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Catalytic conversion of CO to CO; has been investigated in ultrahigh vacuum (UHV) under cryogenic
conditions (10 K). This cryogenic oxidation is assisted by iron upon its co-deposition with CO, on a
substrate. The study shows that the interaction of Fe and CO results in a Fe—CO complex that reacts in
the presence of excess CO at cryogenic conditions leading to CO,. Here, the presence of CO on
the surface is a prerequisite for the reaction to occur. Different control experiments confirm that the
reaction takes place in the condensed phase and not in the gas phase. Surface sensitive reflection
absorption infrared spectroscopy (RAIRS), temperature programmed desorption (TPD), and Cs* based
low energy ion scattering are utilized for this study. The iron assisted formation of CO, may be proposed
as another pathway relevant in interstellar ices, containing CO. This direct oxidation process, which
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occurs at extremely low temperatures and pressures, in the presence of a reactive metal species like iron
(the most abundant metal in the interstellar medium) may have astrochemical importance. It does not
require any external energy in the form of photo-irradiation or thermal processing. Such reactions are
highly relevant in cold dense molecular clouds where interactions between neutral species are more
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Introduction

Although transition metal assisted catalytic processes/reactions
in interstellar space were proposed long ago,' they have received
consistent attention only in recent years.>® Our knowledge of
transition metal assisted catalysis is largely derived from surface
science experiments. Many such processes occur at a much higher
temperature window than that is possible in the interstellar space.
Mechanistic pathways involved in the catalysis for the formation
of complex molecular species in the interstellar medium (ISM)
and the role of transition metals in them are open questions.
Considering the cryogenic conditions present in ISM, this cata-
lysis reaction can be termed as “cryo-catalysis in ISM”, which may
be of much importance and can have great relevance in various
astrochemical environments. Elements having atomic masses
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greater than silicon are found in places like protostars, star-
forming regions, and even in diffused and cold dense clouds.’
Among these, iron is observed with higher abundance compared
to several other transition metals™® and in fact, iron is the most
abundant metal in the universe. These metals are produced and
ejected as dust during star formation as well as during the death
of stars.” Considering the higher abundance of iron in ISM,
the possibility of iron assisted catalysis is expected in these
conditions.

Iron is known to be a well-known catalyst for the oxidation of
CO to CO,.5™" In the interstellar space, CO and CO, have been
detected in various environments.'>'® However, the formation
of CO, in the gas phase is not efficient to account for its
proposed and observed abundance.'* Several pathways toward
the formation of CO, in the interstellar space are proposed,
such as UV photo-processing of CO ice, high energy ion
irradiation of CO ice, oxygenation of CO ice, etc."”*® Formation
of solid CO, has also been proposed through CO + O, CO + OH,
and H,CO + O routes.'®™" CO is ubiquitous in the ISM and its
observed abundance can be explained by the gas phase
reactions.?? In surface science literature, the interaction of
CO with iron atoms and iron surfaces is well-studied.'®'"??
It is one of the model systems, understood in detail with
respect to metal-ligand bond formation. CO can undergo
dissociative adsorption on iron surfaces.®® Laser ablated iron
oxides (clusters) react with CO to produce the carbonyl iron

Phys. Chem. Chem. Phys., 2020, 22, 8491-8498 | 8491


http://orcid.org/0000-0002-9991-7788
http://orcid.org/0000-0002-3592-4903
http://orcid.org/0000-0001-5914-1615
http://orcid.org/0000-0002-0932-105X
http://orcid.org/0000-0003-3174-534X
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cp06983f&domain=pdf&date_stamp=2020-04-13
http://rsc.li/pccp
https://doi.org/10.1039/c9cp06983f
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022016

Published on 06 April 2020. Downloaded on 5/10/2020 5:07:40 PM.

Paper

oxides FeO(CO), (n = 1-3) and FeO,(CO),, (m = 1, 2) which can
further dissociate to give CO,; such processes have been
investigated using infrared spectroscopy.>**> Besides, CO
adsorbed on Fe(110) surface undergoes dissociation, and
further oxidation in the presence of O, leads to CO, at room
temperature and at higher temperatures.®>°

In this work, we have studied the interaction of neutral iron
atoms with CO, which is also abundantly found in ISM."* The
co-deposition of Fe and CO resulted in Fe + CO complex
together with a small amount of CO,. The observed CO, is a
product formed due to the reaction of CO with iron atoms as we
did not observe any CO, peak during the deposition of CO on
the substrate. The Fe + CO band is broad in nature due to the
formation of Fe(CO), (where x = 1-5).

