
I. Introduction

Hydrogen trioxide (H2O3) and tetroxide (H2O4) Ð the third

and fourth members of the hydrogen peroxide homologous

series after water and hydrogen peroxide 1 Ð are analogues

of trisulfane, HSSSH (H2S3), and tetrasulfane, HSSSSH

(H2S4), respectively. They have a chain structure,

H7O7O7O7H and H7O7O7O7O7H, and, accord-

ing to the IUPAC nomenclature, they are called trioxidane

and tetraoxidane. The name `higher hydrogen peroxides' is

also used. Hydrogen polyoxides are of interest as intermedi-

ates of several important oxidation reactions that occur in

the environment, in living organisms and in various indus-

trial processes. First of all, these are reactions occurring on

a singlet potential energy surface 2 ± 12

HO2
.
+HO

.
H2O+O2 (1)

HO2
.
+HO2

.
H2O2+O2 (2)

and ozone-involving reactions,13 ± 20 in particular, the per-

oxone reaction.17 Furthermore, hydrogen trioxide is formed

upon water radiolysis 18 ± 20 and, according to a publica-

tion,21 it can be produced by antibodies during the immune

response. The contemporary scientific periodicals widely

cover the quantum chemical theoretical studies of hydrogen

polyoxides;13, 14, 16, 22 ± 32 laboratory experiments have

mainly addressed hydrogen trioxide.13 ± 17, 33 ± 36 Experimen-

tal studies of H2O3 and H2O4 as components of peroxy

radical condensates (PRC) are considered in several pub-

lications.32, 37 ± 39 Detailed reviews devoted to hydrogen

trioxide,40, 41 organic trioxides 42 and organic tetroxides 43

are available. In the mentioned reviews 42, 43 and in a

monograph,44 hydrogen tri- and tetroxides are considered

in brief. The studies of PRCs performed before 1965 are

summarized in a review 45 and in a monograph.46
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Currently, H2O3 has been characterized in a consider-

able detail: its vibrational spectra have been studied,33, 39, 47

the molecular structure in the gas phase has been deter-

mined,34 and decomposition kinetics have been measured in

various solvents.13, 14, 18 ± 20, 36 As regards H2O4, some time

ago there was reasonable doubt about the possibility of its

existence in PRC, although initially particularly this species

had been believed to be the major PRC component. Con-

vincing evidence for the existence of H2O4 was obtained

quite recently.39

The polyoxides H2O3 and H2O4 are quite unstable and

can be stabilized only at low temperature. The only prac-

tical method for the synthesis of these compounds in milli-

gram amounts (up to several tenths of a gram) is to prepare

PRC. Recently, a method for the preparation of concen-

trated solutions of H2O3 in anhydrous diethyl ether at low

temperature has been developed.35 Pure H2O3 samples can

be obtained by evaporating the diethyl ether from these

solutions at reduced pressure. Peroxy radical condensates

are yellowish glassy substances formed upon low-temper-

ature (*77 K) condensation of H2O and H2O2 vapours or

H2+O2 mixtures dissociated in electric discharge, or by the

reaction of hydrogen atoms with liquid ozone or gaseous

oxygen on a cold surface. The active PRC components are

H2O3 and H2O4. Also, PRC contain `common' H2O2, H2O

and up to 0.5 mass % of HO2
.
radicals. The physicochemical

properties of PRC { are determined by their components,

first of all, the polyoxides H2O3 and H2O4.

The present review addresses the formation mechanisms,

the vibrational spectra, the kinetics and heats of decom-

position of hydrogen tri- and tetroxides as PRC compo-

nents and also the methods of synthesis and physicochem-

ical properties of the condensates themselves. In order to

give the full picture of the research in this area, we

considered not only recent publications, but also earlier

papers; the results obtained since the 1970s and up to now

are integrated and described systematically.

II. Synthesis of peroxy radical condensates and
composition of PRC decomposition products

Several methods are known for PRC synthesis: condensa-

tion of the products of reaction between atomic hydrogen

and gaseous oxygen and ozone;48 condensation of H2+O2

mixtures or H2O/H2O2 vapours dissociated in an electric

discharge; and reaction of hydrogen atoms with liquid

ozone.49, 50

The efficiency of PRC synthesis is affected by the reactor

design and size, the pressure and the temperature of the

synthesis, the composition and the flow rate of the initial

gas mixture and the discharge power. The reactors used for

this synthesis (Fig. 1) are basically composed of three parts:

the discharge zone, the synthesis zone (low-temperature

trap) and the connecting channel between the discharge

and synthesis zones. Under the discharge, the initial gases or

vapours dissociate into atoms and radicals. Along the

connecting channel, they are delivered into the trap. The

peroxy radical condensates are formed upon chemical

reactions of atoms and radicals on the walls of the low-

temperature trap.

It was found in special experiments 51 that increasing the

temperature of the trap above the liquid nitrogen temper-

ature, all other conditions being invariable, leads to decreas-

ing yields of the active PRC components. If the temperature

of PRC synthesis is lower than 150 K, oxygen is released

upon heating of the condensate, which is indicative of the

presence of H2O3 and H2O4 as condensate components.

When the synthesis temperature is 150 ± 190 K, no oxygen is

released and the condensate is found to contain only H2O2

and H2O. In the case of synthesis temperature 4190 K, the

condensed product consists only of H2O.51

For the highest yields to be obtained, the atoms and

radicals formed in the discharge should reach the liquid

nitrogen-cooled surface as fast as possible. When a surface

with an intermediate temperature, in particular, the con-

necting channel, is located on their way, the yield consid-

erably decreases because of the decay of some active

species.52 Therefore, the optimal design of the reactor does

not include a connecting channel, with the discharge zone

directly adjoining the freezing zone or coinciding with it.

These requirements are met in the reactor representing a

U-shaped gas discharge tube (characteristic diameter of

*15 mm) immersed into liquid nitrogen (77 K). A reactor

of this type was used for the first time by Kobozev et al.53

Peroxy radical condensates are synthesized at a reduced

pressure (0.5 ± 1 mm Hg), which is usually created by a

backing vacuum pump. The efficiency of the synthesis

increases if the set pressure is as low as possible and cooled

electrodes are used.

The peroxy radical condensate freezes out on the walls

of the low-temperature trap (discharge tube) as a trans-

parent, slightly yellow-coloured glassy material. On heating

to room temperature, it decomposes to give a considerable

amount of oxygen gas and a liquid aqueous solution of

{Note that a considerable part of studies of the PRCwas performed at the

Laboratory of Catalysis and Gas Electrochemistry of the Department of

Chemistry, Moscow State University.
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Figure 1. Basic diagram of the reactor for PRC synthesis
(a possible design).
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H2O2 (30mass%± 60 mass%). The evolution of oxygen is

caused by decomposition of the active components accord-

ing to the reactions

H2O3 H2O+O2 (3)

H2O4 H2O2+O2 (4)

The PRC decomposition products [O2(g) (see }), H2O2

and H2O] are quantified in the following way.54 The amount

of oxygen n(O2), where n is the number of moles, is

calculated from the pressure of the evolved gas collected in

a definite volume. The amount of hydrogen peroxide

n(H2O2) in the liquid solution is found by potassium

permanganate titration in sulfuric acid solutions by a stand-

ard procedure.55 The amount of water n(H2O) is found from

the total mass of the liquid solution and the amount of H2

O2 it contains. Since the condensate is composed of four

major components (H2O4, H2O3, H2O2 and H2O) and two

of them (H2O4, H2O3) decompose to give off oxygen, the

condensate composition cannot be unambiguously deter-

mined from the results of chemical analysis of decomposi-

tion products.

An important role for determination of PRC composi-

tion is played by the ratio of the amounts of oxygen and

hydrogen peroxide in decomposition products Ð

NO2
/NH2O2

. It is related to the amounts of components in

the condensate that has not decomposed in the following

way:

NO2

NH2O2

� n�H2O3� � n�H2O4�
n�H2O2� � n�H2O4�

(5)

These relations neglect the gas evolution as a result of

recombination of HO2
.
free radicals and the presence of

ozone and occluded molecular oxygen in the condensate.

The contribution of these factors to the overall gas evolu-

tion is insignificant and the introduced error is, most often,

lower than the error of experimental determination of

NO2
/NH2O2

.

The benefits of the NO2
/NH2O2

ratio are that it can be

determined from commonly available chemical analysis

data alone (without the necessity to quantify water) and

that it generally reflects the `quality' of the condensate: the

higher the active component content in the PRC (hydrogen

polyoxides as compared with H2O2), the greater this ratio.

Furthermore, the NO2
/NH2O2

ratio is dimensionless and is

barely affected by the time of synthesis. Previously (see, for

example, Refs 52, 56 and 57), particularly the NO2
/NH2O2

ratio served as the key criterion of the efficiency of PRC

synthesis, because H2O4 was believed to be the only active

component. In this case, this ratio should have been in the

range of 0 ± 1; the ratio equal to unity would have indicated

the presence of only H2O4 and water in the condensate. For

the condensates formed in the reaction of hydrogen atoms

with liquid ozone, the condition NO2
/NH2O2

= 1 is always

fulfilled. However, as shown by experiments,32 these con-

densates contain comparable amounts of H2O2, H2O3 and

H2O4. For most of the condensates, H2O3 is the predom-

inant active component;32, 37, 39 therefore, the NO2
/NH2O2

ratio can be both lower and higher than unity. Note that

Berezin et al.58 and Gromov et al.59 managed to synthesize

the condensates with very high NO2
/NH2O2

ratios.

The efficiency of PRC syntheses from different starting

compounds can be evaluated considering the data of

Table 1. For PRC synthesis, it is very convenient to use

H2+O2 gas mixtures. Variation of the composition of these

mixtures gives rise to condensates with different contents of

active components.

III. Vibrational spectroscopy of peroxy radical
condensates

Vibrational spectroscopy is the most efficient method for

determining the active PRC components and for studying

their structures. Yagodovskaya and Nekrasov 81, 82 were the

first to detect new bands (not attributable to known com-

pounds such as H2O, H2O2, O3 or HO2
.
) in the IR spectra of

PRC. Quite a few new bands were found and assigned to

hydrogen polyoxides, first, to H2O4, and then also to H2O3.

The absorption bands in the 570 ± 840 cm71 range are likely

to be caused particularly by vibrations of the oxygen

skeleton of the polyoxides H2O3 and H2O4.

Convincing evidence for the presence of H2O3 in the

condensate was reported in 1970 ± 1974 by Canadian phys-

ical chemist Giguere and co-workers.47, 83 ± 85 Using IR and

Raman spectroscopy, they observed the whole set of vibra-

tional frequencies of the oxygen skeleton of hydrogen

trioxide; the assignment of these bands was virtually the

same as the modern assignment.

A full spectroscopic characterization of hydrogen tri-

oxide was reported in 2002 by Engdahl and Nelander,33 who

investigated H2O3 isolated in a low-temperature argon

matrix by IR spectroscopy. The lines for all nine funda-

mental vibrations of H2O3 were observed; the experimental

vibrational frequencies were in very good agreement with

the results of quantum chemical calculations.23, 33, 39 In

2005, the geometric structure of the H2O3 molecule in the

gas phase was determined with high accuracy by Fourier

transform microwave spectroscopy.34

As regards H2O4, Giguere and co-workers were unable

to identify the correct set of vibrational frequencies for the

oxygen skeleton of this molecule. The frequencies that they

assigned to hydrogen tetroxide generally do not agree with

the results of modern quantum chemical calcula-

tions.23, 28, 39 The later attempts to obtain H2O4 in a low-

temperature matrix and to characterize it by IR spectro-

scopy have not met with success. Attempts were made to
}The following designations are used: g, liq and s are gaseous, liquid and

solid states, respectively; aq stands for aqueous solutions.

