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In order to investigate the chemical reactions inside water–oxygen ice mixtures in extreme

environments, and to confirm the proposed reaction mechanisms in pure water ice, we conducted

a detailed infrared spectroscopy and mass spectrometry study on the electron irradiation of

H2
18O/O2 ice mixtures. The formation of molecular hydrogen, isotopically substituted oxygen

molecules 18O18O and 16O18O, ozone (16O16O16O, 16O16O18O, and 16O18O16O), hydrogen peroxide

(H18O18OH, H16O16OH and H16O18OH), hydrotrioxy (HOOO), and dihydrogentrioxide

(HOOOH) were detected. Kinetic models and reaction mechanisms are proposed to form these

molecules in water and oxygen-rich solar system ices.

1. Introduction

During the last decade, experimental studies on the charged-

particle irradiation of amorphous and crystalline water ices

(H2O) have received considerable attention.1–10 This research

is triggered by the interest of physical chemists and solar

system scientists to understand how energetic particles like

electrons, protons, helium, carbon, nitrogen, oxygen, and

sulfur ions with kinetic energies up to a few ten keV, as present

in the solar wind and planetary magnetospheres, induce non-

equilibrium chemistry upon interacting with water-rich sur-

faces of icy moons like Europa, Ganymede, and Callisto11 as

well as of Kuiper Belt Objects (KBOs) like Quaoar.12,13 These

simulation experiments also hold strong links to the cosmic

ray processing of interstellar ices as present on water-rich grain

particles in cold molecular clouds.4,14 Upon the implantation

of, for instance, MeV protons into molecular solids like water,

methane, and ammonia, the primary energy loss of the implant

is via inelastic energy transfer processes. This can lead to

vibrational excitation, bond ruptures, and ionization of the

target molecules ultimately generating a cascade of secondary

electrons in the icy grain mantle.15,16 Qualitatively spoken,

there is a general consensus that the charged particle and

photon processing of neat water ices produces atomic and

molecular hydrogen (H, H2), atomic and molecular oxygen (O,

O2), the hydroxyl radical (OH), and hydrogen peroxide

(H2O2).
1,4,7,17 The actual production rates, however, depend

strongly on the temperatures (10 K–140 K), the ice structure

and morphology (crystalline versus amorphous), the irradiat-

ing particle (the linear energy transfer of the implant to the

water ice), and the dose. A comprehensive compilation of

irradiation experiments of pure water ices has been given

recently by Zheng et al.18 Various reaction mechanisms (eqn

(1)–(5)) have been proposed to kinetically fit the temporal

evolution of the column densities of hydrogen peroxide

formed in water ices.18,19 Two mechanisms currently in favor

are the recombination of two hydroxyl radicals formed via

unimolecular decomposition of the water molecule (eqn

(1)–(2)) and the reaction of electronically excited oxygen

atoms, O(1D), with water either via an insertion (reaction

(4)) or through an oxywater intermediate OOH2(X
1A) (reac-

tion (5)). The branching ratios of the processes (1)/(2) versus

(3)/(4)/(5) are currently unknown.

H2OðX1A1Þ ! Hð2S1=2Þ þOHðX2POÞ ð1Þ

2OHðX2POÞ ! H2O2ðX1AÞ ð2Þ

H2OðX1A1Þ ! Oð1DÞ þH2ðX1Sþg Þ ð3Þ

Oð1DÞ þH2OðX1A1Þ ! H2O2ðX1AÞ ð4Þ

Oð1DÞ þH2OðX1A1Þ ! ½OOH2ðX1AÞ�
! H2O2ðX1AÞ ð5Þ

In this paper, we focus on the mechanistic aspect of the

formation of hydrogen peroxide in water ices, and attempt

to elucidate to what extent hydrogen peroxide is formed via

recombination of two hydroxyl radicals or via reaction of an

electroncially excited oxygen atom with a second water mole-

cule. To actually ‘trace’ the oxygen atom, we conducted

experiments on H2/
18O–16O2 mixtures. Here, oxygen atoms

can be liberated from the water molecule forming 18O or from

molecular oxygen giving 16O.20

Therefore, if these oxygen atoms react with a neighboring

H2
18O molecule solely via eqn (4) and/or (5), the formation of

hydrogen peroxide should proceed via eqn (6) and (7). There-

fore, a detection of H18O18OH(X1A) and H16O18OH(X1A)

would indicate that oxygen atoms can react with water to
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form hydrogen peroxide. On the other hand, a synthesis of

hydrogen peroxide via recombination of two hydroxyl radicals

would yield solely H18O18OH(X1A) (eqn (8)).

