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ABSTRACT: We report new computational and experimental evidence of an efficient and

astrochemically relevant formation route to formaldehyde (H,CO). This simplest carbonylic B (/A
compound is central to the formation of complex organics in cold interstellar clouds and is (?’
generally regarded to be formed by the hydrogenation of solid-state carbon monoxide. We g ,
demonstrate H,CO formation via the reaction of carbon atoms with amorphous solid water. ™
Crucial to our proposed mechanism is a concerted proton transfer catalyzed by the water ‘@R J
hydrogen bonding network. Consequently, the reactions *C + H,0 — *HCOH and 'HCOH —
'"H,CO can take place with low or without barriers, contrary to the high-barrier traditional
internal hydrogen migration. These low barriers (or the absence thereof) explain the very small
kinetic isotope effect in our experiments when comparing the formation of H,CO to D,CO. Our
results reconcile the disagreement found in the literature on the reaction route C + H,0 —

H,CO.

n molecular clouds where stars are born, temperatures can

be as low as 10 K, and water is the main component of the
ice mantles coating micrometer-sized dust grains.' On the
surface of these grains, a rich chemistry accounts for much of
the chemical complexity of the known interstellar complex
organic molecules (COMs).”™> At the core of COM synthesis
in space is the formation of bonds to carbon atoms, which, in
turn, depends upon the main reservoir of carbon. In the
translucent stage of a molecular cloud or under influence of
cosmic-ray irradiation, carbon is predominantly present in its
atomic form C(°P,).°""> The interaction of atomic carbon
with water has been extensively studied, both experimentally
and theoretically."”*™*° The particularly puzzling contrast
between the gas phase and the condensed phase is illustrated
by the reduction of the C—O distance of 1.89 A in the gas-
phase C—H,0 complex'” to 1.50 A on average in water
clusters.'””° In these clusters, the C—O distance depends on
the local geometry of the adsorption site, the formation of a
3C—OH, complex,'” and/or the formation of a [COH™ +
H,0"] complex.”’

Formaldehyde (H,CO) is the lowest-energy isomer of C—
H,O and is a key species in astrochemical reaction networks as
a precursor of COMs.”"*” At present, chemical models
consider the sequential hydrogenation of solid CO as its
main surface formation route.”*** This links H,CO formation
to later sta%es of a molecular cloud, where CO ice is typically
abundant."”* The formation of H,CO may proceed also in the
gas phase.”

The *C + H,0 — products reaction in the gas phase
proceeds through quantum tunneling, indicated by a lower
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reactivity with DZO.16 In matrix-isolation studies, however, no
products for the same reaction have been detected.'”'
Furthermore, C atoms generated in an arc discharge react
with water at 77 K.'* A subsequent GC/MS analysis showed a
variety of aldoses and, among them, formaldehyde. Very recent
experimental work indicates the formation of H,CO in the
solid state on water ice.”’

In this Letter we provide a detailed explanation of the
formation of formaldehyde from the reaction of carbon atoms
with amorphous solid water within a theoretical framework,
supported by tailored experiments. Our work simulates the
earliest stages in the star formation process, before the
catastrophic CO freeze-out stage,”® ie, before the CO
hydrogenation chain dominates H,CO formation. Our experi-
ments probe the kinetic isotope effect, comparing the products
of the reactions C + H,0/HDO/D,0. We resolve the
apparent discrepancy between earlier studies by introducing
our proposed mechanism in which water molecules collectively
catalyze the reaction via a proton transfer. We show that this
transfer operates throughout the entire °C + H,0 — H,CO
reaction sequence. This implies that formaldehyde ice
abundances could be higher than previously anticipated,
especially in the early stages of star formation, which is soon
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Figure 1. Transition-state geometries for reaction 2 (upper row) and reaction 6 (lower row) in the gas phase (left column) and for both the
traditional internal isomerization mechanism 1 (middle column) and the concerted water-assisted mechanism 2 (right column). Atoms directly
involved in the reaction mechanism are depicted in full color; water molecules not participating in the reaction are transparent in the background.
Color code: teal, carbon; red, oxygen; white, hydrogen.
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Figure 2. Schematic reaction profiles for reactions 2 and 6 within the internal isomerization mechanism (mechanism 1, red) and the water-assisted

