℏ
|dfℓ|2. (16) 

For spontaneous emission from a CO dipole with a 

friction coefficient ω=3.31*1014 с-1 and a dipole moment of 

2.2 D, the probability of spontaneous emission of a single 

quantum is Рfℓ=4127103 с-1. The absorption time (the 

inverse of the probability) is τabs=2423*10-4 s. Energy 

transfer between scattering particles under exact resonance 

can be described by Eq. (17): 

P0−1
1−0 =

1

32
(V0.1)1

2(V0.1)2
2 8μℓ2

ℏ2 e
ε

kT,  (17) 

where  (V0,1)
1

2
(V0.1)2

2 are the matrix elements of the inter-

action potential during the transition; ℓ is the characteristic 

range of the interaction potential;  is the reduced mass; ħ 

is the Planck constant; ε is the depth of the potential well. 

With values of ℓ=0.18 Å; kT=8.28*10-14 erg 

(corresponding to a temperature of 600 K) and 

𝜀=8.056*103 for dipole-dipole interaction at a distance of 

r=2.35 A˚, the probability of vibrational-vibrational energy 

exchange during a collision between excited formaldehyde 

and CH3CO3 radicals is significant. This means that energy 

exchange occurs with each collision. In experiments on 

energy exchange between CO2 and N2 molecules during V-

V exchange, energy is transferred almost with every 

collision. Thus, the presence of resonant energy transfer 

processes increases the likelihood of oscillatory 

phenomena in reaction systems. During acetaldehyde 

oxidation, excited formaldehyde molecules can transfer 

their energy to CH3CO3 radicals, leading to their 

destruction and reaction inhibition. The presence of 

feedback causes oscillatory behaviour, confirming the 

complexity and multifaceted nature of the processes 

involved. 

The redistribution of molecular excitation energy 

and the conversion of collision kinetic energy into the 
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internal energy of molecules are key factors facilitating the 

resonant transfer of energy between molecules. For 

instance, during the low-temperature oxidation of 

acetaldehyde, intermediate radicals efficiently transfer 

energy to each other through resonant collisions, 

accelerating chain reactions. In reactions where free 

radicals are formed, resonant energy transfer can 

significantly expedite the process by enabling effective 

energy exchange between radicals and molecules. These 

processes play a crucial role in the dynamics of chemical 

reactions, particularly in chain reactions, where effective 

energy transfer can markedly accelerate the reaction and 

influence its course. Based on the aforementioned, the 

mechanism of excited formaldehyde CH2 molecule 

formation in the near-surface layer and its impact on the 

resonant breakdown of CH3CO3 radicals was investigated. 

It was found that acetaldehyde molecules and hydroxyl 

radicals adsorb onto the surface, forming intermediate 

products. Acetaldehyde then interacts with OH radicals, 

leading to the formation of intermediate CH3CO3 radicals 

and excited formaldehyde CH2O molecules. Collisions 

between CH3CO3 radicals and OH radicals on the surface 

result in the loss of a hydrogen atom, which facilitates the 

formation of excited CH2O molecules. These excited CH2O 

molecules then interact with CH3CO3 radicals, leading to 

their resonant breakdown. These processes create a 

standing wave field in the reactor, which influences the 

dynamics and efficiency of oxidation processes (Fig. 2). 

 

 

Fig. 2. Results of the collision of the terminal oxygen atom with 

a carbon atom, leading to self-dissociation {CH2CO} within a 

time of 𝜏=6.13/10-13 s 

 

Note: material was created using Gaussian 09W and GaussView 

5.0 software, employing the Energy and Optimization 

Minimization procedures within the Hartree-Fock method and 

the 3-21G basis set. The vibrational frequencies were calculated 

using the DFT method and the 6-31G basis set. 

Source: compiled by the authors. 