18Oð1DÞ þH18
2 OðX1A1Þ ! H18O18OHðX1AÞ ð6Þ

16Oð1DÞ þH18
2 OðX1A1Þ ! H16O18OHðX1AÞ ð7Þ

218OHðX2POÞ ! H18O18OHðX1AÞ ð8Þ

Recall that these formation routes to hydrogen peroxide

involve pseudo-first order kinetics.18,19 However, in case of

water–oxygen mixtures, various multi-step formation routes

to hydrogen peroxide that may complicate the situation have

to be considered as well. First, 16O and 18O may abstract a

hydrogen atom from water to form a 16OH and 18OH radi-

cal,21,22 respectively, leading via recombination of a second

hydroxyl radical to hydrogen peroxide. However, these pro-

cesses are expected to follow higher-order kinetics. Likewise,

the stepwise addition of two hydrogen atoms to molecular

oxygen via a HOO intermediate can also form hydrogen

peroxide. Similarly to the abstraction sequence, this reaction

would also require higher order kinetics via a consecutive

reaction sequence. Finally, reactions of 18O with molecular

oxygen could also lead to an isotopic exchange forming
16O18O, which in turn would give H16O18OH via two hydrogen

atom additions. Nevertheless, this process would be an even

higher order reaction sequence than the stepwise addition of

two hydrogen atoms to molecular oxygen. Therefore, by

identifying isotopomers of hydrogen peroxide and following

their kinetics, we should be able to provide much needed

insight on the reaction mechanism(s) to form hydrogen per-

oxide in charged particle-processed water-rich ices.

Note that solid, molecular oxygen is also an important

component of interstellar ice and solar system ice.23 In our

solar system, molecular oxygen has been identified explicitly

on the surfaces of the Jovian satellites Europa and Ganymede

based on the absorption bands at 577 nm and 627.5 nm.24,25

Both water and oxygen are also important for the origin of life

and the astrobiological evolution of the interstellar med-

ium.26,27 Only a few previous studies exist on the irradiation

of water–oxygen mixtures. Cooper et al.28 reported the for-

mation of HO2 and HO3 radicals in water/oxygen ice mixture

irradiated with 0.8 MeV protons. Moore and Hudson1 also

observed the formation of ozone in water–oxygen mixtures.

However, no ozone was formed in pure water ice. Therefore,

our present experiments not only provide reaction mechanisms

to form hydrogen peroxide, but also investigate alternative

chemical reactions inside water–oxygen ice mixtures in

extreme environments.

2. Experimental

The experiments were carried out in an ultrahigh vacuum

chamber (o10�10 torr) which has been introduced else-

where.18,29 Briefly, a two-stage closed-cycle helium refrigerator

coupled with a rotary platform is attached to the main

chamber and holds a polished polycrystalline silver mirror

serving as a substrate for the ice condensation. With the

combination of the closed-cycle helium refrigerator and a

programmable temperature controller, the temperature of

the silver mirror can be regulated precisely (�0.3 K) between

10 K and 350 K. A valve and a glass capillary array are used to

condense gases on the silver mirror. The actual thickness of the

ice samples can be controlled via the condensation time and

the pressure in the main chamber. In the present studies, the

H2
18O/16O2 ice samples were formed by depositing a

H2
18O/16O2 gas mixture (1 : 1) onto the silver mirror at

12 K. To minimize the contaminations inside the ices, we

froze H2
18O (Aldrich, 97% 18O) with liquid nitrogen and

repeatedly defrosted it in vacuum. The gas reservoir was

pumped down to 2 � 10�7 torr before it was filled with about

17 torr H2
18O vapor and 17 torr 16O2 (99.998%). During the

deposition, the pressure in the main chamber was maintained

at 1.7 � 10�8 torr for 30 min. We estimated the H2
18O to 16O2

ratio in the ice to be about 4 : 1. The total sample thickness was

about 120 � 20 nm. The samples were irradiated with 5 keV

electrons at 12 K for 180 min at beam currents of 0 nA (blank

experiment) and 100 nA by scanning the electron beam over

an area of 1.86 � 0.02 cm2. After each irradiation, the sample

was kept at 12 K for 60 min and then warmed up at 0.5 K

min�1 to 293 K. The infrared spectra of the samples were

measured on line and in situ by a Fourier Transform infrared

spectrometer (Nicolet 510 DX FTIR); the species subliming

from the samples were monitored with a quadrupole mass

spectrometer (Balzer QMG 420).