mechanism (mechanism 2, green). Note that green dashed lines here represent paths with a small barrier and barrierless paths. The minima are
taken as the average binding energies listed in Table 1, and the saddle points as the highest activation energies in Table 2. For 'H,CO, the binding

discussion of the energetics of the reaction.

energy is taken as the average of the end points of intrinsic reaction coordinate calculations. The reader is referred to the text for an extensive

expected to be probed by James Webb Space Telescope

(JWST) observations of interstellar ices."”

We modeled the formation of H,CO on amorphous water
ice clusters considering two distinct mechanisms, (1) tradi-
tional internal isomerization and (2) concerted water-assisted
isomerization, and compare this to the internal isomerization
in the gas phase. Below, we list the relevant reaction steps for
which we wish to point out that in both mechanisms all species

are at all times adsorbed on a surface. Thus, mechanism 1 may

10855

resemble the process in the gas phase, but with adsorbed
reactants. We present transition states for both mechanisms

and the analogues in the gas phase in Figure 1 to guide the

reader through the discussion. For both mechanisms the
reaction sequence starts with

°C + H,0 — *C-O0H,

(1
’C—OH, — *HCOH )

https://doi.org/10.1021/acs.jpclett.1c02760
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Table 1. Binding Energy Ranges and Averages for the Different Species and Complexes on Water Clusters Considered in This
Work”

pubs.acs.org/JPCL

binding energy range (kJ/mol) average binding energy (kJ/mol)

adsorbate—cluster system

3C + (Hy0),,° - 3C—(H,0),4" 60—133 96
— 3[COH H;0%]-(H,0),3 88—143 116
— SHCOH-(H,0),, 231-268 244

SHCOH + (H,0)y, — SHCOH-(H,0),4 7.5-52.5 294

'"HCOH + (H,0),, — 'HCOH-(H,0),, 7.8-95.6 52.4

“Average binding energies are obtained as the mean of the individual binding energies in each binding site. Please note that the binding energies
provided here apply to both mechanisms 1 and 2. b(a) The values provided in the literature for *C on ASW (average binding) are 116 and 79 kJ/
mol."”? (b) *C adsorption on ice I, reported binding energies are 153 and 127 kJ/mol depending on the binding site.”’ “According to our
sampling: 71% *C—(H,0),4; 19% *[COH H;0"]—(H,0),3; and 10% *HCOH—(H,0);

Table 2. Activation Energies without (AE,) and with ZPE (AU,) in kJ/mol for Reactions 2, 3, and 6 in the Gas Phase, Via the
Internal Isomerization Mechanism (1) and the Water-Assisted Isomerization Mechanism (2) at the MPWB1K/def2-TZVP//

MPWBI1K/def2-SVP Level of Theory”

mechanism reaction binding site” AE, AU,
gas phase reaction 2 69.7 (72.5) 57.3 (60.1)
reaction 3 139.6 (139.7) 126.6 (126.6)
reaction 6 151.3 (144.4) 134.9 (127.9)
mechanism 1 reaction 2 shallow 86.9 73.3
reaction 3 shallow 138.3 123.9
reaction 6 shallow 163.8 146.6
mechanism 2° reaction 2 medium/deep 30.3—-36.9 9.7-11.5
[COH™ + H,0*] 17.5 -031
reaction 6 medium/2 deep 12.8-31.7 -1.0-12.0

“In parentheses are UCCSD(T)-FlZa/cc—pVTZ—FlZ/ /MPWBI1K/def2-TZVP reference values. bSee text. “Reaction 3 does not proceed in

mechanism 2.

