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A B S T R A C T 

Carbon dioxide (CO 2 ) is one of the most important interstellar molecules. While it is considered that it forms on the surface of 
interstellar dust grains, the exact contribution of different chemical mechanisms is still poorly constrained. Traditionally it is 
deemed that the CO + OH reaction occurring on top of ices is the main reaction path for its formation. Recent investigations 
showed that in reality the reaction presents a more complex mechanism, requiring an additional H-abstraction step. Building on 

our previous works, we carried out a detailed investigation of such H abstraction reactions with the hydrogen atom as a reactant 
for the abstraction reaction. We found an unconventional chemistry for this reaction, markedly depending on the isomeric form 

of the HOCO radical prior to reaction. The fa v oured reactions are t-HOCO + H −→ CO + H 2 O, c-HOCO + H −→ CO 2 + H 2 , 
and t/c-HOCO + H −→ c/t-HCOOH. We estimate bounds for the rate constants of the less fa v oured reaction channels, t-HOCO 

+ H −→ CO 2 + H and c-HOCO + H −→ CO + H 2 O, to be approximately 10 

4 −6 s −1 . Ho we ver, these estimates should be 
interpreted cautiously due to the significant role of quantum tunnelling in these reactions and the complex electronic structure 
of the involved molecules, which complicates their study. Our findings underscore the need for detailed investigation into the 
chemistry of interstellar CO 2 and pave the way for a re-e v aluation of its primary formation mechanisms in the interstellar 
medium. 

Key words: astrochemistry – molecular data – methods: numerical – ISM: molecules. 
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 I N T RO D U C T I O N  

arbon dioxide (CO 2 ) is one of the most important molecules in
strophysics and beyond. One of its formation routes, 

O + OH −→ CO 2 + H , (1) 

as sometimes been labelled as the ‘second most important’ reaction 
n combustion chemistry (Masunov, Wait & Vasu 2018 ). From 

n astrochemical perspective the low-temperature behaviour of the 
eaction is more interesting, at least in interstellar dark clouds. In the
as phase, the reaction is reported to be slow, with experimentally 
etermined rate constants on the order of 10 −13 cm 

3 s −1 at 300 K
Greenblatt & Howard 1989 ; Frost, Sharkey & Smith 1991 ) and even
ower from theoretical extrapolations to lower temperatures (Lakin 
t al. 2003 ; Senosiain, Klippenstein & Miller 2005 ; Ma, Li & Guo
012 ; Li et al. 2014 ; Caracciolo et al. 2018 ). This, in turn, shifted the
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ocus towards the formation of interstellar CO 2 to experiments where 
he reaction happens on the surface of ice coated dust grains (Oba
t al. 2010a , b ; Ioppolo et al. 2011 ; Noble et al. 2011 ; Qasim et al.
019 ; Terwisscha van Scheltinga et al. 2022 ). All these experiments
emonstrated the formation of CO 2 , reinforcing the feasibility of ( 1 )
n interstellar ices and prompting models to adopt minimal acti v ation
nergies for it (e.g. Garrod & P auly 2011 ; P auly & Garrod 2018 ;
l ́ement et al. 2023 ). 
Recently, we conducted a theoretical study on ( 1 ) considering two

ifferent substrates, H 2 O and CO, and different energy dissipation 
cenarios (Molpeceres, Enrique-Romero & Aikawa 2023 ). The goal 
f our study was two-fold: first, to determine whether the ice matrix
 x erts a catalytic effect on the formation of CO 2 ice; and second, to
nvestigate the role of energy dissipation in facilitating the reaction. 

e concluded that ( 1 ) was very inefficient on ice surfaces. There
as no evidence of catalysis through the ice matrix and, even

n the best case scenario, with minimal energy dissipation, the 
eaction was very slow. Our theoretical claims were confirmed by 
e w, highly sensiti v e, e xperimental measurements (Ishibashi et al.
024 ). Therefore, a valid question arises: why there seems to be a
onsensus that ( 1 ) produces CO 2 in ice experiments? The answer
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. The HOCO radical in its cis- and trans-conformations. 
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o that question lies in the mechanism for the reaction. Unlike most
ther reactions on interstellar ices, ( 1 ) is not elemental, meaning that
everal reaction steps in a reaction mechanism are needed. Notably,
he reaction stops after the formation of HOCO, a reactive radical that
resents cis-trans conformerism (c-HOCO/t-HOCO). In all previous
xperimental works on ices, the ice contained a significant amount
f other radicals, e.g. OH and H that could lead to CO 2 via a
ubsequent H-atom abstraction reaction. Because the experimental
echniques used in those studies were primarily suited for identifying
nal products, and do not necessarily simulate the actual interstellar
nvironment, it was challenging to disentangle the dominant reaction
athway or mechanism. These limitations are lifted in the theoretical
esearch for obvious reasons, but also in our newest experiments
Ishibashi et al. 2024 ). 

After determining that ( 1 ) is not an elementary reaction and halts
t (c/t)-HOCO, we proposed the following abstraction reaction: 

OCO + H −→ CO 2 + H 2 , (2) 

s the subsequent reaction for the formation of CO 2 . Ho we ver, it is
lear that there is more than one reaction channel for the reaction of
OCO (Francisco, Muckerman & Yu 2010 ), which is especially true
n ice surfaces, where the addition product (formic acid, HCOOH)
an thermalize. Because HOCO presents cis-trans isomerism (see
ig. 1 ), there are twice as many reaction channels. Therefore, in
eality, ( 2 ) can be decomposed as: 

-HOCO + H −→ CO 2 + H 2 (3) 

-HOCO + H −→ CO 2 + H 2 (4) 

-HOCO + H −→ CO + H 2 O (5) 

-HOCO + H −→ CO + H 2 O (6) 

-HOCO + H −→ c-HCOOH (7) 