3. Results

3.1 Infrared spectra

We detected the formation of ozone (O3), hydrogen peroxide

(H2O2), hydrotrioxy (HOOO), and dihydrogentrioxide

(HOOOH) with infrared spectroscopy. Fig. 1 presents a

comparison of the infrared spectra before (dashed line) and

after (solid line) the irradiation. The absorptions and assign-

ments of the new peaks are summarized in Table 1. In case of

ozone, we were also able to distinguish the isotopomers
16O18O16O, 16O16O18O, and 16O16O16O. At the end of the

irradiation, the 16O16O18O isotopomer is—assuming identical

infrared absorption coefficients for all isotopomers—four

times as abundant as the 16O18O16O species; likewise, the
16O16O16O is three times as abundant as the total of
16O16O18O and 16O18O16O. Cooper reported a 0.8 MeV proton

irradiation study of water–oxygen mixtures.28 These authors

also observed absorptions of H16O2 and H18O2 at 1142 cm�1

and 1078 cm�1, respectively. In our study, these peaks are

absent. Instead, we observed a weak absorption at 1107 cm�1,

which has been reported to be the n1 mode of ozone.20

Fig. 2 shows the evolution of the ozone (16O16O16O),

hydrotrioxy (HOOO), and hydrogen peroxide (HOOH) dur-

ing the warming up of the sample; both latter bands are too

broad to assign the isotopomers individually. Note that the

concentrations of 18O16O16O and 16O18O16O are too low to

extract temperature dependent profiles. The signal of the

HOOO drops immediately with the onset of the warm up; at

100 K, no HOOO radicals could be observed. This is not a

result of the sublimation as we cannot detect this radical in the
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mass spectrometer (see below). The temperature dependent

profile of the infrared absorption of the ozone molecule

behaves similarly to the one observed in pure oxygen sam-

ples.20 The increase of ozone with the temperature indicates

that oxygen atoms trapped in the matrix become mobile and

react with molecular oxygen to form additional ozone upon

warming. In case of the water–oxygen ices, the ozone intensity

increases by about 30% when it is warming up to 40 K before

sublimation sets in. At 170 K, most of the ozone sublimed.

Likewise, the profile of the hydrogen peroxide first increases

four-fold up to about 60 K. That is probably because the

mobility of OH is increased during the warming.30 The OH

radicals started to combine to form more H2O2.

3.2 Mass spectra

During the irradiation of the H2
18O/16O2 ices at 12 K, we

observed minor concentrations of molecular hydrogen sub-

liming into the gas phase. It is slightly more than that in the

pure water ices irradiated with the same electron currents.18

During the warming up phase, the H2
18O/16O2 system depicts

strong differences compared to the H2
18O experiments con-

ducted for comparison at identical physical conditions (tem-

perature, electron dose) (Fig. 3). Here, the signal at m/z = 2

(H2
+) shows three distinct peaks at 15–30 K, 90–145 K and

150–180 K in case of the electron-irradiated pure H2
18O. The

signal at 15–30 K originates from minor molecular hydrogen

contaminations on the surface layers of the water sample.18

Ion currents at 150–180 K originate from dissociative ioniza-

tion of subliming water molecules in the electron impact

ionizer, as demonstrated by Zheng et al.18 However, molecular

hydrogen was clearly released in the temperature interval from

90 K to 145 K; this finding correlates nicely with the electron

irradiation of neat water ices (H2
16O).18 Considering the

admixture of molecular oxygen, the situation changes drama-

tically in the irradiated H2
18O/16O2 ices. During the warm up

phase, no significant amount of hydrogen was observed.

