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Methanetetrol and the final frontier in
ortho acids

Joshua H. Marks1,2, Xilin Bai3, Anatoliy A. Nikolayev 4, Qi’ang Gong3,
Mason McAnally 1,2, Jia Wang 1,2, Yang Pan 5, Ryan C. Fortenberry 6 ,
Alexander M. Mebel 7 , Tao Yang 3 & Ralf I. Kaiser 1,2

The rapid dissociation of methanetetrol (C(OH)4) has been suggested as an
impediment to its observation, despite the stability of its substituted deriva-
tive orthocarbonates (C(OR)4). Here, the tunability of synchrotron-generated
vacuumultraviolet light and the sensitivity of photoionization are exploited to
probe the exotic chemistry of the interstellar medium toward the discovery of
this molecule. Laboratory-made model ices simulate the composition of
astrophysical ices under conditions mimicking those found in dense inter-
stellar molecular clouds with low temperature (5–10 K) and low pressure
(<10−10Torr). High-energy irradiation simulates secondary electrons produced
by galactic cosmic rays, one of few sources of energy that penetrate to the icy
cloud interior. The reaction mechanism that yields methanetetrol is con-
clusively revealed by the simultaneous production and detection of key
intermediates: carbonic acid (HOCOOH) and the recently reported methane-
triol. State-of-the-art electronic structure calculations support the experi-
mental observations and results suggest that if carbonic acid is sufficiently
abundant in space, then methanetetrol may be waiting to be observed. The
detection of methanetetrol in space-simulation experiments demonstrates
that the interstellar medium is host to an unanticipated and counterintuitive
chemistry that demands scientific attention.

Despite Wilke’s postulation of the existence of the methanetetrol
(orthocarbonic acid, C(OH)4, 4) molecule (Fig. 1) — the only alcohol
with four hydroxyl groups located on a single carbon atom — over a
century ago1, it has remained elusive until now. The synthesis of
methanetetrol has challenged the synthetic and physical organic
chemistry communities, despite the stability of the tetravalent CO4

moiety in simple esters of orthocarbonic acids (C(OR)4, i.e., ortho-
carbonates), where R represents methyl (R =CH3), ethyl (R =C2H5),
propyl (R =C3H7), and butyl (R =C4H9) groups2. These orthocarbo-
nates are being explored as environmentally responsible (green)

media for both capturing spent solvent and replacing toxic organic
antisolvents3,4. Furthermore, the robustness of this group lends to its
use in adhesive applications from dentistry to industry5–8. Why then
has the simplest member of the orthocarbonates — methanetetrol
(R =H) — never been observed?

In solutions of carbon dioxide (CO2) in water (H2O), i.e., carbo-
nated water, carbon dioxide is hydrated to carbonic acid (H2CO3, 1).
This is an equilibrium process that is so heavily weighted toward car-
bon dioxide at ambient temperature, that less than one in one-
thousand carbon dioxide molecules is hydrated9. However, there has
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been no evidence that carbonic acid (H2CO3) can undergo secondary
hydration to yield methanetetrol. The Erlenmeyer Rule suggests that
organic compounds carrying more than one hydroxyl group at the
same carbon atom are thermodynamically not stable and decompose
through the elimination of a water molecule and formation of a car-
bonyl moiety due to the enhanced binding energy of the carbon-
oxygen double bond versus two carbon-oxygen single bonds10. Addi-
tionally, the mutual steric repulsion of the four hydroxyl groups and
eight non-bonding electron pairs leads to destabilization.

One approach toward identifying this molecule is the imple-
mentation of computational quantum chemistry as a predictive tool
toward the stability of methanetetrol, the dissociative barrier that
keeps it intact, and the energy liberated by its dissociation11–19.
Condensed-phase theoretical studies have suggested that it exists as a
transient species at temperatures of 4000K and pressures exceeding
50GPa, conditions readily achievable in explosive detonations11. It is
not until pressures greater than 314GPa are achieved,more than three-
million times atmospheric pressure, thatmethanetetrol is predicted to
exist as a stable crystalline polymorph in carbon dioxide-water
mixtures13. In the isolation of cold vacuum, this still represents a
high-energy structure, requiring 83 kJmol−1 for its endoergic formation
from carbon dioxide and water with aqueous solvation, which increa-
ses both the energy needed and barrier to this reaction20. However,
isolated gas-phase methanetetrol is kinetically stable and faces a sig-
nificant barrier of 142 kJmol−1 toward its unimolecular decomposition
towater and carbonic acid. Therefore, computations predict that it can
be prepared in a suitably isolated environment, where its decom-
position is unfavorable. Methanetetrol is also of fundamental interest
from the perspective of electronic structure theory and chemical
bonding, benchmarking molecular stability, chemical reactivity, and
unconventional bond-breaking processes in extreme environments

such as low-temperature interstellar molecular clouds (10 K)21. As of
now, free methanetetrol represents the most elusive alcohol in
chemistry, and may be derived from carbonic acid, which was only
recently detected in the interstellar medium (ISM)22.