-HOCO + H −→ t-HCOOH . (8) 

urthermore, because the cis-trans isomerism of HOCO determines
he outcome of reactions ( 7 ) and ( 8 ), H-abstraction in reactions
n HCOOH are also an intrinsic part of the reaction network with
ifferent products: 

-HCOOH + H −→ c-HOCO + H 2 (9) 

-HCOOH + H −→ t-HOCO + H 2 . (10) 
NRAS 538, 1565–1575 (2025) 
eactions ( 9 ) and ( 10 ) were studied recently (Molpeceres et al. 2022 )
y some of us finding a major influence of HCOOH isomerism in the
eaction. Therefore, it is clear that ( 2 ) is not trivial, despite being a
adical–radical reaction, where, in principle, kinetic barriers should
e lower than in reactions involving a radical and a closed-shell
olecule. 
In this work, we aim to computationally explore the details of

 2 ), e xtending our inv estigation to e xamine the role of competing
eaction channels and the HOCO isomer prior to the reaction. To our
urprise, we disco v ered that these tw o f actors have a major impact
n the reaction outcome in unexpected ways, highlighting the need
o reconsider the chain reactions ( 1 ) + ( 2 ) as the primary mechanism
or producing interstellar CO 2 at cryogenic temperatures (10 K). 

This article is structured as follows. In Section 2 , we describe the
omputational setting for the study of the HOCO reactivity, including
n ample benchmark of electronic structure methods. In Section 3 , we
how our computational results, including potential energy surface
PES) investigations for each reaction and a tentative kinetic analysis.
ection 4 delves into the chemical rationale of our findings, the

imitations of our study and needed subsequent works. Finally,
ection 5 provides a brief summary of our results along with our main
onclusions. 

 M E T H O D O L O G Y  

.1 Benchmark 

he computational chemistry codes employed in our electronic
tructure calculations include O RCA (v.6.0.0) Neese et al. ( 2020 ,
022 ) for density functional theory (DFT) calculations, and the
PENMOLCAS suite (Fdez. Galv ́an et al. 2019 ; Aquilante et al. 2020 )

or multireference calculations. 
The study of the hydrogenation of the HOCO radical has two

equirements. In the first place, the HOCO + H reaction involves
he recombination of two radicals, each in a doublet state. From
 computational chemistry point of view, the recombination in
he global singlet channel, i.e. two antiparallel spins, is the most
nteresting one for reactivity. Such a recombination channel is
ntrinsically multireference, where with wavefunction of the system
escribed by a combination of electronic configurations. More details
n this issue in radical chemistry can be found in Enrique-Romero
t al. ( 2020 ). Here it suffices to say that, while in many cases a
ualitative picture is sufficient (Molpeceres et al. 2024 ), in others
here accurate acti v ation energies �U A are needed, DFT can only
e safely used after proper benchmarking. To accurately benchmark
hich functionals perform best for the reactions under study, we
ave employed Complete Active Space Second Order Perturbation
heory (CASPT2; Andersson et al. 1990 ) and its extended multistate
 ersion (XMS-CASPT2; Grano vsk y 2011 ); e xpanding the first fiv e
lectronic states) single point calculations as references.This has
everely limited the number of atoms used in the benchmark study,
ince we could not include more than the reacting atoms (HOCO
 H). To obtain the initial geometries, we cut out the transition state

tructures for reactions ( 3 )–( 6 ) on a water ice model, producing
eometries where only the reacting molecules are present. With
hese extracted geometries we explored the PES for each reaction
n the ‘gas-phase’ (i.e. without any water surface) with MPWB1K-
3(BJ)/def2-TZVPPD (Zhao & Truhlar 2005 ; Grimme et al. 2010 ;
rimme, Ehrlich & Goerigk 2011 ). We could only find transition

tates (TS) for reactions ( 3 ) and ( 6 ), since the others were found to be
arrierless. The selection of MPWB1K-D3(BJ)/def2-TZVPPD as the
nitial exploratory method is based on the excellent behaviour found
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Figure 2. Relative signed error (per cent) between singlet point energies for different functionals and the acti v ation energy barriers for reactions tHOCO + H 

−→ CO 2 + H 2 [( 3 ); 12.2 kcal mol −1 ] and cHOCO + H −→ CO + H 2 O [( 6 ); 5.3 kcal mol −1 ]. Reactions tHOCO + H −→ CO + H 2 O ( 5 ) and cHOCO + H 

−→ CO 2 + H 2 ( 4 ) were found to be barrierless. Find further details on the reasons for these finding in the main text (Section 4.1 ). 

f  

2  

o  

w  

e  

g  

a  

i  

p  

t
e
1
v
o
t

t
(  

e  

c
1  

w
t
o
T
r
T
c
o
s
c

2

W  

i  

H

Figure 3. Depiction of the binding sites for c-HOCO and t-HOCO from 

which we start our simulations. All geometries correspond to optimizations 
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corresponds to c-HOCO and right column to t-HOCO. 
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or the reactivity of a related molecule, formic acid (Molpeceres et al.
021a ), although the method was not ultimately selected as the best
ne for the chemistry of the HOCO radical. In addition, CASPT2
as found to be a poor reference for reaction ( 3 ), since the two first

lectronic states of this system appear to be very close at the TS
eometry, about 2.4 kcal mol −1 apart, while for the other TSs it was
bo v e 71 kcal mol −1 , hence the XMS-CASPT2 method was used
nstead. The basis set for the reference calculations was set to cc-
VTZ (Dunning 1989 ), and for the functionals being tested it was set
o be def2-TZVPPD (Rappoport & Furche 2010 ). The active space 
mployed in the CASPT and XMS-CASPT2 calculations involves 
8 active electrons and 14 molecular orbitals, which contain all the 
alence electrons and orbitals. All the DFT calculations were carried 
ut using a broken symmetry formalism to ensure the convergence 
o a biradical wavefunction. 