Table 1. NO2
/NH2O2

values for different methods for PRC synthesis.

Method of synthesis NO2
/NH2O2

Ref.

Reaction H
.
+O2 (g) 0.05 ± 0.35 60 ± 66

From electrically dissociated H2O 0.11 ± 0.21 37, 67 ± 76

vapour

From electrically dissociated H2O2 0.16 ± 0.3 68, 76 ± 79

vapour

Reaction H
.
+O3 (g) 0.08 ± 0.25 61, 66

Reaction H
.
+O3 (liq) 1 49, 50, 77, 80

From electrically dissociated H2+O2 0.7 ± 5 38, 53, 58

gas mixtures of various composition
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prepare the higher peroxide H2O4 by photolysis of form-

aldehyde or glyoxal in an O2 matrix at 15 K.86, 87 The

photooxidation of these compounds gives two HO2
.
radicals

and two CO molecules as the primary products. In the

subsequent reactions, according to IR spectroscopy data,

the HO2
.
radicals form a cyclic dimer (HO2

.
)2 complexed

with a CO molecule, but not a chain HOOOOH molecule.

These conclusions were later confirmed in a theoretical

study.88 These results raised doubts about the possibility

of existence of H2O4 in low-temperature condensates

(matrices).

The modern and most detailed investigations of PRC by

Raman spectroscopy were reported by Levanov et al.39 The

synthesis was carried out by condensation at 77 K of oxy-

gen and hydrogen gases pre-atomized in a microwave

discharge. The procedure was suitable for preparing sam-

ples containing considerable amounts of both polyoxides

(H2O4 and H2O3). Therefore, it was possible to record

intense Raman spectra of the condensates and to reliably

characterize the polyoxides, including H2O4, on the basis of

vibrational spectra of their oxygen skeletons. The experi-

mental spectra of the polyoxides 39 are in good agreement

with the results of high-level quantum chemical calcula-

tions.23, 28

A typical Raman spectrum of PRC is shown in Fig. 2. In

the 440 ± 890 cm71 range, the spectrum contains clear-cut

lines (they are designated by continuous arrows) that

correspond to neither water nor hydrogen peroxide. These

lines are due to the normal vibrations of the oxygen

skeletons of the hydrogen polyoxides, which is supported

by isotope substitution (deuterium for hydrogen). The other

lines in the spectrum correspond to vibrations of OH groups

(in the H2O, H2O2, H2O3 and H2O4 molecules) and HOO

groups (in H2O2, H2O3 and H2O4 molecules) and have

analogues in the well-known hydrogen peroxide spectrum.89

The intense broad band with a maximum at 3180 cm71

corresponds to the stretching modes of hydrogen-bonded

hydroxyl groups. The HOO bending modes give rise to the

broad peak with a maximum at 1448 ± 1468 cm71. The peak

at 2840 cm71 corresponds to a combined absorption band

for the HOO bending mode. In the condensate of hydrogen

peroxide or its mixtures with water, these lines occur at

somewhat lower frequencies. When hydrogen is replaced by

deuterium, the lines corresponding to OH and HOO vibra-

tions shift to lower frequencies.

The broad unresolved signal (shoulder) at 40 ± 380 cm71

falls in the region that shows rather intense lattice modes in

the spectrum of crystalline H2O2. Weak broad signals of the

quartz glass, the reactor material, can be superimposed on

the spectrum of the condensate in the 40 ± 380 cm71 range.

The strict assignment of the Raman lines of the con-

densates was based on a quantum chemical simulation of

the vibrational spectra of the H2O4, H2O3 and H2O2

molecules.39 The calculations were carried out by density

functional theory (B3LYP) with the 6-31+G(d,p) basis set

using the Gaussian 03 program package. The calculated

vibrational frequencies were scaled by being multiplied by a

factor equal to the ratio of experimental (881 cm71) and

calculated (921 cm71) O7O stretching frequencies of the

H2O2 molecule. In view of the strong intermolecular inter-

actions (hydrogen bonds) in the PRC, comparison of the

calculated and experimental frequencies makes sense only

for vibrations of the polyoxide oxygen skeleton that do not

affect the hydrogen atoms.

The vibrational spectra of molecules are related to their

geometric structure. Quantum chemical calculations of the

geometric structures of hydrogen polyoxide molecules have

been reported in numerous publications;23, 24, 27, 28, 90 ± 92

earlier theoretical results have been summarized in

reviews 42, 43 and a monograph.44 Apart from the paper of

Levanov et al.,39 calculations of vibrational spectra of H2O4

and H2O3 at a modern level have also been reported in other

works.23, 28 The use of density functional theory 23, 39 gives a

satisfactory agreement with experimental data. However,

the resulting vibrational frequencies are always overesti-

mated. That is why Levanov et al. 39 used the scaling

procedure while comparing the calculated and experimental

frequencies. The correlated coupled-cluster methods,
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Figure 2. Raman spectra of PRCs synthesized from oxygen ± deuterium (70 vol.%O2+30 vol.%D2O) (1, 2) and oxygen ± hydrogen
(86 vol.% O2+14 vol.% H2) (3, 4) systems.39
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CCSD(T)/cc-pVTZ (Ref. 23) and CCSD(T)-F12/cc-pVTZ-

F12 (Ref. 28), are much more perfect, as they are free from

the above-mentioned drawback. The most accurate data on

the vibrational spectra of hydrogen polyoxides were

obtained by Hollman and Schaefer 28 by the CCSD(T)-

F12/cc-pVTZ-F12 method. For most skeletal vibrations,

the theoretical 28 and experimental 39 results were in good

agreement.

The experimental vibrational frequencies of H2O4 and

H2O3 as PRC components are also presented in the pub-

lications of Giguere and co-workers.47, 83 ± 85 The O7O

asymmetric stretching and OOO bending frequencies for

H2O3 reported in these papers almost coincide with those

found by Levanov et al.39 However, the unresolved peak

(shoulder) at *855 cm71, which was assigned by Giguere

and co-workers to the O7O symmetric stretching mode of

the H2O3 molecule, actually refers to a similar vibration of

the H2O4 molecule, the exact frequency of the peak being

865 cm71. The line for the O7O symmetric stretching

mode of hydrogen trioxide occurs at 878 cm71, which

virtually coincides with the corresponding H2O2 line at

881 cm71. In the study of Levanov and co-workers,39 the

lines at 865 and 878 cm71 were identified by numerical

deconvolution of the contour of the peak at *880 cm71.

Giguere and co-workers could not use this approach,

because there were no appropriate computing resources at

that time.

For H2O4, Giguere experimentally observed only two

signals at 820 ± 830 and 450 cm71 (see Ref. 47 and refer-

ences cited therein). The main cause is that the condensates

contained only a minor amount of H2O4 (not more than

0.6 mol.%).93 Other vibrational frequencies were based on

the poorly defined experimental signals and on analogy

between the vibrational spectra in homologous series of

the polyoxides H2On and polysulfanes H2Sn. As a result,

three (out of six) frequencies that were assigned to the H2O4

skeletal vibrations in the Giguere's work differed very

sharply from both experimental values 39 and results of

recent computational studies.23, 28, 39 The condensates con-

taining up to 20 mol.% H2O4 were obtained in experi-

ments;39 this allowed researchers to comprehensively char-

acterize for the first time the vibrational spectrum of the

oxygen skeleton of this compound.

The experimental Raman spectrum of PRC and the

simulated spectra of the H2O2, H2O3 and H2O4 molecules

are shown in Fig. 3.

Most of lines that correspond to the polyoxide oxygen

skeleton do not overlap with one another. An exception is

the most intense peak at *880 cm71, which is a super-

position of three signals. This is especially evident in the

experimental spectra of the mixtures enriched with oxygen,

in which a shoulder at 865 cm71 is clearly seen. The

deconvolution of the peak at *880 cm71 showed that it

consists of three signals with maxima at 865, 878 and

881 cm71. The line at 881 cm71 is caused by the O7O

symmetric stretching vibration of the H2O2 molecule. The

lines at 878 and 865 cm71 correspond to analogous vibra-

tions of H2O3 and H2O4.

The line for O4 torsional vibrations is not manifested in

the experimental spectra. This is quite predictable because,

according to calculations, this line has low intensity in the

Raman spectrum and, furthermore, it falls into the region of

the broad unresolved shoulder at 50 ± 400 cm71. This

shoulder is present in all spectra and covers the weak line

for the O4 torsional vibrations. The published data on the

vibrational frequencies of the oxygen skeleton of hydrogen

tri- and tetroxide molecules are summarized in Table 2.

IV. Chemical composition of peroxy radical
condensates

The application of Raman spectroscopy and chemical

analysis of decomposition products made it possible to

reliably determine for the first time the composition of

PRC obtained from electrically dissociated oxygen ± hydro-

gen mixtures and water vapour or by the reaction of

hydrogen with liquid ozone.

The quantitative contents of the major PRC components

(H2O, H2O2, H2O3 and H2O4) can be calculated from the

numbers of moles of decomposition products (NO2
/NH2O2

,

NH2O) and relative intensities (I ) of the most intense and

well-resolved H2O4 and H2O3 lines at 449 and 500 cm71 in

the Raman spectra of the condensate. If the numbers of

moles of components in the freshly prepared condensate are

designated by n(H2O), n(H2O2), n(H2O3) and n(H2O4), the

following equations can be written:

n(H2O)+ n(H2O3)=NH2O (6)

b

d
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Figure 3. Experimental Raman spectrum of PRC (synthesized
from 96.6 vol.% O2+3.4 vol.% H2) (a) and simulated spectra of
H2O4 (b), H2O3 (c) and H2O2 (d ) in the region of oxygen skeleton
modes.39
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Table 2. Fundamental vibrational frequencies of the oxygen skeleton in H2O3 and H2O4 (cm71).

Approximate normal vibration Experiment Calculation method
type

see 39 see 47, 83 ± 85 see 33 B3LYP/6-31+G(d,p) B3LYP/6-31+G(d,p) B3LYP/6-311+ CCSD(T)/cc-pVTZ CCSD(T)-F12/cc-
(scaled) 39 (unscaled) 39 G(3df,2p) (see 23) (see 23) pVTZ-F12 (see 28)

Oxygen skeleton ofH2O3

OO symmetric stretching 878 *855 821.0 878 917 925 879 881

OO asymmetric stretching 756 755 776.3 760 795 795 784 774

OOO bending 500 500 509.1 486 508 516 508 511

Oxygen skeleton ofH2O4

OO symmetric stretching 865 *855 7 873 912 922 882 869

OO asymmetric stretching 827 *823 7 814 851 847 833 844

OO central stretching 624 *764 7 594 621 629 672 661

OOO bending 1 589 (435) 7 567 593 607 601 592

OOO bending 2 449 450 7 462 483 479 470 449

OOOO torsional 7 *98 7 162 169 172 166 159

Notes.

1. The descriptions of the types of H2O4 normal vibrations in Ref. 39 and in Refs 23, 28 and 47 somewhat differ.

2. The frequencies were taken from the final paper 47 based on experimental data reported in Refs 83 ± 85. The reported 47, 83 ± 85 spectra of H2O4 clearly show only peaks at 450 and*823 cm71 .

3. The H2O4 molecule was reported 10, 28 to have three stable conformations (isomers); the presented frequencies refer to isomer No. 3.28
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n(H2O2)+ n(H2O4)=NH2O2
(7)

n(H2O3)+ n(H2O4)=NO2
(8)

n�H2O4�
n�H2O3�

� a
I449
I500

(9)

The coefficient a=0.92 was estimated from the inten-

sities of Raman lines of hydrogen tri- and tetroxides,

calculated by Levanov and co-workers,39 taking account

of the intensity ratio of the lines of analogous vibrations in

the experimental Raman spectra of pure H2S4 and H2S3.94

The presented relations form a non-degenerate system of

four linear equations with four variables; solution of this

system gives the numbers of moles of the major PRC

components.