The experiments were performed in simulated astrophysical
conditions by depositing CO and iron atoms on a surface
precooled to 10 K. The formation of CO, was observed just
after the deposition, at 10 K. From different control experi-
ments, it was concluded that the formation of CO, occurs on
the surface, only in the presence of condensed CO and below
the CO residence temperature. To further understand, we have
performed a detailed DFT computational study on the electro-
nic structure and vibrational frequency of Fe + CO complexes.
The computed vibrational frequency of CO had been compared
with our experimental frequency. We have also constructed
a free energy map for the formation of CO, from the Fe + CO
mixture. The proposed reaction mechanism justified the con-
version of CO to CO, in the presence of Fe atoms.

Experimental

The experiments were performed in a custom-built ultrahigh
vacuum instrument with a base pressure of <5 x 10 '° mbar.
A detailed description of the instrument is given elsewhere.*”
The instrument consists of a Ru(0001) substrate, where the
molecular solids or ices are deposited. The substrate is attached
to a 10 K closed-cycle helium cryostat with a copper holder. The
temperatures are measured using a silicon diode sensor, a
thermocouple sensor, and a Pt-sensor attached at three different
points and are calibrated with 0.1 K accuracy. Molecular solid’s
structure, reactivity, etc., can be probed using several spectroscopic
probes attached to the instrument chamber.”®*" In this study, we
used reflection absorption infrared (RAIR) spectroscopy and Cs"
based low energy ion scattering to probe the surface species and
temperature programmed desorption (TPD) to examine the des-
orbed species. The background pressure before starting the experi-
ment was maintained at <5 x 10 '® mbar. We have deposited
CO, iron, and the mixture (Fe + CO) on the pre-cooled Ru(0001)
substrate at 10 K. CO gas (99.999% purity, RANA GAS) was leaked
through an all-metal leak valve and metallic iron was evaporated
using an electron beam evaporator (Mantis Deposition, e-beam
evaporator). The electron beam evaporator can control the rate of
evaporation by monitoring the deposition flux, via the ion current
of the evaporant. The electron beam evaporator consists of an iron
rod (99.99%, GoodFellow Cambridge Limited) which was placed
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inside a tungsten crucible and heated using the electron beam,
and the flux of the evaporant was monitored using a flux plate
electrically isolated and biased at 50 V. We maintained the iron
flux current at 3 nA (corresponding to ionized Fe atoms over the
crucible) during deposition. The amount of iron atoms vaporized
is proportional to the flux current. Nearly all the iron ions are
neutralized at the flux plate, and no iron ions are falling on the
substrate as no current was measured at the substrate. The
thermal evaporator was kept 2 cm away from the substrate during
the deposition of iron atoms and there was no increase in
substrate temperature due to the evaporator. The UHV chamber
was backfilled at 1 x 10”7 mbar of CO (by opening the all-metal
leak valve) and was exposed to the surface for 10 minutes which
would generate 50 MLs of solid CO on the substrate.”” The
deposition of Fe with 3 nA current (observed on the flux plate)
for 10 minutes can give iron atoms of a few monolayers. In
different experiments, we have maintained the above ratio of iron
(3 nA) and CO (pressure at 1 x 10~” mbar), constant. This constant
ratio ensured that the experiments are similar, and the results
could be compared with each other. The mixture (Fe + CO) was
generated by switching on the evaporator and exposing the
chamber with CO gas at 1 x 10~ mbar simultaneously. The
simultaneous exposure for 10 minutes will lead to iron atoms
getting mixed with CO in the gas phase and this mixture was
getting deposited slowly on to the precooled Ru(0001) substrate to
give multilayers of Fe + CO mixture. This thicker sample mixture
(Fe + CO) makes sure that the Ru(0001) substrate does not have
any influence on the reaction. We have also performed sequential
deposition, where CO gas was backfilled for 10 minutes, followed
by Fe (3 nA for 10 minutes) by giving a time gap in between for the
background pressure to come down to the initial values.