The benchmark results are presented in Fig. 2 , which includes 
esting of 13 e xchange-correlation functionals. F or reactions 
 4 )–( 6 ), re vTPSSh-D3(BJ) (Perde w et al. 2009 ; Grimme
t al. 2010 , 2011 ) emerged as one of the top performers. In
ontrast, for reaction ( 3 ), the BHandHLYP-D3(BJ) (Becke 
993 ; Grimme et al. 2010 ; Grimme et al. 2011 ) functional
as selected for its simplicity and its close agreement with 

he energy reference. In the following, and unless stated 
therwise, level 1 corresponds to the BHandHLYP(D3BJ)/def2- 
ZVPPD//BHandHLYP(D3BJ)-gCP/def2-SVP and level 2 to 

e vTPSSh(D3BJ)/def2-TZVPPD//re vTPSSh(D3BJ)-gCP/def2-SVP. 
he gCP suffix to the method indicates the geometric counterpoise 
orrection (Sure & Grimme 2013 ) was applied to the geometry 
ptimization and Hessian calculations to palliate the basis set 
uperposition error stemming from the reduced basis set for the 
alculations with the ice model. 

.2 Reactions on an ice cluster 

e studied reactions ( 3 )–( 8 ) using the 18 H 2 O cluster presented
n Rimola et al. ( 2014 ) and Perrero et al. ( 2022 ). Subsequently, t-
OCO and c-HOCO are placed with random orientations on three 
ifferent positions in search of distinct binding sites (Fig. 3 ). In the
ase of level 1 , only t-HOCO is placed at each binding site, as this
evel is exclusively used in the study of ( 3 ). By contrast, in the case
f level 2 , we study the adsorption of both c-HOCO and t-HOCO,
s this is the model chemistry used for reactions ( 4 )–( 8 ). Once the
hree adsorption sites are obtained for each level and isomer, we
MNRAS 538, 1565–1575 (2025) 
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Table 1. Reaction energies ( �U R in kcal mol −1 ), acti v ation energies ( �U A in kcal mol −1 ), and transition state’s imaginary frequency value ( νi in cm 

−1 ) for 
the reactions considered in this work, on the different binding sites. Barrierless reactions are labelled ‘BL’. Bold is used to report the average values in the three 
distinct binding sites. 

Reaction Label Computational level Site �U R �U A νi 

t-HOCO + H −→ CO 2 + H 2 ( 3 ) 1 Site I −86.5 16.8 3321i 
Site II −90.9 14.3 3234i 
Site III −92.0 12.6 3338i 

Average �U R : −89.8 Average �U A : 14.6 
c-HOCO + H −→ CO 2 + H 2 ( 4 ) 2 Site I −94.9 0.1 585i 

Site II −93.6 1.3 510i 
Site III −94.8 0.4 408i 

Average �U R : −94.5 Average �U A : 0.6 
t-HOCO + H −→ CO + H 2 O ( 5 ) 2 Site I −74.3 BL N/A 

Site II −73.5 BL N/A 

Site III −76.1 BL N/A 

Average �U R : −74.6 Average �U A : BL 

c-HOCO + H −→ CO + H 2 O 

a ( 6 ) 2 Site I −80.3 < 7.4 1425i 
Site II −76.6 < 8.9 1434i 
Site III −78.2 < 8.8 1390i 

Average �U R : −78.2 Average �U A : < 8.4 
t-HOCO + H −→ c-HCOOH 

b ( 7 ) 2 Site I −91.0 BL N/A 

Site II −89.5 BL N/A 

Site III −90.6 BL N/A 

Average �U R : −90.4 Average �U A : BL 

c-HOCO + H −→ t-HCOOH 

b ( 8 ) 2 Site I −95.4 BL N/A 

Site II −104.5 BL N/A 

Site III −96.8 BL N/A 

Average �U R : −98.9 Average �U A : BL 

Note. a Constrained optimization (see Section 3.2 ). b Calculated from the bimolecular system (asymptote) as �U R = U prod - ( U react + E H ) 
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tart the sampling of the different reaction channels using relaxed
ES scans. Transition states are later optimized and energy-refined
rom the maximum of these scans. Once the transition states are
ollected in all binding sites, pre-reactant comple x es and product
tates are obtained by performing energy minimizations at both sides
f the reaction coordinate at the TS. Acti v ation energies ( �U A ) and
eaction energies �U R are computed as energy differences, zero-
oint vibrational energy (ZPVE) inclusive, between the transition and
eactant state, and reactant and product state, respectively. Reactions
re categorized as ‘barrierless’ if (a) the potential energy scan is
learly downhill; and (b) if, after inclusion of ZPVE contributions,
he otherwise emerged barrier submerges. In the case of reactions ( 7 )
nd ( 8 ), we used downhill intrinsic reaction coordinate calculations
o pro v e the barrierless nature of the reaction (see Section 3.3 ). While
e report the individual values for each reaction and binding site,
e also provide the average of both quantities as the element of

omparison between reactions. 
The energetic descriptors of the reactions (i.e. barriers and reaction

nergies) are subsequently used as inputs for a kinetic analysis based
n transition state theory, incorporating an Eckart correction to ac-
ount for quantum tunnelling. While Eckart corrections provide only
n approximation (specifically, a one-dimensional, zero-curvature
orrection; Nandi et al. 2024 ) the application of more sophisticated
echniques is prohibitiv ely e xpensiv e for these reactions. Addition-
lly, the strong influence of the ice matrix on the reaction prevents
s from reliably employing a gas-phase model to determine rate
onstants. Besides, all the hydrogenation reactions where tunnelling
lays a role, present a very high crossover temperature for tunnelling,
.e. temperatures at which quantum effects start to dominate. This
NRAS 538, 1565–1575 (2025) 

a  
ramatically increases the cost of more sophisticated techniques,
ike instanton theory (see, e.g. K ̈astner 2014 ). We postpone the
etermination of more accurate rate constants for future works,
ocusing in the current investigation on a semiquantitative description
f the reactivity of HOCO. 