Quantitatively, the total amount of molecular hydrogen pro-

duced during the irradiation and warming up in the

H2
18O/16O2 ices at 12 K is about 10% of that produced in

the pure water ices.18 This finding indicates that the presence

of molecular oxygen in water ices drastically reduces the

formation of molecular hydrogen. Our result is similar to the

MeV proton processing of methane (CH4) and methane–

oxygen (1–2%) ices at 10 K. Here, molecular hydrogen was

detected only in pure methane ices, but not in the metha-

ne–molecular oxygen matrixes.34

We would like to comment now on the formation of the

isotopomers of ozone. Fig. 4 shows the mass spectra of water

(H2
18O; m/z = 20) (a), molecular oxygen (16O2; m/z = 32) (b)

and ozone (16O3; m/z = 48) (c). After irradiation, the O2 (m/z

= 32) signal between 155 and 180 K is much stronger than

that in the blank experiment. The dashed lines were taken

from the blank experiment and are shown for comparison. The

ion current profile of ozone shows three distinct peaks. At

25–40 K and 145–15 K, it is evident that signal at m/z = 48

Fig. 1 Infrared spectra of the H2
18O/O2 ice mixture before (dashed

line) and after the irradiation (solid line) with 5 keV electrons at a

current of 100 nA; graphs are shown offset for clarity.

Table 1 Assignment of the new infrared absorption features gener-
ated via electron irradiation

Absorption/
cm�1 Assignment Ref.

1003 16O18O16O n3 asymmetric stretch 31
1024 16O16O18O n3 asymmetric stretch 31
1037 (strong) 16O16O16O n3 asymmetric stretch 20, 23, 31
1107 (weak) 16O16O16O n1 symmetric stretch 20
1259 HOOO n3 OH deformation 28, 32
1350 HOOOH n2 and n7 HOO bend 33
2113 O3 n1 + n3 combination mode 20, 23
2849 H2O2 n2 + n6 combination mode 18
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originates from ion-molecule reactions of O2 with O2
+ in the

electron impact ionizer.20 However, the signal in the range of

160 K to 180 K is not present in the blank experiment. As a

matter of fact, the ion current of 16O2
+ at m/z = 32 of the

irradiated sample also shows a pronounced peak in the same

temperature interval. This indicates that the peak at m/z = 48

in the temperature interval from 160 K to 180 K actually arises

from subliming, newly formed ozone molecules. Note that the

corresponding 18O16O2 isotopomer (m/z = 50) has been

observed only in the irradiation experiment (Fig. 5). Assuming

identical ionization cross sections and fragmentation patterns,

we can also integrate the ion currents of the newly formed 16O3

and 18O2
16O species. We find that 18O16O2 is about three times

less abundant than 16O3. It should be stressed that we did not

detect the formation of 18O2
16O (m/z= 52) or 18O3 (m/z= 54)

in our experiment. The peaks emerging in the temperature

ranges of 160 K–175 K and 175 K to 183 K could be attribute

to 18O16O2 (Fig. 5).

It is important to comment on the observed hydrogen

peroxide isotopomers. Recall that we can expect the formation

of H18O18OH via eqn (6) >m/z = 38, 37, 36], H16O18OH via

Fig. 2 Temperature dependent profiles of the absorptions of ozone

(16O16O16O isotopomer), hydrogen trioxy (HOOO), and hydrogen

peroxide.

Fig. 3 Mass spectral data of molecular hydrogen (H2) recorded via its

molecular peak atm/z=2 during the warm up period of the irradiated

samples. (a) Pure H2
18O ice, (b) H2

18O/16O2 ice mixture. The dashed

lines indicate the blank experiments, the solid lines the irradiation

experiments.
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eqn (7) [m/z = 36, 35, 34], and H16O16OH if two hydrogen

atoms add stepwise to molecular oxygen [m/z = 34, 33, 32].

The fragmentation of the distinct hydrogen peroxide isotopo-

mers clearly complicates the situation. Starting with the high-

est m/z = 38 (H18O18OH), we can clearly identify this species

in Fig. 5 at the 2–3 � 10�12 A level. The signal at m/z = 36

mainly originates from the molecular ion of H16O18OH, and

ionized 18O2, since it is much higher than that of H18O18OH.

Finally, we would like to have a detailed look at m/z = 34

(Fig. 4e), which can arise from the ion of the H16O16OH and

from singly ionized 18O16O. Recall that H16O16OH can only be

released at temperatures higher than 160 K.18 In Fig. 4d, we

see significant ion counts up to the 10�9 A level from

H16O16OH. At lower temperatures—between 60 K and

100 K—we can see a broad feature that can be attributed to

subliming 18O16O. We did not observe any signal at m/z higher

than 50.