Reaction 1 represents the complex formation, and reaction 2
represents an insertion or isomerization via internal hydrogen
migration.

Subsequently, also for both mechanisms, an intersystem
crossing (ISC) to the singlet surface needs to take place
followed by a hydrogen migration to finally yield form-
aldehyde, through either

’HCOH — *H,CO 3)

’H,CO - 'H,CO (4)
or

’HCOH — 'HCOH ()

'"HCOH - 'H,CO (6)

Reactions 2, 3, and 6 proceed with high activation barriers in
the gas phase.'”'”*" We test here to what extent this holds in
mechanism 1. Mechanism 2 follows the same reaction steps,
but a surrounding ice water molecule acts as a proton donor
(e.g, 8) for reactions 2 and 6 (depicted by the arrows in
Figure 1), greatly lowering the reaction barriers (see also
Figure 2). Note that reaction 3 does not proceed in mechanism
2 and is not included in either Figure 1 or Figure 2.
Reactions are computationally studied individually by
placing the respective reactants on a water ice cluster,
(H,0),4 We randomly placed the adsorbates *C, *HCOH,
and '"HCOH on different preoptimized (H,0),, clusters,
constructed via molecular dynamics heating followed by a
geometry optimization using ab initio methods and determin-
ing 48, 42, and 44 binding sites, respectively. The ranges of
binding energies along with their average value for each
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adsorbate are gathered in Table 1. From these binding sites
both mechanism 1 and mechanism 2 were explored, in search
of transition states for reactions 2, 3, and 6. We utilized a single
shallow binding site for mechanism 1, whereas we sampled
three binding sites for mechanism 2, because the latter is more
dependent on the binding site geometry. The level of theory
used is MPWB1K/def2-TZVP on optimized structures at the
MPWBI1K/def2-SVP level and benchmarked against gas-phase
values using the UCCSD(T)-Fl2a/cc-pVTZ-F12//
MPWBI1K/def2-TZVP level of theory (also included in
Table 2). This yields very good results within the variability
provided by the different binding sites. Note that our values in
the triplet channel are also in good agreement with the results
of Hickson et al.'® and Li et al."’

To describe the striking difference between both mecha-
nisms, which ultimately renders a completely different
physicochemical picture, we first focus on the reaction
sequence in mechanism 1 followed by mechanism 2. Figure
2 gives a schematic representation of the energy profile of both
mechanisms. Tables 1 and 2 build on Figure 2, providing
detailed values of the binding energies and activation barriers.
All binding energies are computed from the difference between
the energy of the adsorbate + cluster minus the sum of the
separate components, whereas activation energies are obtained
relative to the reactant on the surface obtained from intrinsic
reaction coordinate (IRC) calculations. All binding energies
(Table 1) and activation energies (Table 2) are reported
including zero-point energy (ZPE). More details on the
protocol followed for the ab initio calculations can be found in
the Supporting Information.

Mechanism 1. The onset of the reaction is the binding of a
carbon atom atop amorphous solid water (ASW). Three

https://doi.org/10.1021/acs.jpclett.1c02760
J. Phys. Chem. Lett. 2021, 12, 10854—10860
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regimes can be clearly distinguished (see also Table 1). The
first regime, °C + (H,0),, — *C—(H,0),,, is the one relevant
for mechanism 1, because there is no spontaneous chemical
conversion after interacting with H,O ice.'”** Within this
regime we expect other reactions with carbon to be possible,
eg, to form CH, after hydrogenation.”” In order to form
*HCOH via internal isomerization, the hydrogen atom of C—
OH, that migrates should not take part in any hydrogen bonds
with the backbone of the cluster (see middle top panel in
Figure 1). Such a site (Uppg = 72.8 kJ/mol) rendered an
activation energy of AU,= 73.3 kJ/mol. After formation of
*HCOH, chemical conversion to *H,CO is studied through a
transition state found for a weak binding site (Up;g = 10.3 kJ/
mol) with a resulting barrier of 123.9 kJ/mol. Both activation
energies are either higher than or very similar to the
corresponding gas-phase reaction'” (see Table 2). Such
barriers are too high to be overcome at 10 K, even on
interstellar time scales.