The first astronomical detection of carbonic acid demonstrates a
column density of (6.4 ± 0.4) × 1012cm−2 and an abundance relative to
molecular H2 of 4.7 × 10−11 toward the molecular cloud
G+0.693–0.027, part of the Sagittarius B2 (Sgr B2) complex located in
the central molecular zone of the galaxy22. Its discoverers, the team of
Rivilla and coworkers, point to the large dipolemoment of the syn-anti
conformer of carbonic acid as aiding in its detection through rota-
tional emission22. The syn-syn conformer has not yet been detected in
space, but because of its low dipole moment the upper limit for its
abundance is 25 times that of the more stable syn-anti conformer. The
cold interstellar molecular cloud environment in which this and many
other molecular observations have taken place may be ideal to pro-
duce complex or unstable molecules. The nanoparticle-sized grains
that comprise these clouds are coated in an icy mantle composed of
frozen volatile material and are continuously exposed to high-energy
irradiation by the secondary particles produced in the track of a
galactic cosmic ray (GCR).

Here, we reveal the very first preparation to the best of our
knowledge of the hitherto unreported methanetetrol (C(OH)4, 4)
through exposure of low-temperature (5 K) carbon dioxide–water
(CO2–H2O) ices to energetic electrons (Supplementary Materials) in a
space-simulation experiment. Identification of methanetetrol in the
gas phase is accomplished via synchrotron vacuum ultraviolet (SVUV)
photoionization (PI) of molecules subliming from the exposed ices
during temperature-programmed desorption (TPD). Ions are then
mass-analyzed with reflectron time-of-flight mass spectrometry (Re-
ToF-MS)23. Electronic structure calculations predict isomer-selective
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Fig. 1 | Reactions of carbondioxide (CO2) and water (H2O). This reaction scheme
describes the formation of carbonic acid (1), methanetetrol (4), and methanetriol
(5) by sequential radical-neutral and radical-radical reactions. Only two conformers

of4 are predicted tobe stable (right; coloredwith black carbon, gray hydrogen, and
red oxygen) at the highest level of theory employed (CCSD(T)/CBS//ωB97X-D/aug-
cc-pVTZ).
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dissociative photoionization pathways of methanetetrol to trihydrox-
ymethylium (C(OH)3

+, 6). Along with methanetriol (HC(OH)3, 5),
methanetetrol is ultimately formed via sequential hydrogen atom (Ḣ)
addition and radical-radical recombination reactions (Figs. 1 and 2)
from carbonic acid (H2CO3, 1), thus affording a glimpse at the exotic
chemistry leading to molecule 4 in space simulation experiments.
Detection of 4 in this environment demonstrates the potential of
interstellar chemistry to follow reaction pathways dependent on low
temperatures and pressures—inaccessible on Earth outside of a space-
simulation chamber—highlighting the need to develop computational
and experimental methods needed to explore interstellar chemistry
both in the lab and through observation of space.

Results
Our calculations exploring the gas-phase stability of methanetetrol (4)
were intended to determine if and how it can be detected by photo-
ionization. The neutralmoleculemust be stable in the gas phase for its
photoionization to take place, andwith the possible dissociation of the
radical cation following photoionization it is essential to anticipate the
mass and molecular formulae of fragments. This analysis was per-
formed at the highest feasible level of theory (CCSD(T)/CBS//ωB97X-
D/aug-cc-pVTZ)24–28, and verify previous lower-level

computations14–20,29 and describe a stable neutral gas-phase molecule
with a barrier of 156 ± 4 kJmol−1 toward unimolecular dehydration
(Fig. 2) to carbonic acid (1) (Data S1–S3, Figs. S1–S7)30–32. The dis-
sociation of the C–O and O–H bonds of methanetetrol (S4) are
endoergic by 411 ± 4 kJmol−1 and 473 ± 4 kJmol−1, respectively. While
the S4-symmetric methanetetrol can dehydrate directly, the D2d-sym-
metric conformer must first interconvert to S4. However, the inter-
conversion between the two conformers differing in their point group
symmetries is effectively barrierless. Despite the relatively low barrier
posed by dissociation via dehydration, this process remains thermo-
dynamically inaccessible as represented by these gas-phase calcula-
tions. If a Maxwell-Boltzmann distribution of energy is assumed, the
average internal energy of anymolecule of 4 is expected to be equal to
2
ffiffiffi

π
p RT where R is the ideal gas constant and T is the temperature. Even
at room temperature, the energy available (2.8 kJmol−1) is far too small
for this species to be able to access thermal dissociation.