 RESULTS  

 summary of the energetic quantities for the hydrogenation of
OCO is gathered in Table 1 , and developed upon in the following

ections. 

.1 HOCO + H −→ CO 2 + H 2 (reactions 3 and 4 ) 

eaction equations ( 3 ) and ( 4 ) directly lead to CO 2 . Our benchmark
n the gas phase demonstrates that this reaction differs qualitatively
etween t-HOCO and c-HOCO. For t-HOCO, reaction ( 3 ) exhibits
he highest barrier identified in this study, measured at 12.2 kcal

ol −1 using the XMS-CASPT2/cc-pVTZ energies as reference. Our
enchmark analysis further reveals that these reactions are better
escribed at the 1 theoretical level, although DFT introduces an error
see Section 2.1 ). 

The calculations on the ice cluster reveal a behaviour similar
o that observed in the gas phase. In Fig. 4 , we provide a visual
epresentation of this reaction. The averaged acti v ation energy,
 U A,R. 3 , across the three binding sites is 14.6 kcal mol −1 , which

s higher than the gas-phase results discussed in Section 2.1 . The
pecific � U A,R. 3 values for binding Sites I, II, and III are 16.8, 14.3,
nd 12.6 kcal mol −1 , respectively, indicating a moderate influence
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Figure 4. Snapshots of the stationary points for reaction ( 3 ). For simplicity, we only show a single binding site, Site II in this case. 

Figure 5. Snapshots of the stationary points for reaction ( 6 ). Site I is shown in this case. Distances between c-HOCO and the surface are indicated to highlight 
the structural changes at the TS. 
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f the binding site. This increase in � U A,R. 3 is attributed to the
dditional energy required to cleave the hydrogen bond between the 
H group in t-HOCO and the adjacent water molecule on the surface

see Fig. 4 for an illustration of this effect). Moreo v er, ( 3 ) e xhibits
n unusually high imaginary transition frequency, with an absolute 
alue of approximately 3330 cm 

−1 , which remains consistent across 
inding sites. Such high transition frequencies suggest that quantum 

unnelling plays a central role in the reaction, making it impossible
o dismiss ( 3 ) solely based on energetic considerations. This aspect
s explored further in Section 3.4 . 

In contrast with ( 3 ), the same reaction in the cis isomer, ( 4 ),
resents a tiny � U A,R. 4 , of around 0.6 kcal mol −1 with limited vari-
bility with binding sites. The H-abstraction reaction presents similar 
xothermicity ( �U R ) for both ( 3 ) and ( 4 ), −89.9 and −94.5 kcal
ol −1 respectiv ely. F ocusing on � U A , the striking difference of more

han 15 kcal mol −1 between H-abstraction in c-HOCO and t-HOCO 

s an unconventional effect difficult to guess a priori. More details 
n the reason behind this distinct chemistry are given in Section 4.1 .
n addition to the distinct chemical behaviour of c/t-HOCO, it is also
nteresting to investigate the effect of the ice matrix in this reaction.

hile our benchmark hints at ( 4 ) being a barrierless reaction, a small
ut noticeable barrier emerges on the ice cluster. The � U A for ( 4 )
emains very low not changing the qualitative picture for the reaction. 
t is important to emphasize the delicate balance of electronic effects 
n reactions occurring on interstellar ices. In these systems, an addi- 
ional contribution to �U A must be o v ercome, arising from the loss of
c

tability due to breaking hydrogen bonds between the adsorbates and 
ater. 

.2 HOCO + H −→ CO + H 2 O (reactions 5 and 6 ) 

e also identify a distinct chemical behaviour depending on the 
somerism of the HOCO radical for reactions ( 5 ) and ( 6 ). In contrast
o the behaviour observed for ( 3 ) and ( 4 ), this new set of reactions
eveals that c-HOCO has activation energies with a TS depicted in
ig. 5 , whereas ( 5 ) proceeds without a barrier. 1 Specifically, ( 6 ) has an
verage acti v ation energy of � U A,R. 6 = 8 . 4 kcal mol −1 (individual
alues: �U A,R. 6 I = 7 . 4 kcal mol −1 , �U A,R. 6 II = 8 . 9 kcal mol −1 ,
U A,R. 6 III = 8 . 8 kcal mol −1 ). Ho we ver, this v alue is considered

n upper bound (see below). The reaction energies show minimal 
ariation depending on the initial HOCO isomer, with slightly higher 
alues observed for ( 6 ) ( � U R ,R . 6 = −78 . 2 kcal mol −1 compared to
 U R ,R . 5 = −74 . 6 kcal mol −1 ). It is mandatory to indicate that the

earch for the transition state for ( 6 ) required imposing a geometric
onstraint in the dihedral angle in the HOCO skeleton. Otherwise 
he optimization ends in t-HOCO, i.e. the optimizer suggests a 
pontaneous torsion at the transition state. Because of this, in reality
ur postulated transition state is formally a second-order saddle point 
MNRAS 538, 1565–1575 (2025) 

ontributions. 
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M

Figure 6. Downhill IRC profiles for reactions ( 7 ) and ( 8 ). The profiles are 
calculated at the 2 level of theory using a def2-SVP (Weigend & Ahlrichs 
2005 ) basis set, i.e. without energy or ZPVE contributions. 

r  

p  

l  

c  

t  

a  

t  

c  

a  

t  

c

3

T  

(  

c  

a  

t  

a  

b  

a  

d  

r  

a  

u  

i  

b

3

I  

m  

k  

t  

c  

t  

a  

t  

t  

u  

Figure 7. Reaction rate constants for reactions ( 3 ) (top) and ( 6 ) (bottom) in 
different binding sites. 

c  

l  

t  

e  

t  

r  

c  

a  

a  

h  

d  

H  

(  

t
 

1  

a  

a  

t  

t
s  

o  

F  

S  

t  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/538/3/1565/8052787 by guest on 27 January 2026
ather than a true transition state and our derived � U A,R. 6 should be
reemptively considered an upper bound of the real one. None the
ess, we expect our barriers to be close to the actual one, as it is
lose to 5.3 kcal mol −1 (see Fig. 2 ) calculated in our benchmark or at
he re vTPSSh(D3BJ)/def2-TZVPPD le vel for geometry optimization
nd energies (Appendix A ), where we did not find any spontaneous
orsion of the system. We deepen in our reasoning as to why we
onsider that assuming a second order saddle point for ( 6 ) is a better
pproximation to model ( 6 ) than assuming a spontaneous torsion to
-HOCO in Appendix A . Obviously, this problem is not found in the
ase of ( 5 ) because the reaction is found to be barrierless. 