The compositions of the PRC obtained from electrically

dissociated oxygen7hydrogen mixtures as a function of the

composition of the initial gas mixture are shown in Fig. 4.

When the oxygen content in the initial mixture is

60 vol.% ± 70 vol.%, the predominant components are

H2O2 and H2O3. The highest fraction of H2O3 (30 mol.%)

is attained when the gas fractions in the initial mixture are

70 vol.% O2 and 30 vol.% H2. As the initial oxygen fraction

in the gas mixture further increases, the H2O3 and H2O2

contents in the condensate decrease, whereas the H2O4 and

H2O contents increase. The condensate prepared from

98 vol.% O2 and 2 vol.% H2 contains the highest amount

of H2O4 (20 mol.%), while the major component of this

condensate is water (55 mol.%).

Condensates synthesized from electrically dissociated

water vapour were started to be studied in the 1930s. In

most of the published works, H2O4 was considered to be the

active component. Only in two papers,68, 84 there are data

on the presence of hydrogen trioxide in this condensate. The

NO2
/NH2O2

values for PRC obtained from water vapour are

as follows: 0.11,67 0.13,68 0.15,75 0.11 ± 0.17,37 0.15 ± 0.17,69

0.16,74 0.16 ± 0.18,70 0.17,71 0.18,72 0.2.73 This value can

approach unity in the case of effective cooling and mini-

mization of the connecting channel length.95, 96

Modern investigations of PRC obtained from water

vapour have been reported by Levanov et al.37 In the

Raman spectra of the condensates, characteristic signals of

H2O3 with wave numbers of 500 and 756 cm71 can be

clearly seen. They are due to the OOO bending vibration

and OO stretching vibration of the oxygen skeleton of this

molecule. Hydrogen tetroxide gives rise to only one rela-

tively weak and poorly resolved peak at 450 cm71, which

was assigned to the OOO bending vibration 2. The most

intense peak at 878 cm71 is caused by superposition of lines

of the OO symmetric stretching modes of hydrogen per-

oxide and trioxide. The analogous vibration in the case of

hydrogen tetroxide is usually manifested as a shoulder

(865 cm71) at this peak,32, 39 but it is not observed in the

spectra of PRC prepared from water vapour. Thus, the

amount of H2O4 is rather low, while H2O, H2O2 and H2O3

are the major components. A quantitative estimate demon-

strated that in most experiments,37 the numbers of moles of

PRC components formed from water vapour are in the

approximate ratio n(H2O2) : n(H2O3) : n(H2O4)& 50 : 7 : 1.

It was found by Raman spectroscopy that on heating of

the condensate, H2O4 is the first to decompose and H2O3 is

the next; the final stage of decomposition of PRC compo-

nents in the liquid phase involves decomposition of only

H2O3.37 This finding is important for interpretation of the

results of calorimetric studies of PRC.74, 97, 98

The low-temperature condensate obtained by the reac-

tion of hydrogen atoms with liquid ozone has the following

characteristic feature: when particular experimental condi-

tions are maintained, the NO2
/NH2O2

ratio is equal to unity

and virtually does not depend on the time of treatment or

concentration of hydrogen atoms in the gas phase.49, 50, 77, 80

Study of the magnetic susceptibility demonstrated the

absence of occluded molecular oxygen in the freshly pre-

pared H
.
(g)7O3(liq) condensate;99 O2 is formed only upon

decomposition of the condensate on temperature rise. In

view of these facts, it was suggested that the PRC formed in

the H
.
(g)7O3(liq) system contains only hydrogen tetroxide

and water.50, 99 However, the nature of active components

was not elucidated.

Levanov et al.32 investigated the condensate formed in

the H
.
(g) ±O3(liq) system by Raman spectroscopy. In the

Raman spectrum, an intense peak is present with a maxi-

mum at 880 cm71. It is a superposition of three lines Ð 865,

878 and 881 cm71 corresponding to the OO symmetric

stretching modes of H2O4, H2O3 and H2O2 molecules,

respectively.39 The 878 and 881 cm71 lines always coalesce,

while the 865 cm71 line is partly resolved, and in high-

resolution spectra it is manifested as a shoulder at the main

signal. These results make it possible to draw conclusions

about the condensate composition and to verify whether the

condensate actually consists of only hydrogen tetroxide and

water.50, 99 If this was true, the spectrum would exhibit a

single peak with a maximum at 865 cm71. Evidently, this is

not the case: in the experimental spectra, the top of the peak

is located at 879 ± 880 cm71. The 865 cm71 line is a

shoulder with an intensity approximately twice lower than

the intensity of the major signal. Hence, the condensate

contains not only H2O4, but also H2O3 and H2O2. In view of

the the fact that NO2
/NH2O2

& 1 is characteristic of the

20 40 60 80 100

CO2
(vol.%)

P
R
C
co
m
p
o
n
en
t
/m

o
le
fr
a
ct
io
n

0.1

0.2

0.3

0.4

0.5

0.6

1

2

3

4

Figure 4. Variation of the PRC composition vs. oxygen content in
the initial H2+O2 gas mixture.39

Components: (1) H2O2, (2) H2 O, (3) H2O3, (4) H2O4.
Synthesis conditions: 1.5 ± 5 h duration, 12 W rated power of the
microwave discharge, 2.5 cm distance from the discharge to the
synthesis zone, 3.2 litre h71 flow rate, and *0.9 mm Hg pressure
in the reactor.
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condensate, one can conclude that the contents of H2O2 and

H2O3 are equal. Thus, the condensate synthesized by the

reaction of atomic hydrogen with liquid ozone contains not

only hydrogen tetroxide and water, but also hydrogen

trioxide and peroxide, with the amounts of H2O4, H2O3

and H2O2 being approximately equal.32

An important component present in PRC in small

quantities is the HO2
.
free radical. This radical is responsible

for the yellowish colour } and paramagnetism of freshly

prepared condensates. According to EPR study of

PRC,54, 100, 101 the concentration of HO2
.

radicals is

0.3 mass%± 0.5 mass% and virtually does not depend on

the conditions of synthesis. Typical EPR spectra of the HO2
.

radical in the PRC matrix are shown in Fig. 5. In low fields

(g-factor& 4), the EPR spectrum exhibits a weak signal for

the HO2
.
_HO2

.
radical pair.101

In the reaction of H
.
and O2, the HO2

.
radicals are

generated on the surface of the growing condensate (in the

quasi-liquid layer) rather than in the gas phase.102, 103 In this

case, most of the radicals are spent for the formation of the

major condensate components, and only a minor fraction of

HO2
.
has no time to react and is stabilized in the PRC

matrix. For short times of freezing (thin film of PRC), the

accumulation of HO2
.
is linear, irrespective of the experi-

mental conditions; this is indicative of a constant temper-

ature of the growing condensate surface. As the time of

freezing increases, the accumulation rate decreases and

deviations from the linearity appear, because of increasing

temperature of the condensate surface following the

increase in its amount during the synthesis.102, 103

The kinetics of PRC decomposition has been investi-

gated by EPR spectroscopy.101, 104 Recombination of the

HO2
.
radicals starts at 90 K and ends at 153 K, i.e., by the

onset of decomposition of the major PRC components

(155 K), there are no radicals left. In view of the virtual

absence of gas evolution during PRC heating up to a

temperature of 153 K and considering the published data

on the magnetic susceptibility of PRC,99 the recombination

of HO2
.
radicals in the indicated temperature range is

concluded to give H2O4. The HO2
.
decay is stepwise: at this

temperature, only a certain fraction of radicals disappears

and the kinetic curve reaches saturation. A diffusion model

has been proposed for HO2
.
radical recombination in PRC,

describing the stepwise recombination and suitable for

determining the diffusion coefficient in a low-temperature

matrix.105

Using a model that implies an activation energy (Ea)

distribution, the activation energies of radical recombina-

tion reactions were determined.101, 104 The characteristic

Ea values are *10 (90 ± 130 K) and *20 kcal mol71

(130 ± 145 K).101 They considerably exceed the apparent

activation energy for the HO2
.
recombination in the gas

phase and are caused by the low mobility of radicals in the

low-temperature matrix. It was suggested 101, 104 that diffu-

sion in the amorphous condensate is the only rate-limiting

stage at 90 ± 130 K, while at 130 ± 145 K, the diffusion is

additionally hampered by the onset of the phase

transition Ð crystallization of the condensate, which takes

place at 153 ± 163 K.106 ± 108

V. Mechanism of formation of hydrogen
polyoxides and kinetic model of the synthesis of
peroxy radical condensates

The composition of peroxy radical condensates is com-

pletely dictated by and depends, in a complex manner, on

the composition of the gas phase occurring in contact with

the cold surface on which the PRC is formed. Detailed EPR

investigations of the gas phase composition during experi-

ments on PRC synthesis have been reported.109 ± 114 The

oxygen ± hydrogen mixtures were dissociated into atoms in

high-frequency or microwave glow discharge, the cavity of

the EPR spectrometer was arranged at the end of the

connecting channel at some distance from the discharge.

In some cases, the zone of PRC synthesis was inside the

cavity.113, 114 The EPR measurements showed the presence

of the H
.
and

.
O
.
atoms, HO

.
radicals and O2 molecules.

Typical dependences of the concentrations (C) of these

species on the composition of the initial gas mixture are

shown in Fig. 6. The highest concentration of HO
.
is

approximately two orders of magnitude lower than the

highest concentrations of H
.
and

.
O
.
.

The atoms and radicals that exist directly in the dis-

charge area can be detected by emission spectroscopy. The

discharge emission spectra of oxygen ± hydrogen mixtures

exhibit intense lines of the excited H
.
and

.
O
.
atoms, the

relative concentrations of which are shown in Fig. 7. The

intensities of other lines are two to three orders of magni-

tude lower (their nature was not studied).

The full composition of the gas phase was determined by

mathematical modelling of the chemical reaction kinetics in

the connecting channel.110, 113, 115 The set of the considered

chemical reactions mainly described the well-known chain

mechanism of the reaction between hydrogen and oxygen.

At low pressure (*1 mm Hg), considerable role is played by

the decay of the H
.
and

.
O
.
atoms and the HO

.
radicals on

the connecting channel wall. From the results of experimen-

a b c

g=2.0023 g=2.0023 g=2.0023

Figure 5. EPR spectra of the HO2
.
radicals in the PRC prepared

from oxygen ± hydrogen mixtures with O2 content of 2 ± 7 (a),
15 ± 82 (b), 88 ± 97 vol.% (c).104

}The peroxy radical condensates synthesized by the reaction

H
.
(g)+O3(liq) are light-blue- or blue-coloured due to residual ozone.
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tal determination of the concentrations of H
.
, O

.
, HO

.
and

O2 and modelling of the kinetics of reactions in the

connecting channel, it was ascertained that water is the

only PRC component that can be formed in the gas phase

and then freeze out on a cold surface. The concentrations of

the other possible components, in particular, H2O2, HO2
.

and O3, in the gas phase are too low to explain the presence

of these components in the condensates. Hence, all PRC

components, apart from water, are formed only in chemical

reactions on the surface of the growing condensate.