To confirm further that the substrate is not affecting the
reaction, solid argon and later water-ice (both amorphous and
crystalline forms of ice) were used to cover the ruthenium
substrate. Argon (99.998%, Sigma Aldrich) was used at a
pressure (back-filling the chamber) of 5 x 10~7 mbar for
16 minutes to produce ~500 MLs coverage. H,O (99.996%,
Millipore), taken in a glass to metal seal adaptor, further
purified by several freeze pump thaw cycles, was used to deposit
water-ice. Amorphous ice was grown by depositing water vapor
by backfilling the chamber at 1 x 107 mbar pressure for
16.7 minutes, to give ~100 MLs of amorphous ice at 10 K.
Crystalline ice was developed by depositing the same amount of
water vapor at 120 K, further heated to 145 K and subsequently
cooled back to 10 K. A residual gas analyser (RGA) was run
throughout the deposition which ensured the purity of the gas
getting deposited.

After deposition, the deposited sample was heated resistively,
and the substrate temperatures were controlled by a LakeShore
temperature controller. A typical RAIR spectrum was collected as
an average of 512 scans. Temperature-dependent RAIR spectra
were measured by depositing Fe + CO mixtures at 10 K and
subsequently heating them to higher temperatures at 2 K min "
heating rate and giving a 2 minute equilibration time after
reaching the desired temperature, followed by spectral
measurement.

This journal is © the Owner Societies 2020
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Computational quantum chemistry, especially DFT, is well
suited for understanding the mechanistic insights of transition-
metal-catalysed chemical reactions by providing detailed reaction
energy profiles with the geometric and electronic structures of
reactants, products, intermediates, and transition states. Single-
point DFT calculations, similar to previously performed computa-
tional analyses of metal clusters,*” were likewise carried out via the
Gaussian 09 computational package.** In this study, we chose
6-31+G*, a double-{ Popletype basis set. LANL2DZ (Los Alamos
National Laboratory 2 double-(), which is a widely used, effective
core potential (ECP)-type basis set, was used to model the metal
atoms.>® This mixed basis set was created through the use of the
GEN keyword in Gaussian 09.

Frequency analysis was performed on each ground state and
transition state. We verified that all frequencies are positive
for each ground state, and only one imaginary frequency
existed (within a computational tolerance of 30 cm™") for each
transition state complex. It has been shown that the current
DFT method (with B3LYP functional) provides reliable geo-
metries, energies, and vibrational frequencies in related
mechanistic studies.**

Results and discussion

The experiment was carried out by depositing CO on a pre-
cooled Ru(0001) substrate at 10 K. Subsequently, in a different
experiment, CO was deposited along with iron atoms. Fig. 1
shows the RAIR spectrum obtained upon depositing CO at 10 K
(bottom trace) and upon co-deposition of CO along with
iron (Fe + CO) (top trace) at 10 K. The spectra are shown in a
range focussing on the C—O antisymmetric stretching band
(2142 cm™). Solid pure CO shows a C=0 stretching peak at

co Fe-CO
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co,
x 20
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Fig.1 RAIR spectrum collected upon deposition of CO on top of
Ru(0001) substrate (Ru@CO) (bottom trace) and co-deposition of
thermally evaporated iron with CO (Ru@Fe + CO) at 10 K (top trace).
The CO, peak obtained at 2343 cm™~t is multiplied by a factor of 20. Peak
labeled * is due to the *CO.
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2142 cm™' and a small peak at 2092 cm ™" arises due to the
contribution from *CO molecules,'® present with >CO as a
natural impurity. When CO was deposited along with iron
atoms, we observed three peaks, (i) CO antisymmetric stretching
peak (2142 cm™ ') with reduced intensity compared to the pure
sample, (ii) a broad band in the 2100 to 2000 cm ' range,
attributed to the formation of an Fe + CO complex and (iii) a
weak peak at 2343 cm™ ' due to the antisymmetric (C=0)
stretching mode of CO,.