The purported stability of neutral methanetetrol stands in stark
contrast to the instability identified here in the first computational
investigation in its radical cation, C(OH)4

+• (4+•). The presence of non-
bonding electrons in substituents— i.e., hydroxyl ( −OH)—ona carbon
atom tends to weaken the other bonds to that carbon when in the
radical cation state. The combined effects of all four hydroxyl groups

Fig. 2 | Methanetetrol’s potential energy surface. Gas-phase potential energy
surfaces for (A) C(OH)4 (in singlet electronic state) and (B) C(OH)4

+ (in doublet
electronic state). Energies relative to the minimum energy S4 conformer of each
charge state include an associated error of ±4 kJmol−1 indicatedby the gray area. All

solid lines connecting energy levels indicate isomerization while dashed lines
represent dissociative reaction pathways. Experimental photon energies are indi-
cated with colored horizontal lines.
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acting to weaken all neighboring C–O bonds mean that there may be
no covalently-bound quantum state for this radical cation. Thermo-
dynamic stability derived from separation of the radical and cation
characters into fragments is assisted by the ability of oxygen to donate
electron density to partially delocalize the electrostatic charge on the
neighboring carbon (hyperconjugation)33. The D2d conformer of
C(OH)4

+• is prevented from dissociation by a barrier of only
5 ± 4 kJmol−1, and the contributions to internal energy from heat and
photoionizationmake it likely that the trihydroxymethylium (C(OH)3

+)
fragment will be formed upon ionization. However, dissociative pho-
toionization can be taken advantage of because this fragment and its
response to photon energy serve as a fingerprint for the presence of
methanetetrol. These computational results predict that photon
energies above the threshold for dissociative photoionization (11.45 &
11.26 eV) should result in production of the fragment if it is present in
the gas phase. Absorption of photons at the threshold (11.08 eV) may
plausibly form C(OH)4

+ and presents the best opportunity to detect
C(OH)4

+•, but below this energy (10.87 eV) photoionization and dis-
sociation cannot proceed.

Only with a priori knowledge of the ionization energy and frag-
mentation dynamics provided by the preceding computations can
meaningful experiments be planned to detect methanetetrol (4). Ices
composed of carbon dioxide and water (CO2–H2O) were subjected to
low temperature (<10K) and pressures (<10−10Torr), i.e., conditions
representative of a dense molecular cloud34–37. These ices were either
unirradiated (blank) or exposed to energetic electrons emulating the
action of secondary electrons produced by the passage of a GCR
resulting in an energetic dose of 120 ± 10 eV molecule−1 CO2 and
50 ± 5 eV molecule−1 H2O. TPD simulates the warming experienced by
clouds during star-formation and is combined with photoionization
mass spectrometry at 10.87, 11.08, 11.26, and 11.45 eV (Fig. 3) to detect
product species only when the energy is greater than a molecule’s
adiabatic ionization energy23,38.

In the blank experiments, no ions were detected showing that any
signal observed from irradiated ices is the result of initiated chemistry.
Irradiated ices were found to produce signal atm/z = 47, which in ices
containing only C, H, and O can only have the molecular formula
CH3O2

+. One source of this fragment is methanetriol (5) which has no
stable cation. However, 5 rather undergoes dissociative photoioniza-
tion to yield ȮH andHC(OH)2

+ (m/z = 47)which is detected by themass
spectrometer; this process requires a reported experimental energy of
11.00–11.08 eV10. Fig. 4A shows the signal observed atm/z= 47,which is
detected at a photon energy of 11.08 eV and above, but not at 10.87 eV.
The sublimation profile demonstrated by this fragment is unusual in
that it appears to have three separate peaks; however, these peaks all
coincide with sublimation of a major component of the ice. The most
intense peak at 170K is the result of 5 co-subliming with H2O, the peak
at 220K is similar to the sublimation temperature (205 K) reported for
510, and the peak at 250 K appears alongside another intensepeak atm/
z = 62 which is likely carbonic acid (1).

The predicted observable ionization energy of the minimum
energy conformerof syn-syn-carbonic acid is 11.16 ± 0.04 eVand that of
the syn-anti conformer is 11.09 ±0.04 eV.While there is predicted tobe
an anti-anti conformer, it is expected to bemetastable and short-lived
at 220K (Table S2). The two stable conformers should then be
detectable with photon energy of 11.26 eV, but not at 11.08 eV. This
predicted response to photon energy is what is observed for carbonic
acid (Fig. 4B), but the assignment of the molecular origin of this signal
requires more information about the chemical formula(e). In ices
composed of only C, H, and O it is possible for this mass (62 amu) to
arise from the molecular formulae CH2O3, C2H6O2, and C5H2, and
isotopic substitution experiments are necessary for final identification.

