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Geminal diols—organic molecules carrying two hydroxyl groups
at the same carbon atom—have been recognized as key reactive
intermediates by the physical (organic) chemistry and atmospheric
science communities as fundamental transients in the aerosol
cycle and in the atmospheric ozonolysis reaction sequence. Antici-
pating short lifetimes and their tendency to fragment to water
plus the aldehyde or ketone, free geminal diols represent one of
the most elusive classes of organic reactive intermediates. Here,
we afford an exceptional glance into the preparation of the
previously elusive methanediol [CH,(OH),] transient—the sim-
plest geminal diol—via energetic processing of low-temperature
methanol-oxygen ices. Methanediol was identified in the gas
phase upon sublimation via isomer-selective photoionization
reflectron time-of-flight mass spectrometry combined with isotopic
substitution studies. Electronic structure calculations reveal that
methanediol is formed via excited state dynamics through insertion
of electronically excited atomic oxygen into a carbon-hydrogen
bond of the methyl group of methanol followed by stabiliza-
tion in the icy matrix. The first preparation and detection of
methanediol demonstrates its gas-phase stability as supported
by a significant barrier hindering unimolecular decomposition
to formaldehyde and water. These findings advance our per-
ception of the fundamental chemistry and chemical bonding of
geminal diols and signify their role as an efficient sink of alde-
hydes and ketones in atmospheric environments eventually
coupling the atmospheric chemistry of geminal diols and Criegee
intermediates.

methanediol | aerosols | physical organic chemistry | photoionization |
astrochemistry

ince the turn of the century, geminal diols—defined as organic

molecules carrying two hydroxyl groups (OH) at the same
carbon atom—have been recognized as key reactive intermedi-
ates by the physical (organic) chemistry and atmospheric science
communities as fundamental transients in the aerosol cycle (1-3).
However, even the simplest representative of a geminal diol—
methanediol [CH,(OH),] (1, 1”)—has not been isolated yet and
is conjectured only to exist as short-lived intermediates in the tro-
posphere and in aqueous solutions of formaldehyde (H,CO) as a
transient driven by the inherent dehydration tendency and instabil-
ity of the two adjacent hydroxyl groups at the same carbon atom
(4-7). This classifies geminal diols as one of the least-explored clas-
ses of organic reactive intermediates.

Gas-phase electronic structure calculations predict that two
conformers of methanediol [CH,(OH),] (1/, 1”) are thermo-
dynamically favorable compared to the well-known methyl perox-
ide isomer (CH300H, 2) by 267 kJ - mol~! and 257 kJ - mol ™!,
respectively; these conformers are also thermodynamically and
kinetically stable toward unimolecular decomposition via dehy-
dration to the formaldehyde-water complex (3), as the 1’ to 3 and
1” to 3 reactions are endoergic by 21 and 11 kJ - mol™" and have
barriers of 181 and 191 kJ - mol ", respectively (8-11) (Fig. 1). A
second decomposition mechanism of 1/1” to formic acid
(HCOOH) and molecular hydrogen (H,) involves a transition
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state predicted to be even 159 kJ - mol~" higher than the bar-
rier of the dehydration mechanism (12). Consequently, metha-
nediol [CH,(OH),] (1, 1”) is expected to be thermodynamically
and kinetically stable and hence should be detectable in the gas
phase once prepared. However, envisaging the complexities of
a directed gas-phase synthesis and short lifetimes of these reac-
tive intermediates, free geminal diols signify one of the most
elusive groups of organic transient molecules. This system is
also attractive from the viewpoint of electronic structure theory
and chemical bonding to benchmark the chemical reactivity
and fundamental bond-breaking processes leading to geminal
diols in extreme environments.