 

Formaldehyde molecules can inhibit the oxidation 

of acetaldehyde by affecting CH3CO3 radicals, which play 

a key role in chain reactions. Early studies suggested that 

formaldehyde inhibits this reaction, and this mechanism 

has been regarded as quite accurate. The role of 

formaldehyde excitation energy, which can act as an 

external factor, was analysed, and feedback mechanisms 

causing oscillatory behaviour in the reaction dynamics 

were discovered. Studies have shown that, in addition to 

standard reaction inhibition pathways, there exists a 

mechanism for resonant energy transfer from excited 

formaldehyde CH2O molecules to CH3CO3 radicals. This 

mechanism involves the transfer of both electronic and 

vibrational energy, which accelerates the breakdown of 

radicals and inhibits the oxidation reaction. 

Acetaldehyde is often an intermediate product in the 

oxidation of organic compounds. The calculated emission 

frequencies of formaldehyde and acetaldehyde molecules 

are 1861.2 cm-1 and 1827.7 cm-1, respectively. The small 

difference of 33.5 cm-1 between these values indicates an 

almost resonant energy exchange between particles. 

Formaldehyde molecules are formed in an electronically 

and vibrationally excited state, and upon the relaxation of 

electronic energy according to the Franck-Condon 

principle, high vibrational states arise. These states transfer 

energy to chain- carrying radicals during collisions, making 

the inhibition process prolonged, as the vibrational 

stabilisation of CO molecules takes about 1 second at a 

pressure of one atmosphere. It follows that there are two 

mechanisms for the breakdown of CH3CO3 radicals: 

1. Resonant electronic energy transfer, leading to the 

immediate breakdown of CH3CO3 radicals. 

2. Stepwise transfer of vibrational energy, which 

prevents the restoration of the steady-state concentration of 

CH3CO3 radicals for an extended period. At a concentration 

of excited formaldehyde particles on the order of 1014 

particles/cm3, the number of collisions of a single CH3CO3 

radical with these particles is approximately 105 collisions 

per second, according to molecular kinetic theory. 

The impact of energy exchange on dynamic regimes 

in gas-phase chain reactions can be explained by the 

breakdown of CH3CO3 radicals by excited formaldehyde 

molecules. This leads to oscillatory behaviour during the 

low-temperature oxidation of acetaldehyde, which is 

confirmed by the presence of feedback mechanisms. It 

follows that some cold flame regimes may be a 

consequence of energy exchange. The presence of a weakly 

bound peripheral oxygen atom contributes to the formation 

of excited formaldehyde molecules. These molecules 

transfer their energy to CH3CO3 radicals through quantum 

resonance, leading to their breakdown and the inhibition of 

the acetaldehyde oxidation reaction. The presence of 

feedback causes oscillatory behaviour in the system, 

confirming the complexity and multifaceted nature of the 

processes occurring during the oxidation of acetaldehyde. 

The study established that the excitation of 

molecules and charge transfer processes can significantly 
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impact the kinetics and mechanism of oxidation. The 

results indicate that quantum resonance contributes to the 

formation of weak shock waves, which, in turn, affect the 

dynamic regime of the reaction system. Specifically, it was 

observed that under certain conditions, the self-decom-

position of ozone molecules in the near-surface layer leads 

to a significant release of energy, which accelerates the 

reaction and induces oscillatory regimes. 

This study reveals how resonant energy transfer 

processes during acetaldehyde oxidation result in oscillatory 

behavior, primarily due to interactions between excited 

formaldehyde molecules and CH₃CO₃ radicals. Tanner et 

al.21 analyzed energy transfer efficiency in different systems, 

noting the importance of resonance conditions similar to the 

nearly identical emission frequencies observed for 

formaldehyde and acetaldehyde in this study. These close 

frequencies facilitate efficient energy transfer between 

molecules, contributing to the observed oscillatory dynamics 

and validating the theory that resonant interactions can 

significantly alter reaction pathways. Witting22 emphasized 

that molecular excitation impacts chemical reaction rates, a 

concept central to this study’s observation that excited 

formaldehyde molecules can alter the course of acetaldehyde 

oxidation. This aligns with the finding that such excitation 

can inhibit reactions by destabilizing CH₃CO₃ radicals 

through resonant collisions. Similar to how molecular 

excitation reshapes photochemical processes, this study 

confirms that excitation energy plays a crucial role in altering 

reaction dynamics. 