If methanetetrol is present, then its C(OH)3
+ fragment (m/z = 63)

should be observable with photon energies at 11.45 and 11.26 eV. With

11.08 eV photons—at the threshold for dissociative photoionization —

it is not clear whether fragmentation must take place. Photons at
10.87 eV are incapable of producing either themolecular radical cation
or its cationic fragment. The natural abundances of D, 13C, and 17O
means that 1.21% of carbonic acid exists as an isotopomer that weighs
1 amu more and would appear at m/z= 63. With photoionization at
11.45 and 11.26 eV, the strong signal from carbonic acid contributing to
m/z = 63must be corrected for. After applying this correction, the peak
atm/z = 63 remains (Fig. 4C). With photoionization at 11.08 eV, a small
signal is still observed for m/z= 63, and photoionization of carbonic
acid does not proceed at this photon energy and therefore its iso-
topomers cannot be a source of this signal. At this photon energy no
signal is observed for the intact cation (m/z= 80), indicating that if
methanetetrol is the source of this signal it does not exist for long
enoughor in quantities sufficient for detection. Signal is observed here
because the calculations are limited in their accuracy (±4 kJmol−1)
relative to the height of the barrier (7 kJmol−1), and the internal
vibrational energy of these molecules is a distribution with a non-
negligible number of molecules energetic enough to surmount the
barrier after photoionization. Finally, no signal is observed at 10.87 eV,
below the methanetetrol ionization energy. It should also be noted
that the sublimation temperature of CH3OH is 130K, that of H2C(OH)2
has been reported as 180K, that of methanetriol has been observed to
be 205K in the absence of matrix co-sublimation, and the sublimation
ofmethanetetrol at or near 250K agreeswith this pattern of increasing
sublimation temperatures as the number of hydroxyl groups rises.
While it is tempting to assign this feature tomethanetetrol based on its
demonstrated behavior, there remains a remote possibility that this
signal is due to C5H3

+ (m/z = 63) which can only be addressed with
isotopic labeling.

In combination with mass spectrometry, isotopic substitution
permits clear identification of a molecular formula. Ices comprising
13CO2–H2O and CO2–D2O were studied with 11.26 eV photoionization
to verify that the isotopic-mass shift coincides with the correct mole-
cular formula (Fig. 5A). For the fragment of 5, dihydroxymethylium
(HC(OH)2

+), inclusion of 13C shifts the peak to m/z= 48 confirming the
presence of one carbon atom. Substitution with D shifts the peak tom/
z = 50 confirming the presence of three H atoms in this fragment and
demonstrating that this detection represents both the expected
molecular formula (CH3O2) anddissociative photoionization threshold
ofmethanetriol, verifying its production here. As for carbonic acid, use
of 13CO2 increases themass of the peak by 1 amu showing that only one
C is present, and D substitution increases the mass by 2 amu, con-
firming the molecular formula of 1 to be CH2O3 (Fig. 5B). Finally, the
peak for the fragment of methanetetrol can be deemed to have the
molecular formula C(OH)3

+; ices of 13CO2–H2O reproduce this peak at
m/z = 64 and CO2–D2O ices reproduce this peak at m/z= 66, confirm-
ing the presence of one carbon and three hydrogen atoms which with
63 amu can only be C(OH)3

+ (Fig. 5C).

Discussion
While the underlying reactions cannot be observed in real-time during
these experiments, the species observed through PI-ReToF-MS inform
us of the likely mechanism leading to methanetetrol (4). These reac-
tions begin in an ice composed exclusively of CO2 and H2O, and while
concerted hydration of CO2 to form carbonic acid (1) is possible at
room temperature in liquid water, i.e., soda water, it is unphysical at
5 K. Rather, the mobility of suprathermal atomic hydrogen within the
icemakes dissociation of theO–Hbond in reaction [1a] themost active
available chemical pathway39,40. Where the impinging electron pro-
vides the energy to initiate the elimination of atomic hydrogen (Ḣ)
from H2O, the capture by CO2 in reaction [1b] completes the second
half of an endoergic hydrogen transfer reaction. Radical-radical
recombination of hydroxycarbonyl (HOĊO) with the remaining

Article https://doi.org/10.1038/s41467-025-61561-z

Nature Communications |         (2025) 16:6468 4

www.nature.com/naturecommunications


hydroxyl radical (ȮH) then yields carbonic acid (1).