During the deposition, iron can interact with more than one
CO molecules to form a range of Fe(CO), clusters. The C—0O
stretching positions will be different for all the various combi-
nations of Fe and CO. Previous reports suggest that both
thermally evaporated iron atoms, as well as laser-ablated iron
atoms, form Fe(CO), clusters upon reaction with CO in the
gas phase.>**® The infrared peaks of these Fe(CO), were already
reported in the literature by depositing them in various
matrices.’”*

Computationally, we calculated the optimized vibrational
frequencies for CO, CO,, and Fe(CO), (x = 1-5) complexes. The
calculated IR frequencies of the CO and Fe(CO), are compared
with the experimental IR frequencies, as shown in Fig. S1
(ESIT). The experimental and calculated spectra are qualita-
tively similar. Our DFT calculations predicted that the C=0O
stretching frequency for Fe(CO), complex shows a lower wave-
number value (red-shift) with respect to free CO.

In order to characterise the Fe + CO mixture, temperature-
dependent RAIRS measurement of the same was performed by
slowly heating the substrate from 10 K to higher temperatures
and measuring the RAIR spectrum at each temperature
indicated, as shown in Fig. 2a. Enlarged regions from Fig. 2a
corresponding to CO, and Fe(CO), regions are shown in the
insets as Fig. 2b and c, respectively. The CO, region is multi-
plied by a factor of 10 for better visibility. The intensity of the
C—0O stretching peak (2142 cm ") goes down completely above
30 K, attributed to CO desorption, whereas the broad Fe(CO),
band stayed till 250 K but its intensity got reduced above 150 K.
Fe(CO), may undergo dissociative desorption upon heating,
and it was completely dissociated at ~250 K. However, this
happens very slowly with temperature. This implies that the
Fe(CO), cluster has higher desorption energy. Fig. 2b shows the
characteristic peak of solid CO, (2342 cm™ '), which eventually
gets desorbed above 80 K, in accordance with the desorption
temperature of CO, in UHV.*®

Low energy Cs" collision was also performed on the deposited
Fe + CO mixture to check the species formed due to the reaction.
These data are shown in Fig. 2d and e. Cs" scattering is a versatile
surface analytical technique and is very specific to the top few
layers.*”*' Low energy (~40 eV) Cs* upon collision on the surface
undergoes reactive ion scattering where Cs" picks up the surface
molecules forming an adduct-ion species, which can be detected
by a mass spectrometer. During 40 eV Cs' collision (Fig. 2d),
Cs—CO" (m/z = 161) was observed as the major peak next to Cs"
(m/z = 133) and Cs-CO," (m/z = 177) as a minor peak, confirming
the presence of CO, molecules on the surface. Upon increasing
the kinetic energy of Cs* to 80 eV (Fig. 2€), various peaks related to
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(a) Temperature-dependent RAIR spectra of Fe + CO deposited mixture. The insets (b) and (c) are enlarged views of the CO, and Fe(CO), regions,

respectively. Figures (d) and (e) are the Cs* scattering spectra of Fe + CO deposited mixture at 40 eV and 80 eV ion kinetic energy, respectively. Various

features are marked. The mixture was deposited, and the scattering spectra

Fe(CO), and Fe started to appear. The relatively higher energy of
Cs" (~80 eV) makes it act mainly as a sputtering source and the
deeper monolayers will be probed after knocking out the mole-
cules from the top surface. At higher collision energies of Cs', the
product ions (Cs-CO,", in our case) can also dissociate, explaining
the observations. These data suggest that Fe(CO), consists of
various combinations of CO bound with iron and the value of x
can be from 1 to 5.

The Fe + CO deposited mixture was further characterised by
temperature programmed desorption (TPD). The obtained TPD
spectra of the Fe + CO mixture is shown in Fig. S2a (ESIT).
In this experiment, the deposited Fe + CO mixture was heated
from 10 K, at a heating rate of 30 K min~". The intensity of the
desorbed species of masses 28 (for CO) and 44 (for CO,) were
plotted as a function of substrate temperature. TPD spectra of
mass 28 (Fig. S2a, ESIt) shows the characteristic peak centered
at ~30 K, due to the desorption of CO molecules having weak
or no interaction with Fe atoms. The observed tail, which
continued above 120 K, originated from the CO molecules
interacting with the Fe atoms and also from the dissociation
of Fe(CO),. Such a dissociation of Fe(CO)5 upon chemical vapor
deposition is already reported at higher temperatures.*> TPD of
mass 44 gave a peak centered at 85 K, which is the character-
istic desorption profile of CO,.*® This is very low in intensity
and is shown in the inset (Fig. S2b, ESIt). Fig. S2c (ESIY) is the
instantaneous mass spectrum obtained at 85 K showing the
intensity ratios of CO," and CO" along with C* and O".