.3 HOCO + H −→ HCOOH (reactions 7 and 8 ) 

he final reaction considered is the formation of formic acid
HCOOH) through hydrogenation at the carbon atom that formally
arries the unpaired electron of the HOCO radical. This reaction is
nalyzed at the 2 level of theory and is found to be barrierless. Due
o challenges in properly converging the PES scans, we adopted
n alternative approach. To demonstrate the absence of intrinsic
arriers for this reaction on ices, we positioned an H-atom at
n initial internuclear C–H distance of 3.00 Å and conducted a
ownhill intrinsic reaction coordinate (dIRC) calculation. No energy
efinement is performed for the dIRC, meaning that the calculations
re done using the 2 ζ basis set. All of our dIRC calculations
nambiguously confirm the formation of HCOOH (see dIRC profiles
n Fig. 6 ). Therefore, it is reasonable to assume that ( 7 ) and ( 8 ) are
arrierless in astrochemical models. 

.4 Kinetic analysis of the hydrogenation reactions 

n contrast to our previous work (Molpeceres et al. 2023 ), where
icrocanonical rate constants were derived, this study employs

inetic analysis for barrier-mediated reactions using conventional
ransition state theory. This approach is justified as all reactions
onsidered here are elementary. The chosen code for these calcula-
ions was a developer version of DL-FIND (K ̈astner et al. 2009 ). In
ll calculations, the rotational partition function is fixed to emulate
he rigidity characteristic of a real ice slab. It is important to note
hat, although the TS and acti v ation energies for ( 6 ) represent an
pper bound and correspond to a second-order saddle point, the rate
NRAS 538, 1565–1575 (2025) 
onstants are derived using these parameters, hence making them a
ower bound of the real ones (Appendix A ). Our analysis focuses on
he rate constants for ( 3 ) and ( 6 ), as these reactions exhibit significant
nergy barriers. The remaining reactions are predominantly rapid due
o their barrierless nature or very low �U A . For example the lowest
eaction rate constant observed for ( 4 ) is 2.5 ×10 10 s −1 . The rate
onstants for reactions ( 3 ) and ( 6 ) using the upper bound values
re plotted in Fig. 7 for temperatures down to 50 K, under the
ssumption that at lower temperatures the rate constants reach a
orizontal asymptote. While this assumption is formally correct, it
oes not strictly apply to an Eckart treatment of quantum tunneling.
o we ver, Fig. 7 and the high cross-over temperatures of > 700 K for

 3 ) and > 300 K for ( 6 ), indicate that the rate constant’s decay at low
emperatures is small enough. 

Both ( 3 ) and ( 6 ) exhibit reaction rate constants ranging from
0 4 to 10 6 s −1 at low temperatures (below ∼50 K). These values
lign with those reported by Asgeirsson, J ́onsson & Wikfeldt ( 2017 )
nd Senevirathne et al. ( 2017 ) for the diffusion of H atoms, that is
he competing process with reaction. In their studies on diffusion,
he authors of both works report rate constants of around 10 5 –10 10 

 

−1 at 20 K, and 10 −2 –10 10 s −1 at 10 K, depending on the nature
f the binding site and the ice phase (crystalline or amorphous).
or amorphous solid water (ASW) on an average binding site
enevirathne et al. ( 2017 ) reports diffusion rate constants (see

heir Fig. 7 bottom panels) of ∼10 4 s −1 , indicating that both ( 3 )
nd ( 6 ) could be viable in some cases despite their significant
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nergy barriers. Ho we ver, it is important to highlight the critical
ole of quantum tunneling in these processes, particularly for ( 3 ),
hich has a much higher cross-o v er temperature and, consequently, 
reater uncertainty. The Eckart correction applied to the classical 
ate constants serves only as an approximation, providing an initial 
 v aluation of reaction feasibility . Unfortunately , the calculated rate
onstants o v erlap with the range characteristic of hydrogen diffusion
opping rates, indicating an important diffusion-reaction competiton. 
his makes it difficult to definitively determine the importance of 

hese reactions within the broader reaction network. Future iterations 
f this study will focus on deriving reaction rate constants using more
dvanced methods. It is a particularly challenging task, especially 
or ( 3 ), due to the complex electronic structure of the radicals
Sections 2.1 and 4.1 ), and the huge influence of quantum tunnelling.
his factor, added to the competition of ( 3 ) with ( 5 ), whose transition
tates are close makes us consider that we are likely o v erestimating
 for ( 3 ) (Section 4.3 ). For reaction ( 6 ), we do not expect very high
ncertainties, because the cross-o v er temperature is not as ele v ated
s in the previous case and because the reaction rate constants 
re a lower bound. Nevertheless, for the use of these reactions in
hemical models, we recommend using the lowest reaction rate 
onstants reported in this work for each reaction as a conserv ati ve
stimate. 