The complexity of radical interactions found in this 

study reflects the findings of Stuhr et al.,23 who highlighted 

the diverse behavior of oxygen-containing radicals in 

chemical systems. The observed inhibition of acetaldehyde 

oxidation, driven by excited formaldehyde, mirrors the 

multifaceted interactions of reactive species in other 

oxidation processes. The study supports the idea that 

energy transfer between radicals can control the stability 

and reactivity of a system, which is a core principle in 

oxygen reactivity studies. In line with Al‐Nu’airat et al.,24 

this research indicates that resonant energy transfer can 

facilitate or hinder oxidation reactions, much like the 

influence of singlet oxygen on organic substrates. The 

precise energy alignment between formaldehyde and 

acetaldehyde molecules in this study is comparable to the 

conditions required for effective energy transfer in other 

systems, suggesting a universal behavior in radical-driven 

reactions. 

Lee et al.25 investigated low-temperature oxidation in 

organic systems, emphasizing how surface interactions 

impact reactivity. This resonates with the findings of this 

study, where the adsorption of acetaldehyde and radicals on 

the surface played a crucial role in forming reactive 

intermediates. The breakdown of CH₃CO₃ radicals in the 

presence of excited formaldehyde supports the idea that 

surface processes can significantly alter chemical kinetics, 

mirroring the sensitivity of oxidation processes to adsorbed 

species. May and Kühn26 discussed the role of charge and 

energy transfer in chemical systems, highlighting the 

influence of surface-active centers. This concept directly 

correlates with the resonant breakdown of CH₃CO₃ radicals 

observed in this study, where energy transfer dynamics are 

closely tied to surface interactions. The presence of 

intermediate radicals on surfaces emphasizes the importance 

of localized energy exchange in determining reaction 

pathways. Sargsyan et al.27 explored the formation of weak 

shock waves due to energy redistribution, an idea that 

parallels the resonant energy transfer processes observed in 

this study. The breakdown of radicals and formation of 

oscillatory regimes in acetaldehyde oxidation suggest that 

localized energy changes can impact overall reaction 

dynamics, similar to the influence of weak shock waves in 

other oxidation processes. 

Cassani et al.28 and Pribus et al.29 both explored 

feedback mechanisms and non-linear behavior in chemical 

systems. This study’s identification of oscillatory patterns 

due to resonant energy transfer aligns with their findings, 

as the inhibition of acetaldehyde oxidation suggests that 

energy feedback can create complex behavior, similar to 

the Belousov-Zhabotinsky type reactions. The presence of 

feedback loops confirms that resonant interactions can 

stabilize or destabilize reactive systems, affecting the 

reaction's progression. The current findings also resonate 

with the observations of Yuan et al.,30 who demonstrated 

how subtle changes in autocatalytic systems can lead to 

oscillatory patterns. In this study, the interaction between 

excited formaldehyde and CH₃CO₃ radicals produced 

similar oscillatory behavior, driven by energy feedback 

mechanisms. This emphasizes the sensitivity of such 

systems to minor fluctuations in energy transfer. 

Zhou et al.31 discussed how specific oscillating 

systems react to variations in energy exchange, mirroring 

the behavior observed in this study. The impact of excited 

formaldehyde on acetaldehyde oxidation, leading to 

prolonged inhibition, highlights how delicate shifts in 

energy dynamics can significantly influence reaction 

pathways. The study’s results support the idea that 

chemical oscillators are highly sensitive to resonant energy 

transfer processes. Rizvi et al.32 and Yang et al.33 both 

examined the importance of energy dissipation and its 

effects on chemical systems, reinforcing the findings of this 

study. The prolonged inhibition of acetaldehyde oxidation 

by formaldehyde suggests that energy transfer and 

dissipation play a key role in maintaining reaction stability, 

supporting the concept that oscillatory systems rely on 

continuous energy exchange. Gentili et al.34 and Jiménez et 

al.35 explored feedback-driven systems, both in chemical 
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and biological contexts. The feedback loops identified in 

this study, which lead to oscillatory behavior during 

acetaldehyde oxidation, underscore the universality of 

feedback mechanisms in controlling system dynamics. The 

impact of energy feedback on acetaldehyde oxidation 

parallels the principles found in natural and synthetic 

oscillating systems. 