The gas-phase reactions of CO molecules with Fe atoms are
highly feasible, leading to Fe(CO),.*>*”*® In order to observe
whether the reaction is occurring in the gas phase or the
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were collected at 10 K.

condensed phase and to get a better insight into the formation
mechanism of CO,, different control experiments were carried
out. The Fe + CO mixture was deposited at various temperatures
(10 K, 20 K, 30 K, 40 K, 50 K and 60 K). These data are shown
in Fig. 3a. Since the desorption temperature of CO is 30 K,
the possibility of CO molecule to get deposited above 30 K in
the Fe + CO mixture is negligible. The primary observation
upon deposition of Fe + CO at various temperatures is that the
formation of CO, solely depends on the residence of CO at the
surface.

We have also calculated the column densities of CO and CO,,
formed at various temperatures from Fig. 3a and the results are
plotted together in Fig. 3b. Major observations from the data
can be summarized as, (i) the formation of CO, decreases
substantially with increase in the deposition temperature and
follows the column density pattern of CO. Maximum formation
of CO, was observed when Fe and CO were co-deposited at 10 K.
(ii) There is a drastic decrease of CO, peak intensity above 30 K,
which is the temperature above which CO will not get con-
densed on the surface. This led us to suggest that an excess or
unbound CO molecule is required for the iron assisted CO,
formation. (iii) The formation of CO, stops completely at and
above 50 K. This observation suggests that the reaction is
occurring in the condensed phase only, and the possibility of
the same in the gas phase can be ruled out. If the reaction is
feasible in the gas phase, it must have formed at all the above
temperatures and the formed CO, must have condensed till
80 K, since CO, is known to desorb only above 80 K. A small
amount of CO, was observed at 40 K. It may be explained as
follows: CO gets dissociated from Fe(CO), and is also available

This journal is © the Owner Societies 2020
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Fig. 3 (a) Iron and CO co-deposited at various temperatures (10-60 K).
(b) The column density ratios of CO and CO, calculated from the data
obtained from the experiments depositing Fe + CO at different temperatures.

from trapped CO, which gets desorbed at a higher temperature
than its usual desorption temperature (30 K).**** The trapped
CO was observed as a tail in the TPD profile of the CO
desorption curve in the Fe + CO mixture in Fig. S2a (ESIT).
The intensity of the tail reduces with temperature. Similar
trapping of CO (of very less amount) is possible when we
deposit Fe + CO at 40 K and we strongly believe that this
trapped CO is making the formation of CO, feasible at 40 K.
The intensity of CO, formed at 40 K is much lower than that at
30 K (Fig. 3b). Another observation is that the ratio of CO to
CO, intensity is also quite less for the 40 K deposition
experiment (Fig. 3a). This may be due to an experimental
limitation, which can be explained as follows: the formation of
CO, from Fe + CO mixture is not time dependent. The
desorption temperature of CO from different surfaces is
higher than 30 K, and ranges up to 40 K.**** We measured
the RAIR spectrum after the deposition of Fe + CO mixture (at
40 K) and waiting for the pressure to settle down to the base
pressure. The 512 scans used in the spectral collection took
around 7 minutes. Throughout this time, the surface was
equilibrated at 40 K, which made a significant amount of
CO to desorb leading to reduced intensity of CO than CO,
(at 40 K). Above 40 K, upon deposition of the Fe + CO mixture,
the chance of CO getting trapped decreased substantially as it
was far above its desorption temperature which restricted the
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formation of CO, completely as unbound surface CO was
required for CO, formation.