The formation of formaldehyde would require intersystem
crossing (ISC) from *HCOH to "HCOH via reaction 5. The
singlet state is more stable than the triplet one by 88.9 kJ/mol.
The explicit simulation of ISC is beyond the scope of the
present work, but studies in the gas phase showed that the
spin—orbit coupling is strong,’® which determines the
intersystem crossing rate. We expect that the “heavy” O
atoms in the ice further enhance spin—orbit coupling.
Experimental ISC time scales for reaction 4 report fast
conversion (nanosecond to microsecond),”®”> and we expect
the same for reaction 5.

Finally, a relatively shallow binding site (Up,g = 22 kJ/mol,
with the OH moiety not interacting with the ice) gives an
activation energy of AU, = 146.6 kJ/mol for reaction 6,
"HCOH — 'H,CO, depicted in the middle bottom panel in
Figure 1. The barrier is significantly higher than in the gas
phase. We attribute this to a stabilizing effect of the surface on
the reactant state, again rendering this pathway unlikely to be
relevant at low temperatures.

In short, as a result of the high barriers involved, also on the
surface, the traditional internal isomerization mechanism 1 is
unlikely to lead to formaldehyde on water ices.

Mechanism 2. During the adsorption of >°C on ASW, not only
the *C—H,O structure is found, but also two other outcomes
are observed: a [COH™ + H;0"] complex™ and a direct and
barrierless pathway to *HCOH, also hinted at by Shimonishi et
al."” Closer inspection of our optimization trajectories shows
that the migrating H is transferred from a polarized water
molecule close to the *C—OH, adduct, resembling an acid—
base process. Whether or not this chemical conversion takes
place thus greatly depends on the local geometry of the water
into which the carbon inserts. The Supporting Information
details that the barrierless pathway remains barrierless, also for
other exchange and correlation functionals.

In addition to this barrierless pathway, concerted transition
states leading to *HCOH formation are explored. We depict
one in the top right panel in Figure 1. We found no transition
state for the weakly bound C atom, further suggesting that
reactions involving free carbon happen in these binding sites.
For the strongly and medium bound atoms, the activation
energies are AU, = 9.7 and 11.5 kJ/mol, respectively, a factor
of ~7 lower than for mechanism 1 (see also Figure 2).

Finally, the transition state found for the [COH™ + H;0"]
complex leads to a negative barrier (.., barrierless) upon the

inclusion of the ZPE correction. In general, including ZPE
corrections reduces the barrier more for the water-assisted
mechanism (see Table 2), which can be rationalized by the
imaginary transition mode involving collective high-frequency
water stretching modes.

Because *HCOH can thus readily be formed, we also
examined the conversion to *H,CO through the water-assisted
mechanism. However, all three binding sites lead to
endothermic reaction paths; thus, reaction 3 and, therefore,
also reaction 4 are unlikely to take place. For the ISC (reaction
5), *SHCOH — 'HCOH, the same reasoning as mentioned
above holds.

Finally, transition states for reaction 6 are found for three
different binding sites. Two of them lead to activation energies
of AU, = 9.0 and 12.0 kJ/mol, in agreement with previous
work.>® For the third binding site, the reaction is barrierless
upon inclusion of ZPE. This is clearly depicted also in the
bottom right panel of Figure 1: the water ice acts as a catalyst
for the reaction transferring a proton from the surface
hydrogen bond network to the CH moiety.