The study's findings align with Zhang et al.,36 who 

emphasized the significance of Förster resonance energy 

transfer in molecular interactions. In this case, the nearly 

resonant energy states between formaldehyde and 

acetaldehyde underscore the importance of precise energy 

matching for effective reaction control. The electronic and 

vibrational states of formaldehyde play a crucial role in 

dictating the stability of CH₃CO₃ radicals, highlighting the 

necessity of resonant conditions. Zheng et al.37 discussed 

the Dexter-type energy transfer mechanisms, which are 

similar to the stepwise vibrational energy transfer observed 

in this study. The findings suggest that electronic and 

vibrational states interact to create prolonged effects on 

reaction dynamics, akin to how Dexter transfer processes 

influence chemical behavior. This parallel suggests that the 

detailed dynamics of radical interactions in acetaldehyde 

oxidation are governed by similar principles. 

Lindsey et al.38 highlighted how resonance 

conditions impact energy transfer efficiency, a concept 

central to this study’s observation of oscillatory inhibition 

in acetaldehyde oxidation. The near-resonance between 

formaldehyde and acetaldehyde facilitates energy transfer 

that prolongs the reaction's inhibitory phase. Zimmerman 

and George39 specifically discussed quantum resonance 

effects in molecular collisions, directly reflecting the 

resonant breakdown of CH₃CO₃ radicals observed in this 

study. Their discussion underscores how quantum effects 

can significantly impact reaction kinetics, validating the 

current study’s findings on the crucial role of resonant 

energy transfer in chemical systems. This study’s results 

demonstrate that the oscillatory behavior in acetaldehyde 

oxidation is driven by resonant energy transfer processes, 

supported by a wide range of previous studies that 

underscore the significance of resonance, feedback 

mechanisms, and energy dynamics in complex chemical 

systems.40,41 

The unique properties of excited molecules, such as 

increased reactivity, different potential energy surfaces, 

and altered geometry, play a decisive role in influencing 

oxidation processes. These properties provide faster 

reaction rates, the formation of reactive intermediates, non-

thermal activation, and the generation of unique oxidation 

products. The results obtained demonstrate that quantum 

resonance and the formation of excited molecules play a 

vital role in oxidation processes and can significantly 

impact the dynamics of the reaction system. These findings 

complement and extend existing knowledge of oxidation 

mechanisms and can be utilised to optimise industrial 

processes. 

4. Conclusions 

The study established that the presence of quantum 

resonance in a chain system can lead to the conversion of 

intermediate oxidation products of organic compounds, such 

as H2O2, into ozone molecules. The study demonstrated that 

if water complexes with negative halogen ions are near the 

reactor surface, quantum resonance facilitates the generation 

of weak shock waves. The generation of weak shock waves 

is associated with ozone molecule formation and 

decomposition, and the products of recharging and ion-

molecular reactions near the surface layer, as exemplified by 

methane oxidation. It was established that in the presence of 

excited particles in the reaction mixture, there is a high 

probability of accelerating some elementary acts due to the 

resonant energy transfer between particles. This can cause 

the decomposition of leading radical chains, which in turn 

slows down the reaction. In the presence of feedback in the 

reaction medium, concentration oscillation regimes can 

arise. This phenomenon is due to the interaction of excited 

molecules and radical chain reactions, resulting in the 

complex dynamics of oxidation processes. Ozone molecules 

formed as a result of self-decomposition can further heat the 

reaction mixtures and increase the reaction rate. Heating 

reaction mixtures due to ozone molecule decomposition 

significantly affects the dynamic regime of the reaction 

system. 

Understanding this influence is a relevant task for 

further research. These findings contribute to a deeper 

understanding of the mechanisms affecting low-

temperature methane oxidation and highlight the need for 

further research to manage these processes and improve 

their efficiency. Future research prospects include 

examining the mechanisms of quantum resonance and the 

dynamics of excited particles, developing models, and 

experimentally confirming these processes. However, the 

study is limited by the assumptions of the models and 

experimental conditions, which may not fully correspond 

to real industrial conditions. Moreover, the influence of 

external factors and technological limitations reduces the 

accuracy of the obtained results, requiring further 

investigation. 