Here, we report the very first preparation of the previously
elusive methanediol [CH,(OH);] molecule (1’), along with its
isomer methyl peroxide isomer (CH3;OOH) (2), through
exposure of low-temperature (5 K) methanol (CH;OH)-oxygen
(0,) ices to energetic electrons (SI Appendix, Tables S1-S4). The
isomers were unambiguously identified in the gas phase upon
sublimation in the temperature-programmed desorption (TPD)
phase and discriminated through isomer-selective photoionization—
reflectron time-of-flight mass spectrometry together with mass
shifts of their isotopically substituted counterparts. The identifi-
cation of the simplest geminal diol 1’ may have far-reaching con-
sequences for the atmospheric chemistry. Thermodynamically
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Fig. 1. Molecular structures of CH40, isomers. Relative energies, point groups, electronic ground states, and adiabatic ionization energies (blue) of
CH40, isomers are also compiled. The energies were computed at the coupled cluster singles, doubles, and perturbative triples level with a complete basis
set extrapolation [CCSD(T)/CBS] and include zero-point vibrational energy corrections. The atoms are color coded in gray (carbon), white (hydrogen), and
red (oxygen). The formation of methanediol [(CH,(OH),], 1" and 1") and methyl peroxide (CH3;O0H, 2) via excited-state oxygen atom [O('D)] insertion
into a carbon-hydrogen and carbon-oxygen/oxygen-hydrogen bonds of methanol (CH3OH), respectively, are barrierless. The transition state of the
decomposition of methanediol [(CH,(OH),], 1" and 1) to a formaldehyde (H,CO) and water (H,0) complex (H,CO--H,0, 3) is also shown.

and kinetically stable geminal diols may “lock up” aldehydes and
ketones—formed as byproducts of the Criegee-intermediate for-
mation reaction—as geminal diols and hence would remove
carbonyl compounds from the atmospheric ozonolysis reaction
sequence (1, 13, 14). The Criegee-intermediate formation reac-
tion is a process in which ozone reacts with alkenes forming a car-
bonyl oxide with two charge centers (Criegee intermediate) (14).
Therefore, the existence of geminal diols and Criegee intermedi-
ates couples the chemistries of geminal diols, carbonyl com-
pounds, and Criegee intermediates, thus helping to provide a
better understanding of the atmospheric chemistry upon which
all terrestrial life depends.

Results

Infrared Spectroscopy. Infrared spectroscopy exploited during the
irradiation phase of the ices represents an elegant tool in the iden-
tification of simple, individual molecules along with functional
groups of complex organics. Since molecular oxygen is infrared
inactive, the infrared spectra of the pristine ices only revealed
prominent absorptions of methanol such as the O—H stretching
mode (3,500 to 3,050 cm ™ L v1), the C—H stretching fundamental
(2,985 cm™; v,), the C—H bending mode (1,449 cm™; vs), and
the C—O stretching mode (1,030 cm™'; vg) (15) (SI Appendix,
Fig. S1 and Table S2). The radiation exposure resulted in decom-
position of the precursor methanol and new absorptions at
3,550 cm ™! (vo_n), 2,976 cm ™! (ve_p), 2,341 cm ™! (CO,, v3),
2,137 cm™! (CO, vy), 1,720 cm ™! (v — ), 1,500 cm ™" (H,CO, v3),
1,378 em ™! (8¢_o-_n), 1,249 em™~! (H,CO, v,), and 1,075 cm ™'
(ve—o) (SI Appendix, Table S2). The 3,550 cm™* (vo_g), 1,378 cm ™!
(8¢_o-n), and 1,075 cm ™! (vc_o) peaks may be associated with
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methanediol, as they are close to the computed wave num-
bers (e.g., for 1, anharmonic vo_yg = 3,646 em L 8c oy =
1,355 cm™ !, anti-symmetric ve_o = 1,060 cm~ !, and symmetric
Ve o = 1,028 em™Y; ST Appendix, Table S5) and the values in a
matrix isolation study by Luger et al. of ultraviolet (UV) proc-
essed methanol/ozone/argon ices (vo_y = 3,639 to 3,638 cm !
and 3,564 cm™', 8c_o_p = 1,426 to 1,424 cm ™' and 1,359 to
1,354 cm™ !, and ve_o = 1,057 to 1,055 cmfl) (16) as well. Isoto-
pic experiments with '*C-, deuterium- (D-), and '®O-labeled
precursors in the ices revealed red shifts of the carbon-
(8c_o_u and vc_p), hydrogen- (vo_py and 8c_o_n), and
oxygen-bearing (vo_u, 8c_o_n, and vc_o) functional groups
(SI Appendix, Fig. S2 and Table S2), respectively, thus corrob-
orating the aforementioned assignments. However, considering
the severe overlap of the absorptions of the CH4O, isomers/con-
formers with the fundamentals of the methanol and water pre-
cursors, infrared spectroscopy cannot unambiguously identify
these species. Hence, an alternative analytical technique is
required to identify discrete isomers selectively.