In order to find out what particular atoms, radicals or

molecules present in the gas phase can serve as initial species

for low-temperature synthesis of PRC components, Leva-

nov et al.115 compared the concentrations of gas-phase

species (determined from experimental EPR spectroscopy

and mathematical modelling data) and yields of low-tem-

perature condensation products under similar conditions

(the data of Refs 59 and 116). From the results,115 one can

draw the important conclusion that three species coming

from the gas phase act as reactants in the low-temperature

synthesis from dissociated H2+O2 mixtures or from water

and hydrogen peroxide vapours, namely, hydrogen and

oxygen atoms (H
.
and

.
O
.
) and molecular oxygen. It should

be borne in mind that the
.
O
.
atom in the gas phase is highly

reactive compared with H
.
or O2. Therefore, even a minor

dissimilarity of experimental conditions in the synthesis of

PRC and in determination of the gas phase composition

may lead to a significant underestimation of the real

concentration of
.
O
.
near the synthesis zone.

In non-equilibrium electric discharges, which are used in

PRC synthesis, there are free electrons, but their reactions

can be neglected. Indeed, PRC can arise both upon direct

contact of the electric discharge plasma with a cold surface

and upon reactions of atoms and radicals drawn out of the

discharge; in the latter case, the concentration of electrons is

negligibly low compared with their concentration in the

discharge. However, in both cases, condensates with similar

properties are formed. Due to very high reactivity, electrons

are usually rapidly consumed in direct or mediated reac-

tions with positively charged ions and do not migrate from

the discharge plasma to the condensed phase. This is

confirmed, for example, by the fact that, among other

methods, hydrogen atoms can be generated in a liquid

solution by a high-frequency electric discharge in a flow of

hydrogen gas, which is then vigorously mixed with the

solution.117 This process is not considered as a source of

electrons (the only method for generating free electrons in

an aqueous solution is water radiolysis).117 In addition,

analysis of the relevant literature provides the conclusion

that under experimental conditions of PRC synthesis, the

concentration of electrons in the gas phase is insufficient for

the formation of hydrogen polyoxides.

To account for the observed yields of polyoxides, the

concentration of the initial gas-phase species should exceed

*1013 ± 1014 cm73 (if reactions of one species lead to the

formation of one polyoxide molecule).115 The concentra-

tions of electrons in the discharges similar to those used for

PRC synthesis are 5 361010 cm73 (in a direct current glow

discharge plasma in oxygen) 118 and they are several orders

of magnitude lower in the afterglow. While modelling the

kinetics of ozone formation in oxygen discharge plasma,

Chang and Masuda 119 concluded that at temperatures

5170 K, reactions involving electrons or ions do not

contribute to the formation (decay) of ozone molecules.

This referred to ozone formation particularly in the dis-

charge plasma in the gas phase, in which electrons are

present and play a crucial role in dissociation of molecules

into atoms, rather than to ozone formation upon low-

temperature condensation.

A very important issue is the mechanism of low-temper-

ature PRC synthesis and formation of hydrogen polyoxides

as PRC components. Indeed, it is of interest how relatively

long chain molecules of polyoxides are formed from the

small H7O7O2, or H7O3 species. In many early papers

starting from the 1930s (see discussions 39, 45, 120), various

possible mechanisms have already been proposed for this

reaction. However, all of them were suitable only for
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qualitative description of some limited set of experimental

results. Furthermore, strictly speaking, the PRC composi-

tion was unknown at that time (it was ultimately established

only recently 32, 37, 39); therefore, the task of constructing a

detailed mechanism (taking into account as fully as possible

the significant chemical reactions and estimation of their

rate constants) and a quantitative kinetic model could not

be even put forward, because of the lack of the required

initial data.

The mechanism of formation of hydrogen polyoxides in

the reaction system comprising gas-phase hydrogen atoms

and liquid ozone is especially important owing to the unique

properties of the resulting condensate. The H
.
(g)+O3(liq)

condensate contains hydrogen peroxide, the polyoxides

H2O3 and H2O4 in comparable amounts and water, the

value NO2
/NH2O2

being equal to unity and virtually inde-

pendent of the treatment time or concentration of hydrogen

atoms in the gas phase.49, 50, 77, 80 This indicates that the

concentrations of H2O2 and H2O3 in the condensate are

equal for some reason. In addition, it is known that PRC is

a solid glass-like material in which hydrogen polyoxides are

stabilized. Meanwhile, the synthesis of hydrogen polyoxides

by the reaction H
.
(g)+O3(liq) takes place only if a liquid

ozone layer is present on the cooled surface;121 when the H
.

atoms react with solid ozone, H2O4 and H2O3 are not

formed. The mechanism and the corresponding model of

PRC synthesis should account for all these peculiarities.

The quantitative kinetic model of PRC synthesis was

constructed proceeding from the following views.32 The

liquid ozone layer located on the cold surface (T=77 K)

is bombarded by hydrogen atoms coming from the gas

phase. All chemical reactions occur in the liquid phase.

The primary step is the reaction of H
.
and O3(liq); the HO

.

and HO2
.
radicals are generated in the subsequent reactions

involving O3. The active components of the condensate,

H2O4, H2O3 and H2O2, are generated in diffusion-con-

trolled reactions between the HO
.
and HO2

.
radicals pro-

ceeding without a barrier. Water is the product of reaction

between the HO
.
radical and the H2O4, H2O3 and H2O2

molecules. The H2O, H2O2, H2O3 and H2O4 molecules

formed in the liquid ozone layer diffuse towards the cold

surface and form a solid phase layer on the surface. The

molecules located in the solid phase are stabilized and

inaccessible for any chemical transformations.

On the basis of analysis of published data on the kinetics

and mechanism of the relevant elementary reactions, the

following reactions were proposed to occur in the liquid

phase at 77 K:

H
.
+O3 HO

.
+ O2 (10)

HO
.
+O3 HO2

.
+ O2 (11)

HO2
.
+O3 HO

.
+ 2O2 (12)

H
.
+O2 HO2

.
(13)

H
.
+HO

.
H2O (14)

H
.
+HO2

.
H2O2 (15)

HO
.
+HO

.
H2O2 (16)

HO
.
+HO2

.
H2O3 (17)

HO2
.
+HO2

.
H2O4 (18)

HO
.
+H2 O2 H2O+ HO2

.
(19)

HO
.
+H2O3 H2O+ HO

.
+O2 (20)

HO
.
+H2O4 H2O+HO2

.
+O2 (21)

The reactions of transition to the solid phase are

described by quasi-chemical equations

H2O H2O(s) (22)

H2O2 H2O2(s) (23)

H2O3 H2O3(s) (24)

H2O4 H2O4(s) (25)

The primary reaction in the liquid phase is the reaction

of the hydrogen atom with the ozone molecule. This

reaction gives the hydroxyl radical and molecular oxygen,

with the mechanism including the intermediate formation of

HO3
.
(Refs 122 ± 125).

H
.
+O3 HO3

.
HO

.
+O2 (26)

The HO3
.
radical is very unstable and easily decomposes

to HO
.
and O2.126 Therefore, the HO3

.
species is not

considered in the model and the reaction of H
.
with O3 is

written as equation (10).

Reaction (10) is very fast: according to quantum chem-

ical calculations, the reaction rate is fairly high even at

77 K.122 The subsequent chemical reactions include the

reaction of the HO
.
and HO2

.
radicals with ozone according

to equations (11) and (12). The rates of these reactions at

low temperature are discussed below.

As a result of reactions (10) ± (12), the HO
.
and HO2

.
free

radicals and O2 molecules are formed in liquid ozone. These

radicals and hydrogen atoms can react according to equa-

tions (13) ± (18). The activation barriers of these reactions

are almost zero and the rate of formation of the reaction

products is determined by the dissipation dynamics of the

excess energy of the reactants. In the liquid phase, these

reactions are diffusion-controlled. In the case of low tem-

peratures, this statement was confirmed experimentally in

relation to the reaction 127

.
O
.
+O2 O3 (27)

The hydrogen atoms and HO
.
radicals present in the

liquid phase are active species and can, in principle, react

with the H2O2, H2O3 and H2O4 molecules. Extrapolation of

the experimental and theoretical data 128 ± 130 on the rate

constants of gas-phase reactions

H
.
+H2O2 H2 +HO2

.
(28)

H
.
+H2O2 HO

.
+H2O (29)

to the temperature of 77 K prompts the conclusion that the

reactions of hydrogen atoms with hydrogen peroxide and

with structurally related hydrogen tri- and tetroxides can be

neglected.

Meanwhile, the reactions of the hydroxyl radical with

the H2O2, H2O3 and H2O4 molecules should be included in

the model. Indeed, the rate constant of reaction (19)

increases as the temperature is decreased from 296 to

96 K; at 96 K, it is very high Ð 1.2610711 cm3 mole-

cule71 s71 (Ref. 131). This temperature dependence is due

to the formation of the complex HO
.
_H2O2, which is

more stable at low temperature.132, 133 The products are
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formed as a result of hydrogen atom transfer in the complex

by the tunnelling mechanism. The reactions of HO
.
with

H2O3 and H2O4 have not been studied. In our opinion, these

reactions are similar to reaction (19); they are described by

equations (20) and (21) and their rate constants coincide

with that of reaction (19) in the order of magnitude.

With the assumptions made, reactions (10) ± (21) reflect

the whole set of chemical transformations that occur in the

liquid phase during PRC synthesis. It has been shown 32

that the numerical values for the rate constants of reactions

(10) and (13) ± (21) can be estimated from the Smoluchowski

equation 134, 135 for diffusion-controlled processes.

Reactions (11) and (12) are slower than (10) and

(13) ± (21). The rate constant of gas-phase reaction (12)

follows an abnormal temperature dependence. It decreases

with decreasing temperature and tends to a limiting value of

*10715 cm3 molecule71 s71 (Refs 136 and 137); this value

can be used as an estimate for the rate constant of reaction

(12) in the liquid phase in the system H
.
(g) ±O3(liq).

The experimental and calculated data on the rate con-

stant for reaction (11) do not allow unambiguous estimation

of this constant at low temperature. The extrapolation of

the temperature dependences reported in two papers 138, 139

leads to the values of * 10715 and 10717 cm3 mole-

cule71 s71, respectively, at 77 K. Therefore, in the model,

the calculations are carried out for various rate constant

values in the range of 10717 ± 10715 cm3 molecule71 s71.

The concentrations of ozone and molecular oxygen in

the liquid phase were estimated using the densities of liquid

ozone and O3 ±O2 solutions reported in two publica-

tions.140, 141

Some model parameters could not be reliably estimated

on the basis of published sources, i.e., they were uncertain.

For example, this refers to the specific rates of quasi-

chemical reactions (22) ± (25), which describe the transfer

of the major PRC components from the liquid to the solid

phase. Second, this refers to the Hertz ±Knudsen equation

parameters (gas-phase concentration of the H
.
atoms and

the surface area to volume ratio of the liquid ozone layer),

which describe the rate of arrival of H
.
atoms from the gas

phase to the liquid ozone layer. In calculations, the uncer-

tain parameters were varied over broad ranges definitely

covering their possible values.

According to the accepted model of PRC formation, the

liquid phase is an open system which receives a steady-state

flow of hydrogen atoms from the gas phase. The H2O4,

H2O3, H2O2 and H2O molecules formed in reactions

(10) ± (21) migrate to the solid phase at a constant specific

rate. The concentration of ozone (and also molecular oxy-

gen if the O3 ±O2 azeotrope is used) in the liquid phase

remains constant during the synthesis, but the volume of the

liquid phase decreases. Hence, a steady-state regime is

established in which the formation and consumption rates

of the intermediates, H
.
, HO

.
, HO2

.
, H2O, H2O2, H2O3 and

H2O4, in the liquid phase are equal and their concentrations

are time-independent. Therefore, the concentrations of the

above-mentioned intermediates and the rates of formation

of components of the solid condensate can be calculated by

solving a system of algebraic equations corresponding to the

chemical kinetics differential equations for reactions

(10) ± (25) in the steady-state case.