Fig. 4 Ion currents of species released into the gas phase during the warming up. (a) H2
18O (m/z = 20), (b) 16O2 (m/z = 32), (c) 16O3 (m/z = 48),

(d) 18O16O and H2
16O2 (m/z = 34), and (e) 18O2 and H2

18O16O (m/z = 36). Dashed lines: blank; solid lines: irradiation experiment.

Fig. 5 Ion currents of newly formed 18O16O16O (m/z = 50) and

H2
18O2 (m/z = 38) released into the gas phase during the warm up

phase.
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4. Discussion

The proposed reaction mechanisms have to account for results

R1–R6 as extracted from the mass spectrometer and the

infrared data. In addition, the temporal profiles of the hydro-

gen peroxide, hydrogen trioxy radical, and 16O16O16O to-

gether with the corresponding pseudo first-order fits (Fig. 6)

have to be accounted for in the proposed reaction mechan-

isms:

(R1) the total amount of molecular hydrogen produced

during the irradiation and warming up in the H2
18O/16O2 ices

at 12 K is about 10% of that produced in the pure water ices.

(R2) the mass spectrometer detected the formation of
18O16O, 16O16O, and 18O18O.

(R3) the experiments could verify the synthesis of

H16O16OH, H16O18OH, and H18O18OH—the first isotopomer

being formed in about 300–500 times higher abundances than

H18O18OH. The infrared data could not distinguish these

isotopomers.

(R4) we detected only the 16O3 and
16O2

18O isotopomers of

ozone with a ratio of about 3 : 1 via the mass spectrometer in

the sublimation phase. The infrared spectra identified three

isotopomers of ozone: 16O16O16O, 16O16O18O, and 16O18O16O.

Both latter have identical mass spectra. At the end of the

irradiation, the 16O16O18O isotopomer is four times as abun-

dant than the 16O18O16O species; 16O16O16O is three times

more abundant than 16O16O18O plus 16O18O16O, corroborat-

ing the mass spectrum data.

(R5) based on the temperature dependence of the infrared

absorptions of the hydrogen peroxide and of the 16O16O16O

isotopomer, we inferred the existence of oxygen atoms and of

hydroxyl radicals. In the matrix, the lifetime of O(1D) varies

strongly from 32 s to 780 ms.35 We can therefore conclude that

after the isothermal phase all O(1D) atoms are relaxed to their
3P ground state.

(R6) based on the infrared spectra, the signal of the HOOO

radical was found to decrease with rising temperature

To account for these experimental findings, we propose the

following mechanistic model (Fig. 7). Upon interaction of the

electron with a H2
18O molecule, the latter undergoes uni-

molecular decomposition to form a hydrogen atom and a

hydroxyl radical (18OH). If two H2
18O molecules are in the

correct geometrical orientation, two 18OH can recombine to

form H18O18OH (R3). A second channel is the fragmentation

to 18O(1D) plus molecular hydrogen. Also, molecular oxygen

(16O2) interacts with the energetic electron and fragments to

two oxygen atoms (16O). The presence of free 16O and 18O

oxygen atoms is supported by the detection of their recombi-

nation product, 18O16O (R2). We also observed the formation

of 18O18O (R2). Since the decomposition of molecular oxygen

to liberate a 16O oxygen atom is more efficient than the loss of

an 18O oxygen atom from a H2
18O molecule, the 16O oxygen

concentration is much larger than those of 18O oxygen, so that

statistically 18O recombined with an abundant 16O instead

of 18O.

What is the fate of the liberated oxygen atoms besides the

formation of 18O16O and—the undetectable—recycling of

Fig. 6 Temporal evolutions and pseudo first-order fits of the absorp-

tions of three reaction products in the irradiated H2
18O/O2 ice mixture:

16O16O16O, HOOO, and H2O2.

Fig. 7 Proposed reaction model in electron-irradiated H2
18O/O2 ice

mixtures.
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16O16O? Based on the observed isotope patterns and intensities

of 16O16O16O, 16O16O18O, and 16O18O16O, and higher concen-

tration of 16O compared to 18O, we can extract likely forma-

tion routes of the ozone isotopomers. As demonstrated in pure

oxygen ices subjected to an electron irradiation,20 the temporal

evolution of 16O16O16O follows pseudo-first order kinetics via

eqn (9).