Mass Spectrometry. We utilized single-photon, photoionization—
reflectron time-of-flight mass spectrometry (PI-ReTOF-MS) dur-
ing the TPD phase of the irradiated ices to 300 K to characterize
the sublimed species. This technique has a unique power to distin-
guish structural isomers based on their adiabatic ionization ener-
gies (IEs) by systematically adjusting the photon energy (PE)
above and below the IE of the isomer(s) of interest. This approach
selectively ionizes the gas-phase molecules according to their
distinct IEs and examines the parent ions at a well-defined mass-
to-charge ratio (m/z). Considering the quantum chemically com-
puted adiabatic IEs of the CH,O, isomers (Fig. 1), four photon
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Fig. 2. PI-ReTOF-MS data during the TPD phase of the processed ice mixtures. (A) CH3OH + O,, PE = 10.86 eV; (B) CH3OH + O,, PE = 10.49 eV; (C) CHsOH + O,,
PE = 10.25 eV; (D) CH3OH + O, PE = 9.50 eV; (E) '*CH30H + O,, PE = 10.86 eV; (F) CDs0D + O,, PE = 10.86 eV; (G) CH5'0H + '80,, PE = 10.86 eV; and

(H) CH30OH + O,, PE = 10.86 eV, no electron irradiation.

energies of 10.86 eV, 10.49 eV, 10.25 eV, and 9.50 eV were
selected (ST Appendix, Tables S6-S8). Photons with energy of
10.86 eV ionize—if present—all isomers, since this PE is above
the IE of each isomer (1’ [IE = 10.66 to 10.74 V), 1” [IE = 10.59
to 10.65 eV], 2 [IE = 9.73 to 9.81 eV], and 3 [IE = 10.37 to
10.45 eV]). The 10.49-eV photons can photoionize only 2 and 3
but not 1’ and 1”. The 10.25-eV photons can only ionize 2, while
9.50-eV photons cannot ionize any isomer. Therefore, by com-
paring the TPD profiles of the CH,O," ions at m/z = 48 at
distinct PEs, 1’ and 1” can be identified. Fig. 2 compiles the
PI-ReTOF-MS data of the desorbed molecules from the irra-
diated ices. The extracted TPD profiles of m/z = 48 (CH40,")
are displayed in Fig. 3. At PE = 10.86 eV, three sublimation
events peaking at 152 K, 162 K, and 181 K are evident (Fig. 34).
Tuning down the PE to 10.49 eV eliminates the third sublimation
event at 181 K (Fig. 3B), thus providing compelling evidence
that this event must be linked to the conformer pair 1’ and/or 1”
but not 2 and 3. As the computed IEs of 1 and 3 are close to
10.49 eV, to confirm our assignments, we performed additional
experiments to determine the ionization thresholds (SI Appendix,
Figs. S3-S5 and Tables S6 and S7). The results show that the ioni-
zation threshold of 3 is 10.44 + 0.01 eV; the computed value is
10.37 to 10.45 eV. The carrier of the 181-K sublimation event
has an ionization threshold of 10.73 + 0.01 eV and, therefore,
can only be assigned to 1’ (computed value = 10.66 to 10.74 eV).
Both low-temperature sublimation events are visible at 10.25 eV,
but they vanish at PE = 9.50 eV (Fig. 3 B-D). This finding sug-
gests that these events are linked at least to 2. Since the ratio of
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the ion counts of the peaks at 152 K and 162 K is essentially identi-
cal at PE = 10.86 eV, 10.49 eV, and 10.25 eV (i.e., [0.58 + 0.08]: 1),
both events likely can be associated to the same isomer 2. The
sharp peak at 152 K is connected to the cosublimation of 2 with
the methanol precursor. Previous studies revealed that the sub-
limation of polar ices such as water (17) and methanol (15)
result in a cosublimation of polar molecules, in particular those
carrying hydroxyl groups, into the gas phase. It is critical to
highlight that a blank experiment performed under identical
conditions, but without irradiation of the ices, did not result in
any ion counts at m/z = 48, demonstrating that the identified
species 1’ and 2 are the result of the exposure of the ices to ener-
getic electrons but do not originate from ion—molecule reactions in
the gas phase. To provide further evidence of the identification of
I’ and 2, three separate isotopic substitution exPeriments exploit-
ing "CH;0H + O,, CD;0D + O,, and CH;"*OH + "0, ices
were conducted. The TPD traces recorded in the CH;0H + O,
system at m/z = 48 were shifted 1 amu, 4 amu, and 4 amu,
respectively (Fig. 4). Moreover, the TPD profiles of the isotopi-
cally substituted ices are identical to the TPD profile of m/z = 48
of the CH30H + O, system and essentially overlap. All together,
these data indicate that the molecular carriers of these three sub-
limation events contain one carbon (C), four hydrogen (H), and
two oxygen (O) atoms and hence can only be assigned to the
molecular formula CH4O,. Finally, the sublimation sequence of 2
(162 K) and 1’ (181 K) is supported by an enhanced polarity
of 1’—a diol carrying two hydroxyl groups—compared to 2—a
hydroxyperoxide carrying only a single hydroxyperoxyl moiety.