Acknowledgements 

The authors express their gratitude to Academician 

of the National Academy of Sciences of Armenia Levon 

Tavadyan, for his interest in the work and valuable 

comments, which significantly enriched this study. 



Formation of Excited Molecules From Fragments Formed in Heterogeneous...             471 

Conflict of Interest 

I declare that the authors have no competing 

interests. 

References 

[1] Garrod, R.T.; Jin, M.; Matis, K.A.; Jones, D.; Willis, E.R.; 

Herbst, E. Formation of Complex Organic Molecules in Hot 

Molecular Cores Through Nondiffusive Grain-Surface and Ice-

Mantle Chemistry. Astrophys J Suppl Ser 2022, 259, 1. 

https://doi.org/10.3847/1538-4365/ac3131  

[2] Klessinger, M.; Pötter, T. Properties of Molecules in 

Excited States. In Theoretical Models of Chemical Bonding: Part 

3: Molecular Spectroscopy, Electronic Structure and 

Intramolecular Interactions; Maksić, Z.B., Ed.; Springer, 1991; 

pp. 521–544. https://doi.org/10.1007/978-3-642-58179-3_13  

[3] Crim, F.F. Chemical Dynamics of Vibrationally Excited 

Molecules: Controlling Reactions in Gases and on Surfaces. Proc 

Natl Acad Sci U S A 2008, 105, 12654–12661. 

https://doi.org/10.1073/pnas.0803010105  

[4] Westermayr, J.; Marquetand, P. Machine Learning for 

Electronically Excited States of Molecules. Chem Rev 2021, 121, 

9873–9926. https://doi.org/10.1021/acs.chemrev.0c00749  

[5] Chen, Z.; Liu, Z.; Xu, X. Accurate Descriptions of 

Molecule-Surface Interactions in Electrocatalytic CO2 Reduction 

on the Copper Surfaces. Nat Commun 2023, 14, 936. 

https://doi.org/10.1038/s41467-023-36695-7  

[6] Liao, W.; Kang, S.; Chu, Z.; Liu, Z.; Wang, Y.; Yang, B. 

Exploring the Low-Temperature Oxidation Chemistry with Ozone 

Addition in an RCM: A Case Study on Ethanol. Combust Flame 

2022, 237, 111727. 

https://doi.org/10.1016/j.combustflame.2021.111727  

[7] Lyubchik, S.; Lygina, E.; Lyubchyk, A.; Lyubchik, S.; 

Loureiro, J.M.; Fonseca, I.M.; Ribeiro, A.B.; Pinto, M.M.; 

Figueiredo, A.M.S. The Kinetic Parameters Evaluation for the 

Adsorption Processes at “Liquid–Solid” Interface. In 

Electrokinetics Across Disciplines and Continents; Ribeiro, A.; 

Mateus, E.; Couto, N., Eds; Springer, Cham., 2016; pp 81–109. 

https://doi.org/10.1007/978-3-319-20179-5_5 

[8] Wang, H.; Dlugogorski, B.Z.; Kennedy, E.M. Coal 

Oxidation at Low Temperatures: Oxygen Consumption, Oxidation 

Products, Reaction Mechanism and Kinetic Modelling. Prog 

Energy Combust Sci 2003, 29, 487–513. 

https://doi.org/10.1016/s0360-1285(03)00042-x  

[9] Rathnachalam, S. Excited-State Processes in 

Biomolecules; University of Groningen, 2022. 

https://doi.org/10.33612/diss.257112854  

[10] Koval, Y.M.; Kutsova, V.Z.; Kovzel, M.A.; Shvets, P.Y. 