.5 c-HOCO −→ t-HOCO direct isomerization 

 legitimate question surrounding the hydrogenation of the HOCO 

adical or, in general, of any molecular isomer adsorbed on an 
nterstellar surface, is whether the hydrogenation rate surpasses the 
ate for isomerization. To address this question, we compare the 
ate constant for the conversion from c-HOCO −→ t-HOCO (as 
he exothermic step) with the rate-limiting step for hydrogenation 
eactions in the interstellar medium (ISM), i.e. the accretion of atomic 
ydrogen on to grain surfaces. According to Wakelam et al. ( 2017 )
he accretion rate of H on a dust grain is approximately 1.2 ×10 −5 

 

−1 (that corresponds to 1 atom day −1 ), although the exact number
epends on the steady-state H abundance determined by the bal- 
nce between the cosmic-ray ionization and H 2 reformation (Gold- 
mith & Li 2005 ). Our results in the gas phase using CCSD(T)/aug-
c-pVTZ//revTPSSh(D3BJ)/def2-SVP yield �U A,i s o = 6.4 kcal 
ol −1 for c-HOCO −→ t-HOCO, and a reaction rate constant, 
 iso = 3.47 ×10 −5 s −1 at 10 K, i.e. in the time-scales of H accretion.
e report the rate constants at 10 K for the isomerization reaction

ecause the cross-o v er temperature of isomerization in the gas phase
s 144 K, which is low compared with those of ( 3 ) and ( 6 ). The cross-
 v er temperature is lower on the surface, translating in much lower
ate constants, not competitive with hydrogenation. We investigated 
he same isomerization reaction on the ice surface using the DLPNO- 
CSD(T)/jun-cc-pV(T + d)Z//revTPSSh(D3BJ)/def2-SVP method 

Papajak et al. 2011 ; Guo et al. 2018 ). We found that �U A,i s o varies
ignificantly depending on the binding site: 4.2, 6.7, 6.9 kcal mol −1 ,
or Site I, II, and III, with Site I exhibiting stabilization of the
S through H-bonds with the surface. More importantly, the rate 
onstants ( k iso ) for the reaction decrease in all cases to 6.0 ×10 −15 ,
.8 ×10 −22 , 9.1 ×10 −21 s −1 . 
The decrease in rate constants between ice and gas is driven by

he same factor observed in our study of thioformic acid formation 
olpeceres, Garc ́ıa de la Concepci ́on & Jim ́enez-Serra ( 2021b )

hrough the OCSH radical (the sulfur equi v alent of HOCO). On
 surface, the molecular motion responsible for the isomerization is 
he migration of the CO moiety, rather than the OH (or SH) group.
his motion involves a heavier group, leading to a reduction in the
maginary transition frequency, which in turn decreases quantum 

unnelling. Our estimated cross-o v er temperatures for tunnelling are 
elow 85 K for the isomerization on the ice. Consequently, the c-
OCO −→ t-HOCO isomerization is much slower than hydrogena- 

ion, making the reactions discussed abo v e ( 3 and 6 ) more viable and
ealistic under ISM conditions. Finally, the back reaction t-HOCO 

→ c-HOCO is endothermic to begin with, and therefore impossible 
n the cold ISM. 

 DI SCUSSI ON  

.1 Chemical rationale 

he key to understanding the counter-intuitive behaviour of the 
adical–radical reaction between H and HOCO lies in the radical’s 
lectronic structure, specifically its frontier orbital, i.e. the singly 
ccupied molecular orbital (SOMO). Fig. 8 illustrates these orbitals 
or cis- and trans-HOCO on the water ice model, offering insight into
ow the electronic distribution shapes their reactivity. 
For cis-HOCO, the SOMO extends over the O–H bond, promoting 

he barrierless H-abstraction reaction that yields CO 2 + H 2 ( 4 ).
o we ver, the orbital does not extend to the oxygen’s lone pair, which

xplains the presence of an energy barrier for the path yielding
O + H 2 O ( 6 ). In contrast, for trans-HOCO, the SOMO lacks
MNRAS 538, 1565–1575 (2025) 
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lectron density on the O–H bond but o v erlaps with the oxygen
tom’s lone pair. This configuration accounts for the barrierless
ormation of CO + H 2 O ( 5 ) and the barrier-mediated formation
f CO 2 + H 2 ( 3 ). Notably, in both conformers, the unpaired electron
n the SOMO is primarily localized on the carbon atom, as predicted
y its Lewis structure. This characteristic also explains the formation
f formic acid ( 7 and 8 ). These subtle orbital variations are able to
xplain the unconventional distinct reactivity found in these systems.
he shape of the SOMO orbital on the ice resembles almost entirely

he already reported SOMO in the gas phase (McCarthy et al.
016 ). 

.2 Astrophysical implications 

he formation of interstellar CO 2 on the surface of interstellar ices is
 topic of significant importance in modern astrochemistry due to the
ecent surge of ice observations using JWST (e.g. McClure et al. 2023 ;
artois et al. 2024 ; Rocha et al. 2024 ). F or man y years, the assumed

eaction leading to CO 2 was ( 1 ) despite early evidences that such a
eaction should not be efficient (Arasa et al. 2013 ). Very recently we
anaged to demonstrate, both theoretically (Molpeceres et al. 2023 )

nd experimentally (Ishibashi et al. 2024 ) that indeed ( 1 ) leads to
he formation of HOCO, instead of CO 2 . Ho we ver, the presence of
O 2 in traditional experiments for CO + OH, (e.g. Oba et al. 2010a ;

oppolo et al. 2011 ; Noble et al. 2011 ; Qasim et al. 2019 ) strongly
mplies the presence of abstraction reactions, something that we
lready discussed in our recent manuscripts. In this work, we identify
n additional critical factor in the puzzle of CO 2 formation. At very
ow temperatures, where (almost) only H atoms can diffuse and react,
he isomeric form of the HOCO radical plays a crucial role in the
ormation of interstellar CO 2 through hydrogenation. Determining
he c-HOCO/t-HOCO branching ratio in ( 1 ) is highly challenging
ue to the fast interconversion of the isomers before thermalization,
fter which the rate constants in Section 3.5 are applicable and slow.
ater, thermalized HOCO radicals can remain dormant until an H
tom diffuses nearby. Depending on the relative orientation of the
wo radicals, they can then react through the reactions studied in this
ork ( 3 –8 ): 

t-HOCO + H −→ CO 2 + H 2 ( Possibly slow ) 

c-HOCO + H −→ CO 2 + H 2 ( Fast ) 

t-HOCO + H −→ CO + H 2 O ( Fast ) 

c-HOCO + H −→ CO + H 2 O ( Competitive with H diffusion ) 

t-HOCO + H −→ c-HCOOH ( Fast ) 

c-HOCO + H −→ t-HCOOH ( Fast ) . 