H2O ! _OH+ _H ΔHreact:
41 = + 492:22 ±0:04kJmol�1 ð1aÞ

CO2 + _H ! HO _CO ΔHreact:
41 = � 4:1 ±0:4kJmol�1

ΔETS
42 = 25 ± 1; kJmol�1

ð1bÞ

Fig. 3 | Photoionization time-of-flight mass spectrometry (PI-ReToF-MS). Dur-
ing temperature-programmed desorption (TPD), molecules subliming from irra-
diated CO2–H2O ices are photoionized and mass-analyzed. Ion counts recorded at

11.45 eV, 11.26 eV, 11.08 eV, and 10.87 eV during PI-ReToF-MS experiments are
shown as a function of temperature and mass-to-charge ratio.
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_OH+HO _CO ! HOCOOH ð1Þ ΔHreact:
41 = � 455:452±0:7 kJmol�1

ð2Þ

This surface reaction toward the production of carbonic acid has
been suggested as an alternative pathway in the interstellar
medium41–43.

The reactionmechanismsof energetic radical transfer and radical-
radical recombination are both accessible at the temperatures and
radiation conditions of the ISM. These reactions are sufficiently active
that the infrared spectrum of 1 can be easily measured after sublima-
tion of the CO2 and H2O matrix (Fig. S9). Experiments in which the
infrared spectra were recorded during TPD of irradiated ice demon-
strate that at 200K only 1 remains detectable within the ice44,45. A
recent publication identifies infrared absorptions in matrix isolation
unique to the cis-cis conformer centered at 1790 cm−1 while the less
stable cis-trans conformer absorbs at 1830 cm−146; however, these
absorption bands cannot be used for conformational assignment here
because the peak observed is red-shifted to a center at 1720 cm−1 and
broadened to a full-width half-maximum of 80 cm−1 by molecule-ice
interactions. It is most likely that the ice of 1 observed here is amor-
phous and contains many or all possible conformers of carbonic acid,
though the detection of carbonic acid through optical spectroscopy is
itself evidence of its efficient production.

The abundance of 1 produced by irradiation leads to an enhanced
likelihood of forming second-generation products as the irradiation
dose increases. The most abundant radicals in the ice are over-
whelmingly likely to be those coming from [1a] and [1b], so transfer of
the resulting radicals to 1 are considered in reactions [3a] and [3b]. The
two resulting high-energy radical intermediates, trihydroxymethoxyl
(ȮC(OH)3, 2) and trihydroxymethyl (Ċ(OH)3, 3), respectively. Sub-
sequent barrierless radical-radical recombination of 2 with Ḣ yields
methanetetrol (4), while 3 may undergo recombination with ȮH in
reaction [5a] to yield 4 or recombination with Ḣ in [5b] to yield
methanetriol (5).

HOCOOH ð1Þ+ _OH ! _OCðOHÞ3ð2Þ ΔHreact: = + 11 ± 4; kJmol�1

ΔETS = 66±4; kJmol�1
ð3aÞ

HOCOOH ð1Þ+ _H ! _CðOHÞ3ð3Þ ΔHreact: = 23±4; kJmol�1

ΔETS = 72 ±4; kJmol�1
ð3bÞ

_OCðOHÞ3ð2Þ+ _H ! CðOHÞ4ð4Þ ΔHreact: =�472 ±4; kJmol�1 ð4Þ

_CðOHÞ3ð3Þ+ _OH ! CðOHÞ4ð4Þ ΔHreact: =446±4; kJmol�1 ð5aÞ

Fig. 4 | Observation of methanetetrol in gas phase. TPD profiles measured for A the dissociative photoionization product (CH(OH)2
+) of methanetriol (CH(OH)3),

B carbonic acid (HOCOOH), and C the dissociative photoionization product (C(OH)3
+) of methanetetrol (C(OH)4).
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_CðOHÞ3ð3Þ+ _H ! HCðOHÞ3ð5Þ ΔHreact: =474±4; kJmol�1 ð5bÞ

The overall mechanisms by which 4 and 5 are formed require four
discrete steps because at 5 K radical chemistry is all that is available for
reaction of neutral species. These reaction steps are separated rather
than a concerted mechanism because suprathermal motion of Ḣ
through the ice is facilitated by its small size and the large amount of
energy imparted by the energetic electrons39,40. This means that the
H2O and CO2 that produce the radicals in [1a] and [1b] that ultimately
form 1 need not be nearest neighbors in the icematrix. Since Ḣ and ȮH
radicals are reactants in reactions [2]–[5b], their relative mobility
within the ice shouldbeamajor determining factor in branching ratios.
These radicals compete to consume 1 in reactions [3a] and [3b] and to
consume 3 in reactions [5a] and [5b]. The smaller size of Ḣ reduces its
collision cross-section and its low mass (1 amu) relative to ȮH means
that Ḣ is ejected with more kinetic energy than ȮH during the dis-
sociation event. Conservation of momentum requires that in isolation
the dissociated products of reaction [1a] have equal but opposite
moments of inertia after dissociation. This results in the Ḣ receiving
seventeen times the momentum and therefore the velocity of the ȮH
fragment. A targeted computational investigation of the barriers and
rate constants of reactions [3]–[5] that considers tunneling and the
effects of the icy matrix should prove informative for astrochemical
modeling. In particular, the effect of quantum tunneling of radicals at