The results of calculations according to this model were

in excellent agreement with the whole set of experimental

data on the composition and properties of PRC in the

H
.
(g) ±O3(liq) system. In particular, the calculated

NO2
/NH2O2

ratios virtually did not depend on the uncertain

model parameters and were in the range of 0.97 ± 1.03. This

means that the key feature of the condensate in the

H
.
(g)+O3(liq) system Ð the NO2

/NH2O2
ratio equal to

unity irrespective of experimental factors Ð is reproduced

very well.49, 50, 77, 80 The calculated mole fractions of con-

densate components, H2O4, H2O3 and H2O2, confirm the

experimental result, according to which these values in a

real condensate are approximately equal.

The mechanisms of reactions (10) ± (25) and the model

are in agreement with the observation that the reaction of

hydrogen atoms with solid ozone affords only water and

hydrogen peroxide,142, 143 whereas the polyoxides H2O3 and

H2O4 cannot be obtained.121 Indeed, bombardment of solid

ozone with hydrogen atoms gives rise to the HO
.
and HO2

.

radicals by reactions (10) ± (12). The solid-phase diffusion is

slow; therefore, these radicals are relatively immobile. As a

result, they only react with the H
.
atoms from the gas phase

according to equations (14) and (15) to give H2O and H2O2,

whereas reactions (17) and (18), giving rise to H2O3 and

H2O4, are almost impossible.

A model of PRC synthesis in the H
.
(g) ±O2(g) system

has been constructed 144 using an approach similar to that

chosen above for the H
.
(g)+O3(liq) system. The initial

reactants are H
.
atoms and the O2 molecules coming from

the gas phase, the flow of these species being relatively

intense. A liquid (quasi-liquid) layer, in which the synthesis

of PRC components takes place, is formed near the cold

surface. This layer is composed of the adsorbed reactants

and the products of reactions initiated by the primary

interaction H
.
+O2. The existence of this layer in the liquid

state is maintained by heat evolution as a result of chemical

reactions and dissipation of the energy of gas-phase species.

The hydrogen polyoxide molecules formed upon the reac-

tions in the liquid layer can migrate to the solid phase that

directly adjoins the cooled surface and be stabilized there.

The solid condensate is thus formed.

In the liquid layer, the primary reaction is the reaction

between the H
.
atoms and the O2 molecule to give the HO2

.

radical. This is followed by reactions (15) and (18) yielding

condensate components. Reactions (13), (15) and (18) are

diffusion-controlled, their rate constants being determined

by the Smoluchowski equation. The H
.
atoms and the HO2

.

radicals are highly reactive species; therefore, they can be

considered to be almost completely consumed in fast reac-

tions (13), (15) and (18) in the liquid layer. The H2O2 and

H2O4 molecules are much more inert. They are formed in

reactions (15) and (18) and migrate to the solid phase, thus

forming the desired PRC. The migration processes from the

liquid to solid phase are described by quasi-chemical equa-

tions (23) and (25). Thus, in the H
.
(g) ± O2(g) system, the

formation of PRC components is described by diffusion-

controlled chemical reactions (13), (15) and (18) in the

liquid layer and processes of migration to the solid phase

(23) and (25).

At low temperature, the components of solid PRC are

virtually inaccessible for any chemical reactions. This was

confirmed by Nekrasov et al.,145, 146 who demonstrated that

hydrogen peroxide as a part of solid H2O2 ±H2O conden-

sates does not react with hydrogen atoms that come from

the gas phase.

Proceeding from the condition of stationary concentra-

tions of HO2
.
, H2O2 and H2O4, a theoretical expression was

obtained for the NO2
/NH2O2

ratio for the PRC synthesized by

the reaction between H
.
and O2,144
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where CH
. and CO2

are the H
.
and O2 concentrations in the

gas phase, respectively. Assumptions were made that the

rate constants for diffusion-controlled reactions (13), (15)

and (18) are approximately equal and that the H
.
and O2

concentration ratio in the liquid layer is equal to the ratio of

flow rates of these species from the gas to liquid phase.

Attention is attracted by the fact that theoretical equa-

tion (30) reproduces very well the available experimental

results on the properties of PRC formed in the H
.
(g) ± O2(g)

system from publications of different authors 60 ± 62 who

used different experimental conditions (reactor designs,

cooling medium temperatures and total pressures; the

presence of admixtures of other gases). This confirms the

validity of the PRC formation model we discuss.

In reality, the set of physicochemical transformations

that occur during the PRC synthesis by the reaction H
.
+O2

is more complex than it is assumed in the model. The PRC

decomposition products usually contain considerable

amounts of water rather than only hydrogen peroxide and

molecular oxygen, as would follow from the mechanism

described by reactions (13), (15), (18), (23) and (25). Water

is formed, as a rule, in oxygen ± hydrogen cycle reactions in

the gas phase or on the surface of the inlet parts of the

reactor rather than in the liquid layer. These processes are

initiated by the reaction between H
.
and O2 and are possible

if the atomic hydrogen and molecular oxygen are brought in

contact before they enter the low-temperature liquid layer

(for reactions in gas phase, see Ref. 115). In the ideal case,

only H
.
and O2 come from the gas phase and all chemical

reactions Ð reactions (13), (15) and (18) Ð proceed in the

low-temperature liquid layer. Then the condensate is

expected to consist of only hydrogen peroxide and tetr-

oxide, while the liquid phase formed upon its decomposition

would be 100% hydrogen peroxide. This case has been

implemented:60 the products of decomposition of the con-

densate synthesized by the reaction of H
.
atoms with an

excess of O2 at 4.2 K contained very little water and

consisted almost entirely of pure hydrogen peroxide and

molecular oxygen.

No quantitative kinetic model has yet been developed

for the synthesis of PRC from electrically dissociated oxy-

gen ± hydrogen mixtures. Unlike the systems considered

above, a H2+O2 mixture, after the electric discharge,

contains significant concentrations of not only H
.
atoms

and O2 molecules, but also
.
O
.
atoms. Therefore, apart from

reactions (10) ± (25), low-temperature reactions of oxygen

atoms should also be taken into account for considering the

PRC synthesis in atomized oxygen ± hydrogen mixtures.

Extrapolation of the experimental rate constants of the

reactions of
.
O
.
with H2O and H2O2 (Refs 147 and 148) to

the temperature corresponding to PRC synthesis has shown

that these reactions can be neglected. It is also possible to

neglect the reactions of the
.
O
.
atoms with the H2O3 and

H2O4 molecules, similar to H2O2. Meanwhile, the reaction

.
O
.
+HO2 HO

.
+O2 (31)

must be included, because according to quantum chemical

calculations,149, 150 the rate constant of this reaction in the

gas phase at 77 K is comparable with the diffusion limit in

the liquid phase. The important contribution of this reac-

tion is confirmed by the increase in proportion of water in

the condensate with increasing concentration of the
.
O
.

atoms in the gas phase (the gas-phase concentration of O2

molecules simultaneously increases, while the H
.
and H2

concentrations decrease). It may seem that the proportion

of water should, conversely, decrease, since the H2O mole-

cule contains the highest amount of hydrogen among other

condensate components. However, it has been found 32 that

the key pathway to water in the PRC is the reaction of the

HO
.
radical with other components Ð H2O2, H2O3 and

H2O4 Ð according to equations (19) ± (21). Reaction (31) is

a significant source of HO
.
radicals for these reactions; the

rate of HO
.
formation via other reactions is low. In oxygen-

enriched mixtures, it is also necessary to consider the

formation of ozone by reaction (27), the kinetics of which

at low temperature has been experimentally studied.127 The

set of reactions (10) ± (31) is sufficient to interpret the

formation of the major PRC components (H2O, H2O2,

H2O3, H2O4) in atomized oxygen ± hydrogen systems. Pre-

liminary estimates have shown that a quantitative kinetic

model of PRC synthesis could be based on these reactions.

Thus, Levanov et al.32, 144 proposed for the first time a

detailed mechanism and a quantitative kinetic model of

PRC synthesis and formation of hydrogen polyoxides via

low-temperature condensation of dissociated oxygen ± hy-

drogen systems; these results can serve for interpretation

and prediction of the composition and properties of low-

temperature condensates in the H
.
(g)+O3(liq) and

H
.
(g)+O2(g) systems at a quantitative level, while at a

qualitative level, they are suitable for describing the PRC

composition in all known oxygen ± hydrogen systems. This

model provides a plausible interpretation for the formation

of relatively complex molecules, HOOOOH and HOOOH,

from simple species, H
.
,
.
O
.
and O2, particularly, under

conditions of PRC synthesis and gives an understanding of

why under other similar conditions (reactions of H
.
atoms

with solid ozone or oxygen, matrix isolation experiments),

the formation of hydrogen polyoxides is virtually impossi-

ble. Apparently, this model is not only the first quantitative

model of PRC synthesis, but generally the first quantitative

model for kinetics of complex chemical reactions in a liquid

medium at low (*77 K) temperatures.

VI. Decomposition kinetics of peroxy radical
condensates

The peroxy radical condensates are stable only at low

temperatures, while on heating to room temperature, they

completely decompose. The decomposition kinetics and the

physical transformations of PRC on heating have been

addressed by many researchers since the 1940s. In most

experiments, decomposition was monitored by measuring

the increase in the pressure of the gaseous product Ð

molecular oxygen.

The temperatures of the onset of decomposition and

physical transitions taking place on heating of condensates

of various compositions reported by different authors are in

good agreement (Table 3). The characteristic temperatures

are as follows: onset of decomposition, 153 ± 163 K; crys-

tallization, 158 ± 163 K; melting, 203 ± 212 K. The onset of

decomposition is accompanied by crystallization of the

condensate. These data are confirmed by the results of

X-ray and electron diffraction studies, which are discussed

below. The transparent condensate is covered with cracks

and then sharply grows in size and looks like snow. In the

.
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PRC synthesized at *77 K, the HO2
.

free radicals

(0.3 mass%± 0.5 mass%) are stabilized.100, 101 They

undergo recombination and decay in the 90 ± 153 K temper-

ature range, prior to the decomposition of the major

components.101, 104

Meanwhile, the kinetic characteristics of PRC decom-

position stages are substantially scattered, which is due to

both human (imperfection of the procedures for processing

and analysis of experimental gas evolution curves in early

studies) and objective factors (complex chemical and phase

compositions of the condensate depending on particular

experimental conditions). It is known that water, which is a

major PRC component, forms a solid amorphous phase

upon condensation on a surface with a temperature of 77 K,

the properties of this phase being dependent on the deposi-

tion conditions. On heating, it is first transformed into cubic

ice at a temperature of *150 K and then into hexagonal ice

in the range of *200 ± 220 K.154 Frozen hydrogen peroxide

solutions can also exist in the amorphous state at low

temperature (77 K); they crystallize at 161 ± 165 K.108, 155

Phase transitions occur in the PRC simultaneously with

chemical reactions of decomposition of active components

and can considerably affect the reaction kinetics.

It is noteworthy that amorphous ice can absorb consid-

erable amounts of gases and then release them on heat-

ing.154, 156, 157 However, the content of occluded gases (O2 or

H2) in PRC is very low and they barely make any contribu-

tion to gas evolution during decomposition. The occluded

oxygen in the condensate could be detected by Raman and

EPR spectroscopy. The single peak of occluded oxygen has

a wave number of 1552 cm71; in the Raman spectra of the

condensates, this peak is weak or absent.32, 37, 39 Gromov et

al.158 were able to record the EPR line E of oxygen located

in the PRC cavities in the beginning of decomposition of

active components, whereas the EPR spectra of freshly

prepared condensates show the absence of O2.