Summarizing, the '"HCOH — 'H,CO reaction sequence can
take place via the water-assisted mechanism. For some binding
sites, we find no barrier for the reaction. Combining this
finding with the results for reactions 1 and 2 opens the
possibility of an effectively barrierless reaction pathway for the
formation of H,CO from the C + H,O reaction assuming that
intersystem crossing is fast (see Figure 2).

Deuteration and Experiments. An overall low-barrier or
barrierless pathway implies that, on ice, a small isotope effect
is expected for reactions in which the hydrogen atoms are
replaced by deuterium. This is in stark contrast with results
obtained in the gas phase finding a significant kinetic isotope
effect.'® Furthermore, the so-called deuterium fractionation of
molecules is often used as a probe to understand whether
formation has taken place in early or late molecular cloud
stages in the ISM.”” The barrierless nature of the reaction
could have a consequential effect on formaldehyde deuterium
fractionation in interstellar clouds.

The influence of deuterium substitution on the activation
energies is evaluated by recomputing barrier heights for three
different deuterium substitution cases for the key reactions 2
and 6 in mechanism 2:

1. Substitution of the H atom that transfers to the C atom

2. Substitution of all H atoms taking part in the water-
assisted mechanism (e.g, those in the concerted
transition state)

3. Substitution of all H atoms in the water cluster

We selected the binding sites associated with the highest and
lowest activation energy. Our results are summarized in Table
3.

The transition states concern a concerted motion, involving
many molecules, which is nicely illustrated by the fact that the
activation energy is only mildly affected in case 1 but clearly
increases for cases 2 and 3. The increase of the barrier height
finds its origin in the delocalized nature of the transition state,
significantly reducing the magnitude of the imaginary
transition mode. Despite the increase, the activation energies
remain low enough to expect that a reaction between the
carbon atom and deuterated water can take place, for instance
via tunneling. Note that the barrierless pathways for ‘HCOH
formation in reaction 2 are also still relevant for reactions with
HDO or D,0.

https://doi.org/10.1021/acs.jpclett.1c02760
J. Phys. Chem. Lett. 2021, 12, 10854—10860
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Table 3. Activation Energies (AU, in kJ/mol) for Water-
Assisted Reactions 2 and 6 and Three Deuteration Cases
(See Text) Compared to Case 0 without Deuteration

reaction

3C—OH, — *HCOH '"HCOH - 'H,CO

case AU, case AU,
Highest Activation Energy

case 0 11.5 case 0 12.0

case 1 12.3 case 1 12.2

case 2 18.3 case 2 17.4

case 3 17.8 case 3 17.9
Lowest Activation Energy

case 0 -0.3 case 0 -1.0

case 1 34 case 1 2.3

case 2 5.6 case 2 3.7

case 3 54 case 3 39

Table 4. Summary of the Four Key Experiments, Including
the Atomic and Molecular Effective Fluxes and the Total
Time of the Experiment

no. C(m2s?) H,0(ecm?s™?') D,0(ecm?s™') time (min)
1 5 x 101 1.2 x 10% 50
2 5 x 10! 1.4 x 108 50
3 5 x 10" 1.4 x 10" 1.6 x 10" 125
4 1.4 x 10% 1.6 x 10% 65

Our theoretical results were tested against four tailored
experiments that we performed following H,CO detection in
previous work.””*>** Table 4 outlines the four codepositions
of a mixture of C atoms, H,0, and/or D,0 at 10 K using the
SURFRESIDE? setup.*® Experiments 1 and 2 test formation of
H,CO and D,CO. Experiment 3 probes the simultaneous
formation of H,CO, HDCO, and D,CO isotopologues from
reaction of carbon with H,O, HDO, and D,O. In particular,
HDO is formed as the result of D/H exchange on the metal
walls of the dosing line capillaries upon simultaneous injection
of H,O and D, O vapors which thus leads to the deposition of
an H,0:HDO:D,O mixture. Note that while there is no

production of C atoms in our control experiment 4, the source
was operated at a temperature of 1200 °C in order to account
for the possible effects of contaminants from the degassing C
atom source, such as H,O and CO,. The growing ice was
monitored with Reflection Absorption InfraRed Spectroscopy
(RAIRS). More details on the experiments are given in the
Supporting Information.