the low temperatures (10 K)37 found inside densemolecular clouds has
the potential to significantly impact reaction rates and the branching
ratio of reactions [3a] and [3b] or [5a] and [5b]. The low mass of Ḣ
permits tunneling and reactions may occur at even these tempera-
tures, while the mass of ȮH all but precludes its reaction through
tunneling at any but astronomical timescales, and therefore must be
considered here.

Like reactions limited bymixing rates or diffusion, reactions in the
ice may be limited by the rate of suprathermal transport of energetic
radicals to their reaction partners39,40. The barrier imposed by transi-
tion state energy for reaction [3a] and [3b] are similar, but the unequal
partitioning of energy during dissociation based on energy and
angular momentum conservation means that Ḣ is more likely to be
able to overcome this barrier. Consequently, reactions of Ḣ are
expected to be far more efficient than competing reactions of ȮH. In
terms of ionization energies, dissociative photoionization dynamics,
and structures 4 and 5 are very similar. Despite this, there appears to
be far more of 5 detected in these experiments (Fig. 4), which is likely
due to the superior ability of Ḣ to overcome transition state energetic
barriers. The only previous environment in which 5 has been detected
was mixed methanol–molecular oxygen (CH3OH–O2) ice10, but the
simplified mechanism of formation afforded by CO2–H2O ice requires
only Ḣ transfer and is at least an order of magnitude more efficient.
Within the context of astronomical ices, these findings indicate that
irradiation doses of 0.1–1.0 eV amu−1 received by molecular clouds

Fig. 5 | Confirming the chemical formulae.TPDprofilesmeasured at 11.26 eVwith isotopically substituted ices forA the dissociative photoionization product (CH(OH)2
+)

of methanetriol (CH(OH)3), B carbonic acid (HOCOOH), and C the dissociative photoionization product (C(OH)3
+) of methanetetrol (C(OH)4).
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during their 10–50 × 106 year collapse into stars and planets should
readily yield 1; but thesedosesmay represent toomodest exposures to
instigate the formation of 447. In contrast, cometary and planetary ices
continue to undergo GCR irradiation in addition to solar photolysis,
and these ices are more likely to host molecules like 4 and 5.

The production of methanetetrol (C(OH)4, 4) marks the intro-
duction of the most elusive, previously unreported member of the
hydroxymethanes (HnC(OH)n-4) to the chemistry community. Though
methanol (H3COH) is common and methanediol (H2C(OH)2) is known
as an aqueous form of formaldehyde (H2CO), methanediol had not
been identified in the gas phase until as recently as 202248. Conversely,
methanetriol10 (HC(OH)3, 5) had never been observed until earlier last
year, nor had methanetetrol, though now both have been reported in
the gas phase. The observation of efficient production of methanetriol
from carbonic acid (HOCOOH, 1) has the potential to instigate new
lines of research in spectroscopy, astrochemistry, and astronomy.
Spectral and chemical information is needed as a prerequisite to
deploying modern astronomical techniques to identify molecules like
methanetetrol in space; however, by mapping the chemical contents
of the interstellar medium we gain insight into its evolution. The
extremes of the low temperature found within dense interstellar
clouds (<10 K) and the high-energy initiation provided by GCRs reveal
chemistry that was once inaccessible to science and allow the dis-
covery of molecules in the laboratory and in space.