In early publications,75, 151 two stages of PRC decom-

position were found and their activation energies were

determined. The temperature ranges of the stages are as

follows: 158 ± 215 and 215 ± 238 K;75 and 158 ± 212 and

212 ± 243 K.151

In more thorough studies of the isothermal and non-

isothermal decomposition, with graphical differentiation

being used for the processing of experimental curves, three

stages for PRC decomposition were identified.54 In a study

of the condensate decomposition,159 the experimental con-

ditions (the reactor size and the heating rate) were chosen in

such a way as to rule out the effect of process heats on the

kinetic parameters. It was found that decomposition occurs

in three stages. This research was continued by Gromov et

al.,158 who confirmed three stages of gas evolution. Fur-

thermore, decomposition of PRC synthesized from a hydro-

gen ± oxygen mixture with abnormally high content of oxy-

gen (97 vol.%) was studied.158 This condensate completely

decomposed within the first two stages, with their temper-

ature ranges being the same as indicated in Table 4, which

summarizes characteristics of gas evolution stages during

decomposition of PRC according to the results of above-

mentioned extensive and thorough studies.54, 158, 159

The question of what particular active components of

PRC decompose during each gas evolution stage deserves

keen attention. According to recent data,32, 37, 39 this issue

was not solved in the studies reported before 2000, because

the composition of the condensates was not reliably eluci-

dated. For example, it was believed 158, 159 that the final

stage includes degradation of hydrogen tetroxide in the

liquid solution and evolution of dissolved oxygen.158 Note

that some early experimental studies on PRC (see, for

example 74, 97 ± 100) are of considerable value. However, the

drawn conclusions have to be corrected, because the PRC

composition was unknown at that time. The conclusions of

other studies, in particular, those addressing the decompo-

sition kinetics,68, 75 are also to be revised.

Studies of PRC decomposition by Raman spectroscopy

have shown 37, 39 that on heating of the solid condensate at

temperatures below the melting point, the intensities of the

signals for both hydrogen trioxide and tetroxide decrease,

with the H2O4 peaks disappearing much faster. In the

molten condensate, only H2O3 is left. Thus, the final stage

Table 3. Temperatures (K) of the onset of decomposition and phase transformations of PRC.

Methods of synthesis Onset of decomposition Crystallization Melting Ref.

H+O2(g) 153 ± 163 158 ± 173 212 62, 65, 108, 151

H+O3(g) 153 ± 158 7 7 48, 61

H+O3(liq) 153 ± 165 158 203 ± 208 49, 50, 77, 80, 107

H+H2O2(g) 160 160 7 106

H2O2 (dissociation) 153 7 7 76

H2O (dissociation) 153 ± 165 158 ± 165 203 ± 212 68, 74, 75, 77, 97, 107, 108, 151 ± 153

Table 4. Characteristics of gas evolution stages in PRC decomposi-
tion.54, 158, 159

Stage T /K Ea /kcal mol71 Ref.

Peroxy radical condensates obtained from water vapour

1 163 ± 178 18.4 54

2 178 ± 203 9.2 54

3 203 ± 250 9.2 54

Peroxy radical condensates obtained from H2+O2 mixtures of various

compositions

1 155 ± 165 34 159

2 170 ± 190 12 159

3 195 ± 225 12 159

1 150 ± 170 7 158

2 170 ± 200 7 158

3 200 ± 215 7 158
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corresponds to decomposition of hydrogen trioxide in a

molten condensate, that is, a liquid solution mainly com-

posed of water and hydrogen peroxide.

In view of the whole set of experimental data, the stages

of PRC decomposition can be interpreted in terms of the

hypothesis stating that there are two hydrogen trioxide

forms, stable and unstable ones, depending on their location

in the condensate structure. The first stage of decomposi-

tion corresponds to degradation of H2O4, this process being

accompanied by phase transformations in the solid con-

densate. Therefore, the apparent activation energy is high

and substantially variable depending on the condensate

composition. The next stage is decomposition of the unsta-

ble H2O3 in the solid crystallized condensate. The temper-

ature ranges of the stages may partially overlap. The final

stage corresponds to decomposition of stable H2O3 in the

molten condensate. The fact that the last two stages involve

decomposition of the same compound is confirmed by the

similarity of the activation energies of these stages.

Studies of PRC by diffraction methods provided infor-

mation on the phase composition of freshly prepared con-

densates and on its change on heating. The powder X-ray

diffraction pattern of PRC formed from dissociated water

vapour contains lines for ice and crystalline H2O2; also, a

diffuse line is present at *3.46 �A, that is, between the

amorphous H2O2 (*3.2 �A) and H2O (*3.65 �A) lines. The

same situation was found for the condensate formed upon

an H2O2 discharge; in that case, the diffuse line was more

intense. After 5 h at 7115 to 71108C, complete crystal-

lization of H2O and H2O2 takes place in both cases. The

diffuse line becomes weaker and completely disappears on

heating to 778 8C. The X-ray diffraction patterns of the

condensate obtained from hydrogen atoms and liquid ozone

contain only a line for crystalline water and the diffuse line,

which is much more intense than for other condensates. At

7110 8C, the intensity of the ice line increases; and also the

lines of crystalline H2O2 appear. This indicates that at

7196 8C, the condensates contain components, other than

H2O or H2O2, that crystallize with difficulty and decompose

at elevated temperatures (rather slowly at 7110 8C) to give

H2O2.77 The PRC obtained by the reaction of hydrogen

atoms with liquid ozone have also been studied by X-ray

diffraction;160 the results virtually coincided with those

obtained by Tsentsiper et al.77 No occluded oxygen was

detected in the condensates.160

The electron diffraction data mainly support the results

of X-ray diffraction.77, 160 The electron diffraction patterns

of the condensates prepared by the discharge in water

vapour at 7196 8C differ from those of simple condensates

obtained from water vapour or H2O ±H2O2 vapour by the

presence of a diffuse diffraction ring at 3.48 �A, that is,

between the rings of amorphous water (3.69 �A) and amor-

phous H2O2 ±H2O solution (3.34 �A). At 7120 8C, fast

crystallization of H2O and H2O2 takes place. The ring at

3.48 �A also disappears.107, 161 The electron diffraction pat-

terns of PRC obtained by the reaction of hydrogen atoms

with liquid ozone also attest to the formation of new

amorphous compounds.162

VII. Heats of decomposition of peroxy radical
condensates

The decomposition of PRC is accompanied by considerable

heat effects associated with the degradation of active

components, hydrogen tri- and tetroxides. The first heating

curves measured for PRC were reported by Hogg and

Spice 108 and Bawn.163 However, these curves are inappli-

cable for determining the reaction heats. Ghormley 155

roughly estimated the heat of the final stage of decomposi-

tion of molten PRC as 44 kcal (mol O2)71.

The most detailed calorimetric and thermal studies of

PRC were carried out by Nekrasov and co-work-

ers 54, 74, 97, 98 and Levanov and co-workers.164 According

to Nekrasov and co-workers,54, 74, 97, 98 decomposition of a

PRC prepared from water vapour is accompanied by two

exothermic and one endothermic effects. The first exotherm

accompanies decomposition of the condensate in the solid

phase in the range of 153 ± 200 K, D1H=778� 6 (Refs

54, 97, 98) or 772� 9 (Refs 54, 74) kcal (mol O2)71. It is

clearly split in two, which is consistent with two gas

evolution stages observed on heating of a solid condensate.

Under these conditions, H2O4 and H2O3 decompose 37 and

in the initial stage, the phase state of the PRC changes

(crystallization).77, 107, 161

The endotherm, DH=+62 cal (g H2O2)71 at 203 ±

212 K (Refs 54, 74), DH=+50� 5 cal (condensate

grams)71 at 203 ± 218 K (Refs 54, 97, 98), corresponds to

melting of the condensate.

The second exotherm accompanies decomposition of the

molten condensate in the temperature range of 220 ± 250 K:

D2H=739� 4 (Refs 54, 97, 98), 734� 4 (Refs 54, 74)

kcal (mol O2)71. According to Levanov and co-workers,164

this heat evolution occurs in the range of 240 ± 265 K, D2H

is 731.2� 1.5 kcal (mol O2)71. It has been shown 37 that

the effect is caused by decomposition of only H2O3 rather

than H2O4, as believed earlier.54, 74, 97, 98 The reaction occurs

in a liquid solution mainly composed of water and hydrogen

peroxide and is not accompanied by any other processes

involving heat evolution or absorption (except for the heat

exchange with the environment).

Decomposition of the PRC obtained by the reaction

H+O3(liq) is accompanied by three exothermic and two

endothermic effects. The first two exotherms correspond to

solid-phase decomposition. Numerical values for these

heats were not determined, since the kinetics of oxygen

evolution was unknown; however, an approximate estimate

of the heat evolved upon decomposition of the molten

condensate, D2H, was reported to be 736 kcal (mol O2)71

(Refs 54, 74).

Martinez et al.165 measured the heats of decomposition

of PRC synthesized by the reaction H+O3(liq) using a low-

temperature isothermal calorimeter. The authors found

again two key stages of condensate decomposition

with oxygen evolution: D1H=771� 12 and D2H=

744� 10 kcal (mol O2)71.

The integral heat evolution of water vapour- and

H+O3(liq)-based condensates during heating from 77 to

273 K was measured by Csejka et al.70 The H2 O2+H2O

mixtures with compositions similar to those of the liquid

products formed upon PRC decomposition were used as

reference materials. The presented overall heats

[717.8� 2.2 and 726.8� 2.6 kcal (mol O2)71 for the

PRCs obtained from water vapour and from H+O3(liq),

respectively] are at variance with the data cited

above.54, 74, 97, 98, 165 This is attributable to the superposition

and partial counterbalancing of the heats of exo- and

endothermic processes in determination of the integral

heat of decomposition.

An important issue related to PRC decomposition heats

is to determine the thermochemical properties of hydrogen
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tetra- and trioxide on the basis of the heat data. The

decomposition heats of the solid condensate are virtually

inapplicable for this purpose,37 because the crystal structure

changes and phase transitions take place; therefore, it is

impossible to distinguish between the contributions of

particular processes to the total heat evolution. Meanwhile,

in the final stage of decomposition of the molten conden-

sate, degradation of H2O3 in the liquid phase

H2O3(aq) H2O(liq)+O2(g) (32)

is the only chemical reaction and is not accompanied by any

other reactions. Hence, it is possible to estimate the ther-

mochemical properties of hydrogen trioxide in the low-

temperature solution.

It can be demonstrated 37, 164 that in the temperature

range of 240 ± 265 K, the enthalpy of formation of H2O3 in

solution, DfH(H2O3)(aq), is related to the enthalpy of

decomposition reaction in the following way

DfH(H2O3)(aq)=7D2H7 68.7� 0.1 kcal mol71 (33)

From this, one can easily derive an estimate for the enthalpy

of formation of hydrogen trioxide in an aqueous solution

based on experimental data (Table 5).

Quite a number of publications 5, 23, 24, 27, 90, 166 ± 169

present quantum chemical calculations of the enthalpy of

formation of hydrogen trioxide in the gas phase at

298 K, the theoretical DfH298(H2O3)(g) value being

722.0� 1.0 kcal mol71. The enthalpies of formation in

aqueous solution at 240 ± 265 K and in the gas phase at

298 K are related by the expression 37, 164

DfH240 ± 265(H2O3)(aq)= (34)

=DfH298(H2O3)(g)+DhydrH(H2O3)+0.3 kcal mol71

which can be used to compare the theoretical and exper-

imental results. The estimated enthalpy of hydration,

DhydrH(H2O3), was 715.0� 1.9 kcal mol71 and it did not

depend on the temperature in the 200 ± 273 K temperature

range.37 The experimental and theoretical enthalpies of

formation of hydrogen trioxide in a low-temperature liquid

solution are summarized in Table 5. It can be seen that the

data from different sources are in satisfactory agreement

with one another.