½16O16O16O�ðtÞ ¼ a� ð1� e�ktÞ ð9Þ

This is also the case in the present experiments (Fig. 6). We

could achieve pseudo first order fits with a rate constant k =

4.0 � 0.5 � 10�2 min and a pre-exponential factor of 0.32 �
0.02 cm�1. In addition, 16O can react with 18O16O either by

adding to the 18O or 16O yielding 16O18O16O and 16O16O18O,

respectively, in a multi-step reaction sequence. Since 16O16O is

more abundant than the 16O18O intermediate, we would

expect that 16O16O16O is formed preferentially to 16O16O18O

and 16O18O16O. This has been confirmed experimentally (R4).

In theory, 18O atoms can also react with 18O16O either by

adding to the 18O or 16O yielding 18O18O16O and 18O16O18O,

respectively. However, these isotopomers were not observed—

strongly supporting the conclusion that under our experimen-

tal conditions, the liberation of 16O from molecular oxygen is

much more efficient than the release of 18O from water. Recent

dynamics calculations suggest that ground state oxygen atoms

can only abstract a hydrogen atom from a water molecule.21 A

computational study suggested that only O(1D) could yield

hydrogen peroxide via an oxywater intermediate.36 The detec-

tion of H16O18OH (R3) in our experiments agrees with the

theoretical calculations. On the other hand, we detected

H16O16OH in our experiments. How can this molecule be

formed? We may propose a reaction of hydrogen atoms with
16O16O to form a H16O16O intermediate; a second hydrogen

atom can react via a fast, barrier-less atom–radical reaction to

form H16O16OH. We would like to stress that we did not

observe the H16O16O intermediate in our experiment. This

could be due to the large concentration of mobile hydrogen

atoms formed via reaction (1). In our experiments, the total

amount of molecular hydrogen produced during the irradia-

tion and warming up in the H2
18O/16O2 ices at 12 K is about

10% of that produced in the pure water ices (R1). Therefore,

the hydrogen atoms must be ‘trapped’ by a molecule—most

likely 16O16O—reacting then in two fast steps to H16O16OH

(R1/R3). If these processes are very fast, a pseudo first-order

rate constant might be rationalized as observed experimentally

(Fig. 6). Considering the 300–500 fold higher yield of

H16O16OH compared to H18O18OH—which may be formed

formally via pseudo first order decomposition of a water

dimer—we might suggest that, at least in water–oxygen ices,

the formation of hydrogen peroxide proceeds predominantly

via hydrogen addition pathways to molecular oxygen.

Finally, we would like to address briefly the formation of

HOOOH and HOOO. In polar, water-rich matrices, it is

difficult to extract the detailed isotopic patterns of these

molecules since the absorption of HOOO is very broad and

of HOOOH very weak (Fig. 1). Considering Fig. 6, a pseudo

first order graph could fit the temporal profile of HOOO (k =

8.5 � 1.0 � 10�2 min and a pre-exponential factor of a = 0.30

� 0.02 cm�1). This reaction could be induced by a neighboring

water–molecular oxygen complex. Inducing an oxygen–hydro-

gen bond rupture, the hydroxyl radical could react with the

molecular oxygen to form the hydrotrioxy radical. Upon

warming up the sample, the absorptions decrease rapidly. This

could either indicate a reaction of mobile hydrogen atoms to

form the dihydrotrioxy molecule or a decomposition of the

hydrotrioxy radical, possibly to a hydroxyl radical and mole-

cular oxygen atom.37

5. Conclusions

In summary, we conducted a detailed infrared spectroscopy

and mass spectrometry study on the electron irradiation of

H2
18O/O2 ice mixtures. We detected the formation of mole-

cular hydrogen, isotopically substituted oxygen molecules
18O18O and 16O18O, ozone (16O16O16O, 16O16O18O, and
16O18O16O), hydrogen peroxide (H18O18OH, H16O16OH and

H16O18OH), hydrotrioxy (HOOO), and dihydrogentrioxide

(HOOOH) and also proposed reaction pathways to form these

molecules in low temperature ices. Most important, we found

that the irradiation production of molecular hydrogen was

reduced significantly compared to pure water ice due to the

existence of O2 trapping the mobile hydrogen atoms effectively

as hydrogen peroxide. Our studies also confirmed that a water

molecule under irradiation is mainly dissociated to a hydrogen

atom and a hydroxyl radical.
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