In these experiments we demonstrate the first detection of
methanetetrol while simultaneously identifying intermediates in its
radical formation mechanism, carbonic acid and methanetriol. The
production of these species in a space simulation experiment raises the
prospect of their future observation in the interstellar medium, parti-
cularly in star-forming regions where methanetetrol can sublime into
the gas phase.Water is themost abundant astronomical ice component
and carbon dioxide is present at concentrations of 1–50% relative to
water, making the precursors for carbonic acid’s formation common-
place throughout interstellar space49. The high turbulence, tempera-
tures, and radiation in the central molecular zone, where carbonic acid
was identified, appears ideal for its production and may contribute
significantly to its abundance22. Reactions of this species are shown
here to result in the production of both methanetriol and methanete-
trol, indicating that these and other such supposedly impossible
molecules may be commonplace in the chemistry of the ISM. A direct
connection between the production of methanetetrol and, more gen-
erally, orthocarbonic acids and chemical pathways toward larger
interstellar complex organic molecules influencing the physics and
chemistry of the interstellar medium and potentially leading to planet
formation and the origins of life is in its infancy. An energetic oxygen
chemistry, which is vital for all life, may be traceable by the future
detection of methanetetrol in the interstellar medium, particularly
toward hot molecular cores such as Sgr B2. Further chemistry derived
frommethanetetrol can potentially lead to molecules of the ROC(OH)3
structure with R being an organic side group. Finally, methanetetrol
and the ROC(OH)3 derivatives could represent a hitherto neglected
reservoir of carbonic acid (HOCOOH) and carbonic acid esters
(ROCOOH) on interstellar ices. This molecule’s identification here
represents a blind spot and the lack of its detection to date in the
terrestrial environment is evidence of the counter-intuitive chemistry
of the interstellar medium and justification for its promotion.

Methods
Synchrotron vacuum ultraviolet photoionization reflectron
time-of-flight mass spectrometry
(SVUV-PI-ReToF-MS). Surface scattering experiments utilizing
vacuumultraviolet (VUV) synchrotron radiationwere conducted at the
Shanghai-Hawaii-Hefei Advanced Research Center (SHHARC) at the
National Synchrotron Radiation Laboratory (NSRL) in Hefei, Anhui,
China, on the BL03U beamline for astrochemistry (Table S4)23.

Experiments were conducted in a hydrocarbon-free stainless steel
ultra-high vacuum (UHV) chamber and ices are were deposited onto a
mirror-polished silver wafer (12.6 × 15.1mm) maintained at 4.8 ± 0.1 K
by a Gifford-McMahon helium cryocooler (Sumitomo Heavy Indus-
tries, RDK-415E). Samples were introduced to the chamber and con-
densed onto the surface of the silver waver using two leak valves (10−8

Torr each) that flow gas through glass capillary arrays (10mm array
diameter) directed at the wafer. Samples used include carbon dioxide
(CO2, Nanjing Special Gas Factory Co., 99.999%; 13CO2, Cambridge
Isotope Laboratories, 99.0% atom 13C) and water (H2O, Shanghai
Macklin Biochemical Technology Co., HPLC grade; D2O, Shanghai
Aladdin Biochemical Technology Co., 99.9% atom D; H2

18O, Shanghai
Aladdin Biochemical Technology Co., 97.0% atom 18O). Prior to
experiments usingD2O, all tubing and chamberswerepurgedwithD2O
vapor to allow any H/D isotopic exchange between the sample and
container to occur prior to experimental ice deposition; this process
was repeated with H2O after use of D2O. The same procedure for
assuring isotopic purity of the sample delivered to the wafer was
repeated for experiments using H2

18O. The thickness of deposited ices
was measured based on the reflected intensity of a helium-neon laser
(CVI Melles-Griot, 25-LHP-230, 632.8 nm) at a 2° angle of incidence.
Variations in reflected laser intensity resulting from thin-film inter-
ference during deposition indicate an average ice thickness of
750 ± 50 nm36. In calculating this thickness, the ice index of refraction
was approximated by the average of the indexes of refraction of the
two components, 1.27 ± 0.02 in amorphous ices of both components34.

For the purpose of simulating the electron irradiation computa-
tionally, densities of 0.87 ± 0.03 g cm−3 for amorphous H2O ice34 and
0.98 ± 0.02 g cm−3 for amorphous CO2 ice35 were used as an approx-
imation for the unknown density of the mixed ices34. Monte Carlo
simulations conducted in CASINO 2.42 predict average electron
penetration depth, energy transmitted to ice, and energy back-
scattered from ice surface38. The ice thickness is kept significantly
greater than the average penetration depth (at which electrons have
expended 90% of their energy) to prevent interactions between the ice
and the silver substrate frombeing initiated by the energetic electrons.
In these simulations, <0.01% of electrons penetrated the ice to the
substrate. Irradiation parameters including dose and ice character-
ization are detailed in Tables S5 and S6.