VIII. Conclusion

This review integrates and systematizes the available data

on the synthesis and properties of peroxy radical conden-

sates and studies of their active components Ð hydrogen

tri- and tetroxides. The PRC synthesis provides a unique

method for the preparation of hydrogen polyoxides for

further investigation. Lately, a considerable progress has

been made in hydrogen trioxide synthesis via reactions of

ozone with particular organic compounds; this is the

method of choice for H2O3 preparation. The synthesis of

PRC is the only way to obtain specimens containing

relatively high concentrations of hydrogen tetroxide. As

shown in the review, effective methods for PRC synthesis

have already been developed to date, the PRC composition

and structure have been largely established, their decom-

position kinetics and heats have been investigated and the

mechanism of formation and kinetics of decomposition of

hydrogen polyoxides as PRC components have been eluci-

dated. The vibrational spectrum and the structure of hydro-

gen trioxide molecule were characterized in detail on the

basis of its studies as a PRC component and also by other

methods. By examination of the vibrational spectra of PRC,

the existence of hydrogen tetroxide was proved and the

vibrational spectrum of its oxygen skeleton was described.

It is pertinent to determine the heats and kinetics of

condensate decomposition by means of modern highly

sensitive instrumental methods that can provide new infor-

mation about the condensate structure and the properties of

their active components. A more detailed experimental

characterization of hydrogen tetroxide can be derived from

examination of vibrational spectra of H2O4 in solid inert gas

matrices at a relatively high dilution. Preparation of H2O4

in these matrices has not yet been accomplished; presum-

ably, it could be done by low-temperature condensation of

electrically dissociated gaseous H2+O2+ inert gas mix-

tures.

This review was written with the financial support of the

Russian Foundation for Basic Research (Projects 13-03-

00319, 09-03-00630) and by M.V.Lomonosov Moscow State

University Development Programme.

References

1. D J McKay, J S Wright J. Am. Chem. Soc. 120 1003 (1998)
2. T Zhang,W Wang, C Li, Y Du, J LuRSCAdv. 3 7381 (2013)
3. A J Elliot, G V Buxton J. Chem. Soc., Faraday Trans. 88 2465

(1992)
4. M A Vincent, I H Hillier J. Phys. Chem. 99 3109 (1995)
5. X Xu, R P Muller,W A GoddardProc. Natl. Acad. Sci. USA

99 3376 (2002)
6. R S Zhu, M C Lin PhysChemComm 4 106 (2001)
7. R S Zhu, M C Lin Chem. Phys. Lett. 354 217 (2002)
8. R S Zhu, M C Lin PhysChemComm 6 51 (2003)
9. M C Foti, S Sortino, K U Ingold Chem. ±Eur. J. 11 1942

(2005)
10. J M Anglada, S Olivella, A Sole J. Phys. Chem. A 111 1695

(2007)
11. D D Y Zhou, K Han, P Zhang, L B Harding, M J Davis,

R T Skodje J. Phys. Chem. A 116 2089 (2012)
12. Y Zhang, T Zhang, W Wang Int. J. Quant. Chem. 111 3029

(2011)
13. B PlesnicÆ ar, T Tuttle, J Cerkovnik, J Koller, D Cremer

J. Am. Chem. Soc. 125 11553 (2003)
14. J Cerkovnik, T Tuttle, E Kraka, N Lendero, B PlesnicÆ ar,

D Cremer J. Am. Chem. Soc. 128 4090 (2006)

Table 5. Enthalpies of decomposition and formation of hydrogen
trioxide in a low-temperature aqueous solution /kcal mol71.

T /K DdecH DfH(H2O3)aq Ref.

Experimental data

218 ± 232 739� 4 730� 4.3 54, 97, 98

218 ± 251 734� 4 735� 4.3 54, 74

240 ± 265 731.2� 1.5 737.5� 1.6 164

Calculated data a

240 ± 265 736.8� 2.9 37

a The presented values taken from Ref. 37 are based on the data

calculated in other works.5, 23, 24, 27, 166 ± 169

A.V.Levanov, O.Ya.Isaikina, V.V.Lunin Russ. Chem. Rev., 2017, 86 (10) 951 ± 967 965



15. A Bergant, J Cerkovnik, B PlesnicÆ ar, T Tuttle J. Am. Chem.
Soc. 130 14086 (2008)

16. J Cerkovnik, B PlesnicÆ ar, J Koller, T Tuttle J. Org. Chem. 74
96 (2009)

17. P T Nyffeler, N A Boyle, L Eltepu, C H Wong,
A Eschenmoser, R A Lerner, P Wentworth Angew. Chem.,
Int. Ed. 43 4656 (2004)

18. B H J Bielski J. Phys. Chem. 74 3213 (1970)
19. B H J Bielski, H A Schwarz J. Phys. Chem. 72 3836 (1968)
20. G Czapski, B H J Bielski J. Phys. Chem. 67 2180 (1963)
21. R A Lerner, A Eschenmoser Proc. Natl. Acad. Sci. USA 100

3013 (2003)
22. S KovacÆ icÆ , J Koller, J Cerkovnik, T Tuttle, B PlesnicÆ ar

J. Phys. Chem. A 112 8129 (2008)
23. P A Denis, F R Ornellas J. Phys. Chem. A 113 499 (2009)
24. D JGrant, DADixon, J S Francisco,D Feller, K A Peterson

J. Phys. Chem. A 113 11343 (2009)
25. M Martins-Costa, J M Anglada, M F Ruiz-LoÂ pez Chem.

Phys. Lett. 481 180 (2009)
26. T Tuttle, J Cerkovnik, J Koller, B PlesnicÆ ar J. Phys. Chem. A

114 8003 (2010)
27. M Martins-Costa, J M Anglada, M F Ruiz-LoÂ pez Int.

J. Quant. Chem. 111 1543 (2011)
28. D S Hollman, H F Schaefer III J. Chem. Phys. 136 084302

(2012)
29. H-I Seo, J-A Bahng, Y-C Kim, S-J Kim Bull. Korean Chem.

Soc. 33 3017 (2012)
30. D Cannon, T Tuttle, J Koller, B PlesnicÆ ar Comput. Theor.

Chem. 1010 19 (2013)
31. P A Denis Int. J. Quant. Chem. 113 2206 (2013)
32. A V Levanov, O Y Isaykina, E E Antipenko, V V Lunin

J. Phys. Chem. A 118 62 (2014)
33. A Engdahl, B Nelander Science 295 482 (2002)
34. K Suma, Y Sumiyoshi, Y Endo J. Am. Chem. Soc. 127 14998

(2005)
35. G Strle, J Cerkovnik Angew. Chem., Int. Ed. 54 9917 (2015)
36. B PlesnicÆ ar, J Cerkovnik, T Tekavec, J KollerChem. ±Eur. J.

6 809 (2000)
37. A V Levanov, O Y Isaykina, E E Antipenko, V V Lunin

Chem. Phys. 447 10 (2015)
38. E E Antipenko, A V Levanov, V V LuninMoscow Univ.

Chem. Bull. 66 1 (2011)
39. AVLevanov, DV Sakharov, AVDashkova, E E Antipenko,

V V Lunin Eur. J. Inorg. Chem. 2011 5144 (2011)
40. B PlesnicÆ ar Acta Chim. Slov. 52 1 (2005)
41. J Cerkovnik, B PlesnicÆ ar Chem. Rev. 113 7930 (2013)
42. S L Khursan, in The Chemistry of Peroxides Vol. 3, Part 1

(Eds J F Liebman, A Greer) (Hoboken, NJ: Wiley, 2014)
p. 125

43. S L Khursan, in The Chemistry of Peroxides Vol. 3, Part 1
(Eds J F Liebman, A Greer) (Hoboken, NJ: Wiley, 2014)
p. 197

44. V L Antonovskii, S L Khursan Fizicheskaya Khimiya
Organicheskikh Peroksidov (Physical Chemistry of Organic
Peroxides) (Moscow: Akademkniga, 2003)

45. M Venugopalan, R A Jones Chem. Rev. 66 133 (1966)
46. M Venugopalan, R A JonesChemistry and DissociatedWater

Vapor and Related Systems (New York: Interscience
Publishers, 1968)

47. J L Arnau, P A Giguere J. Chem. Phys. 60 270 (1974)
48. I I Skorokhodov, L I Nekrasov, N I KobozevZh. Fiz. Khim.

38 2198 (1964)
49. N I Kobozev, L I Nekrasov, E N Eremin Zh. Fiz. Khim. 30

2580 (1956)
50. N IKobozev, I I Skorokhodov, L INekrasov, E N Makarova

Zh. Fiz. Khim. 31 1843 (1957)
51. A R Gromov, E E Antipenko, B V Strakhov Zh. Fiz. Khim.

64 350 (1990)
52. L I Nekrasov, N I Kobozev, E N Eremin Vest. Mosk.

Univ., Ser. 2. Khim. 15 12 (1960)

53. N I Kobozev, I M Kartashev, B V Strakhov, L I Nekrasov
Zh. Fiz. Khim. 46 356 (1972)

54. L I Nekrasov, Doctoral Thesis in Chemical Sciences,Moscow
State University, Moscow, 1972

55. V N Alekseev Kolichestvennyi Analiz (Quantitative Analysis)
(Moscow: Goskhimizdat, 1958)

56. T V Yagodovskaya, L I Nekrasov Zh. Fiz. Khim. 51 2434
(1977)

57. E E Antipenko, B V Strakhov, L I Nekrasov Zh. Fiz. Khim.
49 13 (1975)

58. O Yu Berezin, E E Antipenko, B V Strakhov Zh. Fiz. Khim.
54 2145 (1980)

59. A R Gromov, E E Antipenko, B V Strakhov Zh. Fiz. Khim.
64 77 (1990)

60. R A Ruehrwein, J S Hashman, J W Edwards J. Phys. Chem.
64 1317 (1960)

61. J D McKinley, D Garvin J. Am. Chem. Soc. 77 5802 (1955)
62. K H Geib, P Harteck Ber. Dtsch. Chem. Ges., B 65 1551

(1932)
63. E Boehm, K F Bonhoeffer Z. Phys. Chem. (Leipzig) 119 385

(1926)
64. K H Geib, P Harteck Trans. Faraday Soc. 30 131 (1934)
65. E J Badin J. Am. Chem. Soc. 70 3651 (1948)
66. I I Skorokhodov, Candidate Thesis in Chemical Sciences,

Moscow State University, Moscow, 1958
67. R A Jones, W Chan,M Venugopalan J. Chem. Phys. 51 1273

(1969)
68. J L Arnau, P A GigueÁ re Can. J. Chem. 53 2490 (1975)
69. P E Brunet, X Deglise, P A GigueÁ re Can. J. Chem. 48 2042

(1970)
70. D A Csejka, F Martinez, J A Wojtowicz, J A Zaslowsky

J. Phys. Chem. 68 3878 (1964)
71. R A Jones, C A Winkler Can. J. Chem. 29 1010 (1951)
72. N Sasaki, E Ohara Nippon Kagaku Kaishi 60 1161 (1939)
73. A I Gorbanev, A B Tsentsiper, P M Zhiteneva,

M S Danilova Izv. Sib. Otd. Akad. Nauk SSSR (5) 43 (1958)
74. I I Skorokhodov, L I Nekrasov, N I KobozevZh. Fiz. Khim.

35 2025 (1961)
75. I I Skorokhodov, L I Nekrasov, N I Kobozev, E I Makarova

Zh. Fiz. Khim. 35 905 (1961)
76. J S Batzold, C Luner, C A Winkler Can. J. Chem. 31 262

(1953)
77. A B Tsentsiper, M S Danilova, A S Kanishcheva,

A I Gorbanev Zh. Neorg. Khim. 4 1952 (1959)
78. R L Allen, F S Stone Nature (London) 180 752 (1957)
79. M Venugopalan, K-J Choi Z. Phys. Chem., Neue Folge

(Frankfurt) 74 32 (1971)
80. J A Wojtowicz, F Martinez, J A Zaslowsky J. Phys. Chem.