he rate of formation of CO 2 is therefore linked to the abundance of
-HOCO, as CO 2 formation will be enhanced under conditions of ex-
ess c-HOCO. Since c-HOCO is less stable than t-HOCO by roughly
 kcal mol −1 on amorphous solid water (ASW; Molpeceres et al.
023 ), the prospect for CO 2 formation through HOCO hydrogenation
ppears significantly less promising than previously assumed. This is
urther aggravated by the fact that, as demonstrated in a recent work
Molpeceres et al. 2022 ), c-HCOOH, the product of reaction ( 7 ),
eacts much faster for H-abstraction with another H (rate constants
p to 4 orders of magnitude higher) than t-HCOOH, which is much
ess reactive. This means that any c-HOCO molecule converted to
-HCOOH will remain as formic acid, rather than irreversibly convert
o CO 2 + H. Given that t-HOCO transforms CO 2 slowly or not at all
see below), the question arises whether HOCO is truly the dominant
ource of interstellar CO 2 at low temperatures, and the CO + OH
NRAS 538, 1565–1575 (2025) 
eaction is a proxy for HOCO formation. The presence of CO 2 in
ormer experiments studying the reaction shows that it is indeed
lausible. Therefore, the key question is not whether the reaction
an occur, but if it serves as the dominant pathway in interstellar
nvironments. It is in this scenario where alternative reactions, like 

O + O −→ CO 2 (11) 

CO + O −→ CO 2 + H , (12) 

ake a protagonist role. Contemporary models to this article show
hat indeed the mobility of relatively heavy species like the oxygen
tom is indeed possible when considering binding site heterogeneity
Furuya 2024 ). Besides, the mobility of the O atom was pro v ed
y experiments (Minissale, Congiu & Dulieu 2016 ). The CO + O
eaction is forbidden by spin, but experimental studies show its
ccurrence with a relati vely lo w acti v ation energy of ∼1.4 kcal mol −1 

Minissale et al. 2013 ) although calculations found a larger barrier
n carbonaceus substrates (5 kcal mol −1 ; Goumans, Uppal & Brown
008 ). Furthermore, the HCO + O −→ CO 2 + H reaction is possibly
arrierless (Goumans et al. 2008 ), although confirmation would be
eeded. Overall, a critical ree v aluation of potential CO 2 formation
athways is essential to reconstruct the formation history of this
ey interstellar molecule. Understanding CO 2 ’s chemical origins is
ital for constraining the carbon budget available for the synthesis of
omplex organic compounds, as CO 2 serves as a stable sink within
he carbon and oxygen reaction networks on ices (see, for example
uzuki et al. 2024 ) for a recent modelling study. 
In addition to the considerations on CO 2 formation, the remarkable

ffect of the HOCO conformer on the reaction is worth discussing.
ecent studies have emphasized the impact of isomerism on inter-

tellar dust surfaces (Molpeceres et al. 2021b ; Molpeceres et al.
022 ), supported by observational evidence of both equilibrium and
on-equilibrium isomerism. For instance, some theoretical studies
n imines and carboxylic acids provide compelling examples of
his phenomenon (see, e.g. Garc ́ıa de la Concepci ́on et al. 2021 ,
022 ). Ho we ver, the finding that the chemistry of c-HOCO and t-
OCO is essentially opposite stands out, in our opinion, as one of

he most surprising and counterintuitive results involving interstellar
somerism. A similar behaviour was previously observed in hydrogen
bstraction reactions of formic acid (Molpeceres et al. 2022 ). In the
onstruction of chemical reaction network, radical–radical reactions
re usually assumed to have a significantly lower barrier, if any,
han radical–neutral reactions. This work provides an important
ounterexample to such an assumption. It is unclear which isomeric
pecies will have a distinct chemical behaviour, and we expect to
ontinue the search for new cases. Furthermore, to the best of our
nowledge, an explicit inclusion of conformerism is currently absent
n astrochemical models and such a task will be the subject of a future
ork. Lastly, HOCO (and hence HCOOH) is a promising precursor
f carboxylic acids (Ishibashi et al. 2024 ). Given that apart from
COOH, only CH 3 COOH and OHCOOH have been detected in

pace (Mehringer et al. 1997 ; Sanz-Novo et al. 2023 ), the chemistry
f HOCO opens up an interesting acid–base chemistry in early
tages of a molecular cloud worth investigating as follow-up of this
ork. 

.3 Caveats and necessary inputs 

hile our calculations address the title reaction on a cluster with
nprecedented detail, the complexity of the process prevents a com-
lete understanding of its progression in interstellar environments.
wo specific aspects remain unresolved and could benefit from
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urther investigation, although addressing the associated technical 
nd conceptual limitations will be highly challenging. 

First, as emphasized throughout this work, our kinetic analysis 
ields only approximate rate constants. Unfortunately, the predicted 
ange for these constants, approximately 10 4 −6 s −1 , coincides with 
he values typically expected for thermal hydrogen diffusion (As- 
eirsson et al. 2017 ; Senevirathne et al. 2017 ). Consequently, we
re unable to determine with as high accuracy as we would like
hether ( 3 ) and ( 6 ) occur on dust grains. In Section 3.4 , we have
iscussed that ( 3 ) is likely slower than our predictions. This is based
n the substantial acti v ation energy we report and the abnormally
igh transition frequency (albeit consistent across binding sites) 
ssociated with this reaction (see Table 1 ). Given the high acti v ation
nergy, even a slight reduction in the transition frequency or a modest
lteration in the barrier shape (effects not accounted for in our current
unnelling implementation) could lead to rate constant variations by 
everal orders of magnitude. That is the reason why we think we are
 v erestimating the rate constants of ( 3 ). Conv ersely, we believ e that
 6 ) may be underestimated, or at the very least fairly estimated. This
ssessment stems from the fact that the acti v ation energy for ( 6 ) on
ce could only be determined using a constrained optimization, as 
utlined in Section 3.2 and Appendix A . This approach introduces an
epulsive term into the PES, artificially inflating the activation energy. 
 reduction in this acti v ation energy would result in an increase in

he reaction rate constants, thereby enhancing the viability of the 
eaction. 