PNAS | 3o0f6
https://doi.org/10.1073/pnas.2111938119

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111938119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111938119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111938119/-/DCSupplemental

Downloaded by guest on January 1, 2022

100

50

100

50

100

50

Relative counts

100

50

100 |- E

50 -

| 1 | 1 II 1

140 160 180 200
Temperature (K)

Fig. 3. PI-ReTOF-MS data at m/z = 48 during the TPD phase of processed
methanol (CHs;OH) and oxygen (O,) ice mixtures. (A) PE = 10.86 €V; the inset
shows the expanded view between 160 K and 200 K; (B) PE = 10.49 eV; (C) PE =
10.25 eV; (D) PE = 9.50 eV; and (E) PE = 10.86 eV, no electron irradiation.

Discussion

With the first preparation and gas-phase identification of the
geminal diol—methanediol [CH,(OH),] 1’—along with the
detection of the recognized methyl peroxide isomer (CH;OOH)
2, we shift our attention now to their chemical bonding and
molecular structures. The conformers 1’ and 1” have C, and C,
symmetries, respectively. In 1°, both hydroxyl groups are further
apart than in 1”; this leads to less steric repulsion and a thermo-
dynamical preference of 1’ compared to 1” by 10 kJ - mol™*
below (Fig. 1). Under thermal equilibrium conditions at the sub-
limation temperatures of 1’ (about 180 K), the branching ratio of
1’ to 1” can be estimated to be ~800, which supports the absence
of 1”7 in our experiments (SI Appendix). The computed C-H
bond lengths in 1’ [C(1)—H(2) = C(1)-H(3) = 1.092 A; Fig. 1]
are close to those in methanol (CH30H) of C—H = 1.096 A but
longer than in methane (CHy, C—H = 1.087 A) due to the bond
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lengthening induced by highly electronegative oxygen. The addi-
tional oxygen atom in the geminal diol results in stronger C—O
bonds but weaker O—H bonds compared to methanol; this is evi-
dent from the shortening of the C—O bonds (1.408 A in 1’ < 1.427
A in CH30H) and the lengthening of the O—H bonds (0.964 A in
1’ > 0.956 A in CH;0H).