It may be concluded from the above data that an excess or
unbound CO in the condensed phase is essential for the
formation of CO,. The Fe-CO bond formation weakens the
C-0O bond resulting in partial dissociation of O. This partially
dissociated O in Fe + CO can bind with a free CO molecule
leading to CO, and the remaining part stays as iron carbide and
the entire process occurs in the condensed phase.

The reaction can be explained by the following equations,

C=O0+Fe - Fe-C=0 (1a)

Fe-C=0+ C=0 — Fe-C + 0—C—0 (1b)

The overall reaction mechanism consists of two molecules of
CO getting converted to one molecule of CO, in the presence of
a Fe atom. We have plotted the gas-phase Gibbs free energy
(AG, kecal mol ") and the mechanism with reaction coordinate
in Fig. 4.

The reaction mechanism begins with the formation of FeCO,
a complex that is 2.73 kcal mol " stable than the reactants. The
preferred pathway continues through the insertion of one more
CO molecule to form Fe(CO),. The intrinsic reaction coordinate
(IRC) revealed that transition state (TS) is actually an O-transfer
from one CO to other CO molecule, which occurs with a
minimal activation barrier via TS (+4.65 kcal mol ). Transition
states were confirmed by vibrational frequency calculations
yielding a single imaginary frequency along the reaction coor-
dinate. Consequently, the breakage of the C-O bond occurs,
which leads to FeC-CO,. The final step is the formation of free
CO, and FeC. The data depicted in Fig. 3 could surely conclude
that (i) the formation of CO, is highly dependent on the
accessibility of free or unbound CO and (ii) the reaction
happens in the condensed phase.

The current experiments could not resolve all the observa-
tions. For example, the deposition of Fe and CO mixture at 10 K
and 20 K is observed to give almost the same intensity of CO
(corresponds to the same amount of deposition) while the CO,
formed at these two temperatures show a linear decrease.

O
Fe [2CO0+Fe—FectCO, | © @&
1d
c oo
TS (+4.65)
®o ‘ \
[ 1e
3 D
E [
E @ 1c [ X
e ) ’ IM (#1.15)
2 1a Q) ‘
+ Fe(CO),
@ @ (-0.10)2
Fe+CO .
(0.00) N o-e —
e Q— ;/ 1o Product
FeCO (-2.73) (-0.59)

Fig. 4 Proposed reaction mechanism for the formation of CO, from CO
with Fe atom. The relative energies are given in kcal mol™.
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The reason for this could not be explained. The computed
mechanism (Fig. 4) serves well to explain our experimental
observation, except the temperature dependence of the experi-
ment, that more CO, was observed at 10 K. This could be
because the AG values were computed for gas phase reactions
and not considering condensed state of these species. We believe
that this difference in the conditions of calculations and experi-
ments is reflected in the discrepancy in the temperature depen-
dence. However, the intermolecular interaction between CO and
Fe will be similar in both gaseous and condensed phases.
Literature reports*®*” suggest that disproportionation reactions
as depicted in the mechanism could occur at low temperatures.

Role of substrate in the reaction

All these reactions described above were performed on a
Ru(0001) substrate. In order to confirm that the substrate does
not have any role in the present reactions, we covered the
Ru(0001) substrate by depositing 500 MLs of argon. This was
followed by co-deposition of Fe and CO mixture on top of
argon. The result obtained was very similar (data are not
shown), which makes us conclude that the reaction is substrate
independent.

We also performed other sets of experiments by depositing
iron on CO and also a reverse experiment; by depositing CO
on iron sequentially, both at 10 K. The experiments were
performed on Ru(0001) substrate as well as by covering it
with 500 MLs of argon. The results were similar and the data
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obtained upon deposition on argon covered Ru(0001) substrate
are shown in Fig. 5a and b. Here, we observed the IR peak for CO,
(at 10 K) when iron was deposited on top of CO (Fig. 5a) while, a
similar IR peak of CO, was not observed in the reverse case where
CO was deposited on top of iron (Fig. 5b). The observation from
Fig. 5 would lead us to suggest that heat of adsorption of iron
atoms on solid CO is facilitating this reaction. Neutral iron atoms
upon condensation on solid CO would react to give Fe-CO
complex and CO,. The observation that CO, was not formed
above 40 K from the deposition of the species at various tempera-
ture experiment (Fig. 3) clearly confirms that this is a condensed
phase reaction and more CO, formed at temperatures lower than
30 K suggests the presence of free or unbound CO is necessary for
this (CO, formation) reaction to proceed. The above sequential
deposition experiment of Fe atoms on solid CO could be more
realistic or a better model for ISM but the product (CO,) formed
was less as compared to co-deposition experiment. We attribute
this to the better interaction of Fe and CO possible in a
co-deposition method than the sequential deposition. In sequen-
tial deposition, iron atoms could interact only with the surface CO
molecules while in co-deposition, the interactions are more as CO
and Fe are getting mixed during the deposition, which leads to
more amount of CO, than the former. However, the observation
of the formation of CO, in both cases predicts that the reaction
proceeds in a very similar way in both cases.