The second factor beyond the scope of the present work is the
ctual c-HOCO/t-HOCO ratio on interstellar grains. Assuming that 
o other significant source of HOCO contributes beyond ( 1 ), the crit-
cal step determining the c-HOCO/t-HOCO ratio is the association 
f OH and CO molecules. In our previous study (Molpeceres et al.
023 ), we found that the direct formation of c-HOCO encounters 
 sizable barrier on H 2 O ice and is not feasible on CO ice, at least
hermally . Consequently , all CO + OH interactions must mostly
ead to t-HOCO, which forms with excess energy capable of driving 
ack-and-forth isomerizations prior to thermalization on the surface. 
iven that t-HOCO is more stable, it is likely to dominate post-

hermalization, resulting in a c-HOCO/t-HOCO ratio of less than 
.0. Ho we ver, determining the precise ratio requires specialized 
alculations that account for dynamic energy dissipation. Molecular 
ynamics simulations represent the most promising approach to 
ddress this challenge. 

 C O N C L U S I O N S  

n the light of what has been presented in this work, we conclude that,
espite the prior assumption that every reaction channel in ( 2 ) should
roceed without or with a meager barrier, we found completely 
therwise. In this work, we outline a reaction, or rather a set of
eactions, significantly more complex than previously anticipated, 
hich leads us to extract the following conclusions from our work: 

(i) The HOCO radical isomerism has a crucial impact on the 
eaction outcomes. H 2 O formation is fa v oured in the case of t-
OCO ( 5 ), while c-HOCO ( 4 ) promotes CO 2 formation. Ho we ver,

he formation of t/c-HCOOH is unaffected by the isomeric form of
OCO. 
(ii) As presented in previous works (Molpeceres et al. 2022 ), the 

-abstraction on HCOOH does depend on the isomeric form of 
COOH, with c-HCOOH capable of reforming t-HOCO, which in 

urn affects the o v erall hydrogenation network. 
(iii) The direct isomerization of c-HOCO −→ t-HOCO likely will 
ot occur on interstellar ices. 
(iv) Our kinetic analyses show that, in spite of the high barriers

ound for reactions the rate coefficient of ( 3 ) and ( 6 ), both reactions
ight happen thanks to quantum tunnelling. Ho we ver, we caution

hat ( 3 ) may be significantly o v erestimated, while ( 6 ) may be un-
erestimated. A more sophisticated treatment of quantum tunneling 
s necessary to completely rule out or confirm these reactions. 
evertheless, it seems clear that the efficiency of the reactions is

ignificantly lower than what was expected for a radical–radical 
ecombination. 

(v) Based on the findings abo v e, it becomes clear that a ree v alua-
ion of the dominant formation routes of interstellar CO 2 is required.
dditionally, there needs to be a reassessment of the expected 

bundance of other molecules, such as formic acid. 
(vi) The c-HOCO/t-HOCO ratio on ices remains poorly con- 

trained, which is a crucial parameter for maximizing the insights 
erived from the results presented here. 
(vii) From a conceptual standpoint, the significant influence that 

he isomeric form of HOCO e x erts on its subsequent chemistry
uggests that isomerism plays a more prominent role in the chemical
volution of the ISM than previously anticipated. 

Building on the findings of this work, future efforts could focus
n refining our understanding of the role of quantum tunneling in the
-abstraction reaction, as well as conducting molecular dynamics 

tudies to explore the long-term consequences of the CO + OH
eaction, i.e t-HOCO/c-HOCO ratio. Additionally, exploring dif- 
erences in reaction outcomes when using alternative abstracting 
adicals (e.g. NH 2 , CH 3 ) could provide valuable insights, as prior
tudies such as Ishibashi et al. ( 2024 ) highlighted efficient H-
bstraction processes from OH radicals. Ultimately, comprehensive 
strochemical modelling will remain a crucial tool for assessing the 
mpact of the derived parameters in interstellar environments. We 
lan to pursue the development of such models in the near future. 
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Figure A1. Transition state for the gas-phase, i.e. in the absence of a water 
matrix for the c-HOCO + H −→ H 2 O + CO reaction. The H-O-H angle is 
78.6 ◦. 
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2 In Section 2.1 and Fig. 2 , we report 5.3 kcal mol −1 at the CASPT2(18,14)/cc- 
pVTZ//MPWB1K(D3BJ)/def2-TZVPPD level which is very similar to the 
values presented in the appendix with the best-performing DFT method (see 
Section 2.1 ). 
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ithout additional water molecules. This transition state, calculated 
sing the benchmark level revTPSSh(D3BJ)/def2-TZVPPD is shown 
n Fig. A1 . The �U A calculated for this structure and a reactant state
t a large HOCO-H distance reveals a value of the height of the
2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
arrier, ZPVE inclusive, of �U A = 4.6 kcal mol −1 . 2 This value is
ertainly lower than the upper bounds on the 18 H 2 O cluster, which
s coherent. Besides, this value is also lower than the gas-phase
somerization barrier calculated in the main text (6.4 kcal mol −1 ;
ection 3.5 ). Therefore, we find it difficult to conceive that, with a

orsional barrier higher than the hydrogenation one, the water matrix 
an e x ert an influence so high to make torsion spontaneous. None the
ess, we encourage further investigation of this issue by other groups.
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