Features of structure formation, kinetics of phase transformations, 

mechanical and tribological properties of the Fe-based Cr–Mn–Ni 

alloys. Prog Phys Met 2020, 21(2), 180–248. 

https://doi.org/10.15407/ufm.21.02.180 

[11] Liu, Y.; Hu, M.-G.; Nichols, M.A.; Grimes, D.D.; 

Karman, T.; Guo, H.; Ni, K.-K. Photo-Excitation of Long-Lived 

Transient Intermediates in Ultracold Reactions. Nat Phys 2020, 

16, 1132–1136. https://doi.org/10.1038/s41567-020-0968-8  

[12] Ibele, L.M.; Sánchez-Murcia, P.A.; Mai, S.; Nogueira, J.J.; 

González, L. Excimer Intermediates en Route to Long-Lived 

Charge-Transfer States in Single-Stranded Adenine DNA as 

Revealed by Nonadiabatic Dynamics. J Phys Chem Lett 2020, 11, 

7483–7488. https://doi.org/10.1021/acs.jpclett.0c02193  

[13] Sargsyan, G.; Silveistr, A.; Lysyi, M.; Mokliuk, M.; 

Sargsyan, H. The Appearance of Standing Wave Structures in the 

Reaction Medium during the Diffusion Development of the Chain 

Reaction Process. Scientific Herald of Uzhhorod University. 

Physics 2023, 54, 36–46. 

https://doi.org/10.54919/physics/54.2023.36  

[14] Khardazi, S.; Zaitouni, H.; Neqali, A.; Lyubchyk, S.; 

Mezzane, D.; Amjoud, M.; Choukri, E.; Kutnjak, Z. Enhanced 

Thermal Stability of Dielectric and Energy Storage Properties in 

0.4BCZT-0.6BTSn Lead-Free Ceramics Elaborated by Sol-Gel 

Method. J Phys Chem Sol 2023, 177, 111302. 

https://doi.org/10.1016/j.jpcs.2023.111302 

[15] Dinzhos, R.V.; Privalko, E.G.; Privalko, V.P. Enthalpy 

Relaxation in the Cooling/Heating Cycles of Polyamide 6/ 

Organoclay Nanocomposites. I. Nonisothermal Crystallization. J 

Macromolec Sci Phys 2005, 44, 421–430. 

https://doi.org/10.1081/MB-200061610 

[16] Doroshkevich, A.S.; Lyubchyk, A.I.; Shilo, A.V.; 

Zelenyak, T.Yu.; Glazunova, V.A.; Burhovetskiy, V.V.; 

Saprykina, A.V.; Holmurodov, Kh.T.; Nosolev, I.K.; 

Doroshkevich, V.S.; et al. Chemical-Electric Energy Conversion 

Effect in Zirconia Nanopowder Systems. J Surf Investig 2017, 11, 

523–529. https://doi.org/10.1134/S1027451017030053 

[17] Privalko, V.P.; Dinzhos, R.V.; Rekhteta, N.A.; Calleja, 

F.J.B. Structure-Diamagnetic Susceptibility Correlations in 

Regular Alternating Terpolymers of Ethene and Propene with 

Carbon Monoxide. J Macromolec Sci Phys 2003, 42, 929–938. 

https://doi.org/10.1081/MB-120023548 

[18] Petrov, E.G.; Shevchenko, Y.V.; Gorbach, V.V.; 

Lyubchik, S.; Lyubchik, A. Features of Gate-Tunable and Photon-

Field-Controlled Optoelectronic Processes in a Molecular 

Junction: Application to a ZnPc-Based Transistor. AIP Adv 2022, 

12, 105020. https://doi.org/10.1063/5.0119257  

[19] Prokopov, V.G.; Shvets, Y.I.; Fialko, N.M.; Meranova, 

N.O.; Korzhik, V.N.; Borisov, Y.S. Mathematical-Modeling of the 

Convective Heat-Transfer Processes During Formation of the Gas-

Thermal Coating Layer. Dopovidi AN URSR 1989, 6, 71–76. 

[20] Prokopov, V.G.; Fialko, N.M.; Sherenkovskaya, G.P.; 

Yurchuk, V.L.; Borisov, Y.S.; Murashov, A.P.; Korzhik, V.N. 