The RAIR spectra corresponding to experiments 1—4 are
depicted in Figure 3 for the wavenumber range specific to the
CO stretch and CH, scissoring and rocking modes of the three
formaldehyde isotopes of interest here: 1750—980 cm™". The
peak positions for all relevant molecules are indicated with a
line at the corresponding wavenumber in the figure and are
listed in the Supporting Information. Experiments 1 and 2
show clear H,0/H,CO and D,0/D,CO detections, respec-
tively. This also points toward the fact that indeed intersystem
crossing has occurred on a short time scale. Integrating the CO
stretch area under the peak and taking into account the
corresponding absorption band strength,” 740 this leads to a
H,CO/D,CO ratio of about 1.2. In other words, we find a very
small kinetic isotope effect, which we attribute to the overall
isotope effect of the various reactions in the reaction sequence
C + H,Op5w = H,COygw- Experiment 3 shows that all three
formaldehyde isotopologues have been formed simultaneously
from a codeposition of C + H,0/HDO/D,0. No kinetic
isotope effect can be calculated in experiment 3 because the
band strength of the CO stretch mode for HDCO is not
reported and the three carbonyl stretch modes overlap with
each other and with the H,O bending mode. Control
experiment 4 indicates that no formaldehyde is formed
without impacting C atoms, and no effect is seen because of
potential contaminants in the C atom source. These
experimental results are fully in line with the computational
outcomes presented in Table 3.

We conclude this work emphasizing that we have found an
intricate reaction mechanism for the formation of form-
aldehyde from carbon atoms on top of amorphous solid water,
modeled via an ice cluster approach. This work now reconciles
the mismatch between gas-phase and solid-state experimental
and theoretical efforts through the finding that the water-
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Figure 3. RAIR spectra of the four experiments outlined in Table 4. The vertical lines indicate peak positions of the formaldehyde and water

isotopologues.
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assisted mechanism (2) relies on the collective interplay of the
water ice network leading to a concerted proton transfer.
Therefore, it operates much more efficiently than the internal
hydrogen migration mechanism (1) and explains the lack of
detection of reaction products in matrix-isolation experi-
ments.' "> Furthermore, we expand on previous computa-
tional work'”*’ discussing the initial stages of *C + H,O
interaction with ASW.

The low or null activation barriers for the water-assisted
mechanism explain the rapid solid-state formation of H,CO on
amorphous solid water seen experimentally. They are also
consistent with the minute kinetic isotope effect observed for
the formation of D,CO, in contrast with gas-phase studies'®
and in agreement with a recent laboratory effort.”” The internal
isomerization mechanism (mechanism 1) in turn, analogous to
the gas-phase process,'®'” presents barriers too high to be
relevant under interstellar cold conditions such as those found
in molecular clouds.

From an astrochemical point-of-view our results serve to
highlight the following implications:

o The evidence of a catalytic effect of water—and
potentially other hydrogen bonded networks—suggests
that proton-transfer reactions may operate in interstellar
ices in the presence of highly polarizing adsorbates.

e The formation of H,CO in early stages of a molecular
cloud lifetime points to an early formation of carbon-
bearing (complex) organic molecules.

o The deuterium fractionation of observed formaldehyde
in cold regions will be influenced by the reaction route
presented here, and should be taken into account along
with the deuterium fractionation expected from the main
formation route of formaldehyde in later states of a
molecular cloud CO + 2H/D.

e The formation route proposed here opens new avenues
for several astrochemical reaction networks, e.g,
formation of methanol via subsequent hydrogen
additions, and reactions with other radicals that are
abundant in the water ice phase, which worthy of
exploration by astrochemical models.
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