67 849 (1963)
81. T V Yagodovskaya, L I Nekrasov Zh. Fiz. Khim. 40 1304

(1966)
82. T V Yagodovskaya, L I Nekrasov Zh. Fiz. Khim. 38 1750

(1964)
83. J L Arnau, P A GigueÁ re Can. J. Chem. 51 1525 (1973)
84. X Deglise, P A GigueÁ re Can. J. Chem. 49 2242 (1971)
85. P A GigueÁ re, K Herman Can. J. Chem. 48 3473 (1970)
86. T L Tso, E K C Lee J. Phys. Chem. 89 1618 (1985)
87. M Diem, T L Tso, E K C Lee J. Chem. Phys. 76 6452 (1982)
88. J T Fermann, B CHoffman, G S Tschumper, H F Schaefer III

J. Chem. Phys. 106 5102 (1997)
89. J L Arnau, P A GigueÁ re, M Abe, R C Taylor Spectrochim.

Acta, Part A 30 777 (1974)
90. D R J Burgess J. Res. NIST 121 108 (2016)
91. M P Badenes, M E Tucceri, C J Cobos J. Phys. Chem. A 121

440 (2017)
92. M T C Martins-Costa, J M Anglada, M F Ruiz-LoÂ pez

Struct. Chem. 27 231 (2016)
93. P A Giguzhre Chemistry 48 20 (1975)
94. H Wieser, P J Krueger, E Muller, J B HyneCan. J. Chem. 47

1633 (1969)

966 A.V.Levanov, O.Ya.Isaikina, V.V.Lunin Russ. Chem. Rev., 2017, 86 (10) 951 ± 967



95. R A Jones, W Chan,M Venugopalan J. Phys. Chem. 73 3693
(1969)

96. S S Barton, F Groch, S E Lipin, D Brittain J. Chem. Soc. A
689 (1968)

97. L A Reznitskii, K G Khomyakov, L I Nekrasov,
I I Skorokhodov Zh. Fiz. Khim. 32 87 (1958)

98. I I Skorokhodov, L I Nekrasov, L A Reznitskii,
K G Khomyakov, N I Kobozev Zh. Fiz. Khim. 33 2090
(1959)

99. I I Skorokhodov, L I Nekrasov, N I Kobozev,
V B Evdokimov Zh. Fiz. Khim. 36 274 (1962)

100. I I Skorokhodov, V B Golubev, L I Nekrasov,
V B Evdokimov, N I Kobozev Zh. Fiz. Khim. 36 93 (1962)

101. M Yu Antipin, E E Antipenko, B V Strakhov, E V Lunina,
L I Nekrasov Zh. Fiz. Khim. 51 3064 (1977)

102. A R Gromov, E E Antipenko, B V Strakhov Zh. Fiz. Khim.
59 2868 (1985)

103. A R Gromov, A V Borisov, A V Lazarev, E E Antipenko,
B V Strakhov Zh. Fiz. Khim. 63 1686 (1989)

104. A R Gromov, A V Borisov, E E Antipenko, B V Strakhov
Zh. Fiz. Khim. 63 1689 (1989)

105. O Yu Berezin, E E Antipenko, B V Strakhov Zh. Fiz. Khim.
67 947 (1993)

106. N Hata, P A GigueÁ re Can. J. Chem. 44 869 (1966)
107. Yu A Mal'tsev, I I Skorokhodov, L I Nekrasov Zh. Fiz.

Khim. 37 2740 (1963)
108. M A P Hogg, J E Spice J. Chem. Soc. 3971 (1957)
109. O Yu Berezin, E E Antipenko, B V Strakhov Zh. Fiz. Khim.

57 1301 (1983)
110. O Yu Berezin, E E Antipenko, B V Strakhov Zh. Fiz. Khim.

57 2222 (1983)
111. A R Gromov, E E Antipenko, B V Strakhov Zh. Fiz. Khim.

59 2572 (1985)
112. A R Gromov, E E Antipenko, B V Strakhov Vest. Mosk.

Univ., Ser. 2. Khim. 26 51 (1985)
113. A R Gromov, E E Antipenko, B V Strakhov Vest. Mosk.

Univ., Ser. 2. Khim. 31 343 (1990)
114. A R Gromov, E E Antipenko, B V Strakhov Vest. Mosk.

Univ., Ser. 2. Khim. 31 245 (1990)
115. A V Levanov, E E Antipenko, V V LuninMoscow Univ.

Chem. Bull. 65 341 (2010)
116. O Yu Berezin, E E Antipenko, B V Strakhov Zh. Fiz. Khim.

57 2494 (1983)
117. G V Buxton, C L Greenstock, W P Helman, A B Ross

J. Phys. Chem. Ref. Data 17 513 (1988)
118. G Gousset, P Panafieu, M Touzeau, M Vialle Plasma Chem.

Plasma Proc. 7 409 (1987)
119. J-S Chang, S Masuda Pure Appl. Chem. 60 645 (1988)
120. L INekrasov,N IKobozev, I I Skorokhodov, Yu A Mal'tsev,

E N Eremin, B V Strakhov Zh. Fiz. Khim. 45 1017 (1971)
121. L I Nekrasov, I I Skorokhodov, N I KobozevZh. Fiz. Khim.

35 691 (1961)
122. H Szichman, M Baer, A J C Varandas J. Phys. Chem. A 101

8817 (1997)
123. H G Yu, A J C Varandas J. Chem. Soc., Faraday Trans. 93

2651 (1997)
124. A J C Varandas, P J S B Caridade Chem. Phys. Lett. 339 1

(2001)
125. A FernaÂ ndez-Ramos, A J C Varandas J. Phys. Chem. A 106

4077 (2002)
126. S D Le Picard,M Tizniti, A Canosa, I R Sims, I W M Smith

Science 328 1258 (2010)
127. H Hippler, R Rahn, J Troe J. Chem. Phys. 93 6560 (1990)
128. Y Tarchouna, M Bahri, N JaõÈ dane, Z Ben Lakhdar J. Mol.

Struct. (THEOCHEM) 758 53 (2006)
129. H Koussa, M Bahri, N JaõÈ dane, Z Ben Lakhdar J. Mol.

Struct. (THEOCHEM) 770 149 (2006)
130. Y Tarchouna, M Bahri, N JaõÈ dane, Z Ben Lakhdar,

J P Flament J. Chem. Phys. 118 1189 (2003)

131. A B Vakhtin, D C McCabe, A R Ravishankara, S R Leone
J. Phys. Chem. A 107 10642 (2003)

132. B Ginovska, D M Camaioni, M Dupuis J. Chem. Phys. 127
084309 (2007)

133. R J Buszek,MTorrent-Sucarrat, J M Anglada, J S Francisco
J. Phys. Chem. A 116 5821 (2012)

134. M Von Smoluchowski Z. Phys. Chem 92 129 (1917)
135. E F Caldin The Mechanisms of Fast Reactions in Solution

(Amsterdam: IOS Press, 2001)
136. S C Herndon, P W Villalta, D D Nelson, J T Jayne,

M S Zahniser J. Phys. Chem. A 105 1583 (2000)
137. Z F Xu, M C Lin Chem. Phys. Lett. 440 12 (2007)
138. A Mansergas, J M Anglada ChemPhysChem 8 1534 (2007)
139. L-P Ju, K-L Han, A J C Varandas Int. J. Chem. Kinet. 39 148

(2007)
140. A C Jenkins, F S Dipaolo J. Chem. Phys. 25 296 (1956)
141. A J Gaynor, C K Hersh, in Advanced Propellant Chemistry

(New York: American Chemical Society, 1966) p. 279
142. P A Giguere, D Chin J. Chem. Phys. 31 1685 (1959)
143. C Romanzin, S Ioppolo, H M Cuppen, E F Van Dishoeck,

H Linnartz J. Chem. Phys. 134 084504 (2011)
144. A V Levanov, O Y Isaikina, E E Antipenko, V V Lunin

Russ. J. Phys. Chem. A 88 1488 (2014)
145. L I Nekrasov, N I Kobozev, E N Eremin Vest. Mosk. Univ.,

Ser. 2. Khim. 17 24 (1962)
146. L I Nekrasov, T V Yagodovskaya Vest. Mosk. Univ., Ser. 2.

Khim. 20 20 (1965)
147. Y Tarchouna, M Bahri, N JaõÈ dane, Z Ben Lakhdar,

J P Flament J. Mol. Struct. (THEOCHEM) 664 ± 665 189
(2003)

148. H Koussa, M Bahri J. Mol. Struct. (THEOCHEM) 850 17
(2008)

149. A J C Varandas, H Szichman Chem. Phys. Lett. 295 113
(1998)

150. O Setokuchi,M Sato, S Matuzawa J. Phys. Chem. A 104 3204
(2000)

151. E Ohara Nippon Kagaku Kaishi 61 569 (1940)
152. W H Rodebush, C W J Wende, R W Campbell J. Am.

Chem. Soc. 59 1924 (1937)
153. E Ohara Nippon Kagaku Kaishi 61 657 (1940)
154. V F Petrenko, R W Whitworth Physics of Ice. Oxford

University Press Oxford; New York 1999
155. J A Ghormley J. Am. Chem. Soc. 79 1862 (1957)
156. J A Ghormley J. Chem. Phys. 46 1321 (1967)
157. A Bar-Nun, J Dror, E Kochavi, D Laufer Phys. Rev. B:

Condens. Matter 35 2427 (1987)
158. A R Gromov, E E Antipenko, B V Strakhov Zh. Fiz. Khim.

64 671 (1990)
159. A V Lazarev, E E Antipenko, B V Strakhov, L I Nekrasov

Zh. Fiz. Khim. 48 237 (1974)
160. F Martinez, J A Wojtowicz, J A Zaslowsky J. Phys. Chem.

67 714 (1963)
161. Yu A Mal'tsev, L I Nekrasov Zh. Fiz. Khim. 43 1153 (1969)
162. Yu A Mal'tsev, L I Nekrasov Zh. Fiz. Khim. 44 431 (1970)
163. C E H Bawn Discuss. Faraday Soc. 14 141 (1953)
164. A V Levanov, O Y Isaikina, V V LuninRuss. J. Phys. Chem.

A 90 2136 (2016)
165. F Martinez, J A Wojtowicz, J A Zaslowsky, in The 5th

International Symposium on Free Radicals, Institute of Physical
Chemistry University of Uppsala, Sweden, 1961

166. T P W Jungkamp, J H Seinfeld Chem. Phys. Lett. 257 15
(1996)

167. T H Lay, J W Bozzelli J. Phys. Chem. A 101 9505 (1997)
168. E Kraka, D Cremer, J Koller, B PlesnicÆ ar J. Am. Chem. Soc.

124 8462 (2002)
169. P A Denis, M Kieninger, O N Ventura, R E Cachau,

G H F Diercksen Chem. Phys. Lett. 365 440 (2002)

A.V.Levanov, O.Ya.Isaikina, V.V.Lunin Russ. Chem. Rev., 2017, 86 (10) 951 ± 967 967


	I. Introduction
	II. Synthesis of peroxy radical condensates and composition of PRC decomposition products
	III. Vibrational spectroscopy of peroxy radical condensates
	IV. Chemical composition of peroxy radical condensates
	V. Mechanism of formation of hydrogen polyoxides and kinetic model of the synthesis of peroxy radical condensates
	VI. Decomposition kinetics of peroxy radical condensates
	VII. Heats of decomposition of peroxy radical condensates
	VIII. Conclusion
	References