Effect of Coating Porosity on the Process of Heat-Transfer with 

Gas-Thermal Deposition. Pow Metall Met Ceram 1993, 32, 118–

121. https://doi.org/10.1007/BF00560034  

[21] Tanner, P.A.; Thor, W.; Zhang, Y.; Wong, K.-L. Energy 

Transfer Mechanism and Quantitative Modeling of Rate from an 

Antenna to a Lanthanide Ion. J Phys Chem A 2022, 126, 7418–

7431. https://doi.org/10.1021/acs.jpca.2c03965  

[22] Witting, C. Photochemistry, Molecular. In Encyclopedia 

of Physical Science and Technology; Meyers, R.A., Ed.; 

Academic Press, 2003; pp. 29–47. https://doi.org/10.1016/B0-12-

227410-5/00563-9  

[23] Stuhr, R.; Bayer, P.; von Wangelin, A.J. The Diverse 

Modes of Oxygen Reactivity in Life & Chemistry. ChemSusChem 

2022, 15, e202201323. https://doi.org/10.1002/cssc.202201323  

[24] Al‐ Nu’airat, J.; Oluwoye, I.; Zeinali, N.; Altarawneh, M.; 

Dlugogorski, B.Z. Review of Chemical Reactivity of Singlet 

Oxygen with Organic Fuels and Contaminants. Chem Rec 2020, 

21, 315–342. https://doi.org/10.1002/tcr.202000143  

[25] Lee, D.-G.; Isworo, Y.Y.; Park, K.-H.; Kim, G.-M.; Kim, 

S.-M.; Jeon, C.-H. Low-Temperature Oxidation Reactivity of 

Low-Rank Coals and Their Petrographic Properties. ACS Omega 

2020, 5, 18594–18601. https://doi.org/10.1021/acsomega.0c00840  



472                                                Garnik Sargsyan et al. 

[26] May, V.; Kühn, O. Charge and Energy Transfer Dynamics 

in Molecular Systems; Wiley‐ VCH Verlag GmbH & Co. KGaA, 

2011. https://doi.org/10.1002/9783527633791  

[27] Sargsyan, G.N.; Evinyan, M.A.; Gukasyan, P.S.; 

Sargsyan, H.P. Modeling of Hydrocarbons and Hydrogen 

Oxidation in the Presence of Surface-Active Centers Water-

Negative Halogen Ion in Terms of the Formation of Weak Shock 

Waves. J Contemp Phys 2022, 57, 297–302. 

https://doi.org/10.1134/S1068337222030148  

[28] Cassani, A.; Monteverde, A.; Piumetti, M. Belousov-

Zhabotinsky Type Reactions: The Non-Linear Behavior of 

Chemical Systems. J Math Chem 2021, 59, 792–826. 

https://doi.org/10.1007/s10910-021-01223-9  

[29] Pribus, M.; Orlik, M.; Valent, I. From Classical Metal-

Catalyzed Homogeneous Oscillators to an Uncatalyzed Version of 

the Belousov-Zhabotinsky Reaction: A Review. React Kinet Mech 

Catal 2022, 135, 1211–1260. https://doi.org/10.1007/s11144-021-

02151-0  

[30] Yuan, L.; Wang, H.; Meng, C.; Cheng, Z.; Lv, X.; Gao, Q. 

Multiple Iodide Autocatalysis Paths of Chemo-Hydrodynamical 

Patterns in the Briggs-Rauscher Reaction. Phys Chem Chem Phys 

2023, 25, 13183–13188. https://doi.org/10.1039/d3cp00011g  

[31] Zhou, Y.; Uddin, W.; Hu, G. Kinetic Identification of 

Three Metal Ions by Using a Briggs-Rauscher Oscillating System. 

Microchem J 2021, 160, 105617. 

https://doi.org/10.1016/j.microc.2020.105617  

[32] Rizvi, S.T.R.; Seadawy, A.R.; Abbas, S.O.; Latif, S.; 

Althobaiti, S. Exact and Numerical Solutions to the System of the 

Chlorite Iodide Malonic Acid Chemical Reactions. Comput Appl 

Math 2021, 41, 13. https://doi.org/10.1007/s40314-021-01704-2  

[33] Yang, C.; Su, F.; Xu, Y.; Ma, Y.; Tang, L.; Zhou, N.; 