We would also like to discuss potential reaction pathways
involved in the formation of methanediol [CH,(OH),] 1’. Upon
interaction with energetic electrons, molecular oxygen can be
decomposed to two ground-state oxygen atoms O(’P) and also
to one ground state O(*P) plus electronically excited O('D)
(Egs. 1a and 1b) (18). The Gibbs energy changes are calculated
based on the Active Thermochemical Tables (11). Methanol can
undergo unimolecular dissociation to the methoxy radical (CH;0)
(Eq. 2) or to the hydroxymethyl radical (CH,OH) (Eq. 3) plus
atomic hydrogen (19). Two barrierless and exoergic pathways
could contribute to the formation of 1’ and 2: oxygen atom
insertion and radical-radical recombination reactions. Electronic
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Fig. 4. PI-ReTOF-MS data during the TPD phase of isotopically substituted
methanol (CH30H) and oxygen (O,) ice mixtures photo ionized at a photon
energy of 10.86 eV. (A) CH30H + O,, m/z = 48; (B) 3CH;0H + O,, m/z = 49;
(C) CD30D + O, m/z = 52; and (D) CH;'®0H + '®0,, m/z = 52. The inset
shows the expanded view between 160 K and 200 K.
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structure calculations reveal that electronically excited O('D)
may insert barrierlessly into the C—H and C—O/O—H bonds of
methanol leading to 1’ and 2, respectively (Egs. 4 and 5) (20, 21).
The initial barrierless insertion of O('D) into, for example, C—H
bonds has been demonstrated in elegant crossed molecular beam
reactions with, for example, CH, (22, 23). Alternatively, the
oxygen atom—either ground state or electronically excited—
can recombine with atomic hydrogen to the hydroxyl radical (OH)
(Eq. 6) (24). If the latter holds a favorable recombination geome-
try with the methoxy radical (CH3O) or the hydroxymethyl radical
(CH,OH), they may recombine to form 2 or 1’, respectively, in
overall exoergic Egs. 7 and 8:

0, — O(°P) +O(°P)
0, — O(°P) +O('D)

ARG =494 kI mol ! [1a]
ARG = 683 kJ mol™! [1b]
CH;0H — CH,OH + H ARG =396 kI mol ™! [2]
CH;OH — CH3;0 + H ARG = 435kImol™! [3]
CH;0H +O('D) — CH,(OH),(I') ARG = —626 kJ mol '

[4]
CH;0H + O('D) — CH;00H ARG = —359 kJ mol !
[5]

H+O — OH ARG = —426 kJ mol ™
[6]
CH,OH + OH — CH,(OH),(1’) ARG = —406 kJ mol ™!
[71

CH;0 + OH — CH300H ARG = —178 kJ mol™!. [8]

In summary, we synthesized the previously elusive methanediol
molecule [CH,(OH),] 1’—the simplest geminal diol—along with
its isomer methyl peroxide (CH3;00H, 2) via exposure of low-
temperature methanol-oxygen ices to energetic electrons. The
isomers were identified explicitly during the TPD phase exploit-
ing PI-ReTOF-MS based on a correlation of distinct ionization
energies and sublimation profiles. The isotopic shifts of the par-
ent ions in 1*C, D, and 30 substituted ices cement the molecular
formula CH4O; for both sublimation events peaking at 162 K and
181 K. This sublimation sequence is likely the effect that the diol
1’ carries an extra OH functional group, resulting in an enhanced
intermolecular potential through hydrogen bonds and, therefore,
higher sublimation temperature compared to 2. Considering the
distance between the ice surface, from which the molecules are
subliming in the TPD phase, and the interrogating laser beam of
2 mm along with the average velocity of 1’ of 300 ms™' at 181 K,
the lifetime of 1’ in the gas phase has to be at least 7 ps to survive
the flight time from the ice surface to the photoionization region,
thus showing a kinetic stability of the diol 1’ in the gas phase as
demonstrated by a significant barrier of 191 kJ - mol~! hindering
unimolecular decomposition (Fig. 1).

Prior theoretical work has been devoted to exploring the stabil-
ity and catalytic decomposition dynamics of 1 (8-10, 25-29). Kent
et al. (9) suggested that, owing to the existence of an intramolecu-
lar hydrogen bond, tunneling of the hydroxyl proton is not
expected to play a role in the decomposition of 1 to water (HO)
and formaldehyde (H,CO). However, Francisco et al. challenged
this conclusion and computationally uncovered that tunneling
enhances the decomposition rate by one to nine orders of

1. J. L. Axson, K. Takahashi, D. O. De Haan, V. Vaida, Gas-phase water-mediated equilib-
rium between methylglyoxal and its geminal diol. Proc. Natl. Acad. Sci. U.S.A. 107,
6687-6692 (2010).