Synchrotron vacuum ultraviolet photoionization reflectron time-
of-flightmass spectroscopy (SVUV-PI-ReToF-MS) utilized temperature-
programmed desorption (TPD) at a rate of 1 Kmin−1 and VUV light that
was passed 1–2mm above the surface of the ice to photoionize sub-
limingmolecules23. Ions aremass-analyzed in a reflectron time-of-flight
mass spectrometer (Jordan TOF Products). The SVUV light is quasi-
continuous, requiring pulsed extraction of ions into the mass spec-
trometer. This was accomplished by electronic pulsing of the extrac-
tion grid between a small repelling voltage (1.5 V, 64.2μs) and an
extraction voltage (−150V, 2.5μs), where extraction marks the begin-
ning of each cycle of the ReToF-MS. A 40mm dual-multichannel plate
detector (Jordan TOF Products, C-726) is used in an ion-counting
scheme comprising preamplification (Ortec, 9305), discrimination &
amplification to 4 V (Advanced Research Instruments Corp., F-100TD),
and recording by a multichannel scaler (FAST ComTec, P7889) with
3.2 ns accuracy. Mass spectra were repeated at a rate of 15 kHz (66.7μs
per mass spectrum) until the temperature of the sample reached a
minimum of 300K.

Surface scattering machine
Additional experiments were conducted in the surface scattering
machine at the University of Hawaii at Manoa, an apparatus consisting
of a hydrocarbon-free stainless steel ultrahigh-vacuum chamber. This
instrument is nearly identical to the SVUV-PI-ReToF-MS instrument
with the substitution of ToF-MS for a Fourier transform infrared
spectrometer (FTIR, Thermo, Nicolet 6700) continuously measuring

Article https://doi.org/10.1038/s41467-025-61561-z

Nature Communications |         (2025) 16:6468 8

www.nature.com/naturecommunications


spectra in the 4000–500 cm–1 range with 4 cm–1 resolution. Spectra
were measured continuously and averaged every two minutes during
irradiation and TPD. Subliming molecules were detected during TPD
via an electron-impact (100 eV) quadrupole mass spectrometer (EI-
QMS, QMG 420) in the residual gas analyzer mode. The measured
infrared spectrum, in agreement with that of carbonic acid (1), is
shown in Fig. S8.

Computational methods
For all molecules except carbonic acid (HOCOOH, 1), initial geometry
optimizations and vibrational frequency analyses including zero-point
vibrational energy (ZPVE) corrections were performed with Head-
Gordon’s long-range corrected hybrid density functional with Dun-
ning’s correlation consistent basis set at the ωB97X-D24/aug-cc-
pVTZ23,26 level of theory for all neutral molecules in the Gaussian 09
computational package50. Accurate electronic energies were obtained
by using the optimized structures to carry out single-point coupled
cluster explicitly including single, double, and perturbative triple
excitations with extrapolation to the complete basis set limit at the
composite CCSD(T)27/CBS//ωB97X-D/aug-cc-pVTZ level of theory
using the MOLPRO 2015 package51. Minimum energy structures for
cations were initially optimized from the previously final structures of
the corresponding neutral molecules to identify the cation structure
reached via vertical ionization. After optimization, frequency analysis,
and CBS extrapolation were repeated to determine the difference in
sum of electronic and ZPVE (CCSD(T)/CBS//ωB97X-D/aug-cc-pVTZ
+ZPVE) between the neutral and cationic states, defined here as the
adiabatic ionization energy (IE). The same computational methods
were employed for all identified transitions and dissociated states
investigated. All neutral and cationic structures were confirmed to
have all real vibrational frequencies, and all optimized transition states
were confirmed to have only one imaginary (negative) frequency
corresponding to the reaction coordinate. Investigated structures
included all plausible covalently bound and all reasonable non-
covalently bound minimum-energy configurations of the CH4O4 sys-
tem of isomers in Figs. S1–S8, and Data S1.

For 1 and its dimer, the neutral and radical cation geometries were
optimized with explicitly correlated coupled cluster singles, doubles,
and perturbative triples (CCSD(T)-F12) in conjunction with the cc-
pVTZ-F12 basis set as available from the MOLPRO 2020.1 program30.
The harmonic vibrational energies and ZPVEs were also computed at
this same level of theory. The relative energies were computed as
differences in energy including ZPVEs from the most stable neutral to
the given conformer. The adiabatic ionization potentials are computed
as the differences between the energies of the optimized neutrals and
those of the corresponding optimized radical cations including the
ZPVE values, as well (Data S2 and S3). Because these CCSD(T)-F12
calculations were conducted at a different level of theory compared to
the composite CCSD(T)/CBS//ωB97X-D/aug-cc-pVTZ method, we
conducted benchmarking calculations, the results of which are
detailed in the Supplementary Materials in Tables S7–S20 showing
close agreement between the two theoretical approaches.

Data availability
All data are available in the main text, the supplementary materials, or
upon request to the corresponding authors. The experimental data
generated in this study have been deposited in the University of
Hawai’i reaction dynamics and materials in extreme environments
database at http://uhmreactiondynamics.org/publications.html Cor-
respondence and requests for materials should be addressed to Ralf I.
Kaiser.
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