Liang, E.; Wang, G.; Tang, J. pH Oscillator-Driven Jellyfish-Like 

Hydrogel Actuator with Dissipative Synergy Between 

Deformation and Fluorescence Color Change. ACS Macro Lett 

2022, 11, 347–353. https://doi.org/10.1021/acsmacrolett.2c00002  

[34] Gentili, P.L.; Baldinelli, L.; Bartolomei, B. Design of a 

New Photochromic Oscillator: Towards Dynamical Models of 

Pacemaker Neurons. React Kinet Mech Catal 2022, 135, 1281–

1297. https://doi.org/10.1007/s11144-021-02122-5  

[35] Jiménez, A.; Lu, Y.; Jambhekar, A.; Lahav, G. Principles, 

Mechanisms and Functions of Entrainment in Biological 

Oscillators. Interface Focus 2022, 12, 20210088. 

https://doi.org/10.1098/rsfs.2021.0088  

[36] Zhang, W.; Li, W.; Song, Y.; Xu, Q.; Xu, H. Bacterial 

Detection Based on Förster Resonance Energy Transfer. Biosens 

Bioelectron 2024, 255, 116244. 

https://doi.org/10.1016/j.bios.2024.116244 

 

[37] Zheng, S.-W.; Wang, H.; Wang, L.; Wang, H.-Y. Dexter‐
Type Exciton Transfer in Van Der Waals Heterostructures. Adv 

Funct Mater 2022, 32, 2201123. 

https://doi.org/10.1002/adfm.202201123  

[38] Lindsey, J.S.; Taniguchi, M.; Bocian, D.F.; Holten, D. The 

Fluorescence Quantum Yield Parameter in Förster Resonance 

Energy Transfer (FRET) – Meaning, Misperception, and 

Molecular Design. Chem Phys Rev 2021, 2, 011302. 

https://doi.org/10.1063/5.0041132  

[39] Zimmerman, I.H.; George, T.F. Quantum Resonance 

Effects in Electronic-To-Vibrational Energy Transfer in Molecular 

Collisions. J Chem Phys 1974, 61, 2468–2470. 

https://doi.org/10.1063/1.1682354  

[40] Makido, O.; Khovanets’, G.; Kochubei, V.; Yevchuk, I. 

Nanostructured Magnetically Sensitive Catalysts for the Fenton 

System: Obtaining, Research, Application. Chem Chem Technol 

2022, 16, 227–236. https://doi.org/10.23939/chcht16.02.227 

[41] Ali, S.H.; Mohammed, S.S.; Al-Dokheily, M.E.; 

Algharagholy, L. Photocatalytic Activity of Defective TiO2-x for 

Water Treatment/Methyl Orange Dye Degradation. Chem Chem 

Technol 2022, 16, 639–651. 

https://doi.org/10.23939/chcht16.04.639 

 
Received: October 21, 2024 / Revised: January 03, 2025 / 

Accepted: February 04, 2025 

 

ФОРМУВАННЯ ЗБУДЖЕНИХ МОЛЕКУЛ  

З ФРАГМЕНТІВ ГЕТЕРОГЕННО-ОДНОРІДНИХ 

ПРОЦЕСІВ У ПРИПОВЕРХНЕВОМУ ШАРІ  

ТА ЇХ ВПЛИВ НА ПРОЦЕСИ ОКИСНЕННЯ 
 
Анотація. У дослідженні розглядається формування збуд-

жених молекул і їхня ключова роль у впливі на динамічні режими 

низькотемпературного окиснення, зокрема в реакціях метану та 

ацетальдегіду. Виявлено, що квантовий резонанс сприяє утворенню 

збуджених молекул формальдегіду, які забезпечують процеси передачі 

енергії, впливають на радикальні ланцюгові реакції та гальмують 

окиснення. Ці процеси призводять до формування слабких ударних 

хвиль, які виникають унаслідок взаємодії комплексів води з нега-

тивними галогенними іонами та саморозпаду озону. Завдяки теоре-

тичному моделюванню, комп'ютерним симуляціям і спектроскопії 

досліджено роль квантового резонансу у формуванні слабких ударних 

хвиль і встановленні осциляційних режимів. Отримані результати 

сприяють глибшому розумінню механізмів низькотемпературного 

окиснення та складної взаємодії збуджених молекул, відкриваючи нові 

перспективи для застосування в науці та промисловості. 

 

Ключові слова: ударні хвилі, теорія Гюгоніо, резонанс, роз-

слаблення, іонно-молекулярні реакції. 
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