2. M.K.Hazra, J.S. Francisco, A. Sinha, Hydrolysis of glyoxal in water-restricted environ-
ments: Formation of organic aerosol precursors through formic acid catalysis. J. Phys.
Chem. A 118, 4095-4105 (2014).

3. B. Franco et al., Ubiquitous atmospheric production of organic acids mediated by
cloud droplets. Nature 593, 233-237 (2021).
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magnitude at atmospherically relevant temperatures of 200 K to
300 K (27). Tropospheric trace components such as water (H,O)
and formic acid (HCOOH) might lower the dehydration barrier
by 87 kJ - mol ™" to 155 kJ - mol~* (8, 25, 27). Furthermore, 1 may
even catalyze its own decomposition at temperatures below 280 K
(27). However, the ultrahigh vacuum (UHV) conditions of a few
10~ Torr of the studies presented here facilitate preparation and
identification of 1 in an anhydrous gas phase, thus opening up the
path to an experimental observation of the previously elusive,
simplest geminal diol: 1. This approach unlocks the preparation
and spectroscopic studies of a previously elusive class of organic
molecules—geminal diols—a group of atmospherically vital
molecules previously regarded “not to exist” without the sta-
bilization by electron pulling groups such as in chloral hydrate
[CCI;CH(OH),] (30). The insertion of O('D) into carbon-
hydrogen bonds of alcohols represents a versatile concept to
prepare and to spectroscopically characterize higher homologs of
1 via reaction with RCH,OH, with “R” defining an alkyl group. For
instance, if R = CHj, O(lD) can react with ethanol (CH3;CH,OH)
through insertion into the C—H bond of the CH, moiety yielding
the elusive 1,1-ethanediol [CH;CH(OH),J; O(*D) may also insert
into a C—H bond of the methyl group forming the well-known
isomer ethylene glycol (HOCH,CH,OH). This identification of
methanediol [CH,(OH),] 1’ along with the prospective prepara-
tions of higher-order analog geminal diols is expected to lead to a
better perception of the role of benchmark organic transients in
the Earth’s atmosphere.

The excited state dynamics leading to methanediol may also
form methanediol in methanol-rich interstellar ices (31) on inter-
stellar nanoparticles in cold molecular clouds by ionizing radiation
(32, 33). Once formed, the transition from the molecular cloud
phase to star-forming regions (33, 34), such as Sagittarius B2,
leads to sublimation of the ice components so that reactive inter-
mediates can be searched for in the gas phase by radio telescopes.
The recent detection of ethanolamine (NH,CH,CH,OH) (35) in
the Sagittarius B2 complex demonstrates the capability of the next
generation of radio telescopes to identify exotic molecules in deep
space. This offers a versatile strategy to first synthesize transient
molecules, such as geminal diols, prior to their search in star-
forming regions, eventually bringing us closer to an understanding
of the molecular structure and chemical bonding of exotic organic
molecules, which conventional wisdom suggests do not exist.

Materials and Methods

The experiments include preparation of CH3;OH and oxygen (O,) ice mixtures
as well as isotopically substituted counterparts ('*CH3;OH + O,, CD;0D + O,
CH3'80H + '80,) on a low-temperature (5 K) silver wafer in a UHV chamber at
base pressure of a few 10~"" Torr (36), irradiation of the ices with energetic
electrons to initiate chemical-bond cleavage processes and nonequilibrium
reactions, and heating the irradiated ices from 5 K to 300 K at a rate of
1 K - min~" (TPD) to sublime the solid-phase species (S/ Appendix, Table S1).
During the irradiation and TPD phases, the ices and sublimed molecules were
monitored via Fourier transform infrared spectroscopy and tunable vacuum
UV PI-ReTOF-MS, respectively (S/ Appendix, Tables $2-S4). Experimental and
computational details are available in S/ Appendiix.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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