To give more realistic data pertaining to the interstellar
medium, we performed a similar experiment by depositing
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Fig. 5 (a) RAIR spectra collected upon deposition of thermally evaporated iron on top of CO at 10 K. (b) Similar RAIR spectral measurement from the

deposition of CO on top of deposited iron. The substrate was initially covered by 500 MLs of argon in order to avoid the interaction and any probable
influence of the Ru(0001) substrate. The inset shows the schematic of the sample and the order of deposition. The spectra have corresponding labels.
The CO; stretching region is enlarged and multiplied by a factor of 50 for better clarity. (c) RAIR spectra obtained from Fe + CO mixture co-deposited on
amorphous and crystalline water at 10 K. The spectral regions of water, CO,, CO, and Fe(CO), are labeled. The CO, antisymmetric stretching region is
enlarged. The inset shows a schematic of the sequence of deposition of molecules under study.
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Fe + CO mixture on top of water-ice, both amorphous and
crystalline forms. Amorphous ice was formed by depositing
water at 10 K followed by Fe + CO deposition as mentioned
before. Crystalline ice was developed by depositing water vapor
at 120 K and heating the sample ice to 145 K. The crystalline ice
sample was subsequently cooled to 10 K and Fe + CO was
co-deposited on top. These data are shown in Fig. 5c. We could
not find any additional peak due to water molecules interacting
with CO or Fe atoms. However, the formation of CO, due to the
interaction of Fe + CO occurs on the water surface at 10 K. Data
from amorphous and crystalline ices also suggest this. The intensity
of CO, formed is higher on amorphous ice than on the crystalline
ice, although this result needs further investigation. Altogether, this
proves that the Fe can react with condensed CO leading to CO, and
this reaction could proceed on the water surface.

Conclusions

We performed co-deposition of CO and iron atoms on a substrate,
pre-cooled to 10 K. Such a deposition gave peaks corresponding to
pure CO at 2142 cm ™', and a broad band in ~2000 em™" range
due to CO bonded with Fe [Fe(CO),] in the infrared spectrum.
More importantly, a new peak due to CO, (2343 cm™') was
observed due to the reaction. The Fe + CO solid mixture was
further characterised by temperature-dependent RAIRS, low
energy Cs' scattering, and TPD, revealing that Fe(CO), is one in
which x =1 to 5. Infrared frequencies were calculated by optimiz-
ing different structures and was found to be matching with the
experimentally obtained values. This Fe(CO), dissociates to give Fe
and CO, which disappears completely above 250 K.

The formation of CO, is an instantaneous process upon the
deposition of iron atoms on CO (or during co-deposition) and was
found to proceed only in the presence of unbound CO, as proven by
different control experiments. Based on these experiments, we
propose that iron assisted formation of CO, is another pathway
that can occur in interstellar ices containing condensed CO. The
importance of this reaction is that it is a direct oxidation of CO to
CO, at cryogenic temperatures, made possible by a reactive metal
species like iron being condensed on the molecular surface. It does
not require any form of photo-irradiation or thermal processing
and occurs at lower temperatures (such as 10 K). Such a reaction is
a highly favorable one in cold dense molecular clouds where the
presence of CO and Fe are detected in abundance. The reaction
occurs also on the surface of water ice and CO, was detected in
more abundance on amorphous ice. Mechanistic details of the CO,
formation reaction were supported by computational studies.
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