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The presence of minerals in the prebiotic environment likely shaped the evolution of organic matter, thereby
contributing to the emergence of prebiotic systems. Records of such systems are lacking and the interactions
between abiotic organic matter and primary minerals remain poorly understood. Here, we demonstrate the
ability of olivine silicates, in simulated early Earth or planetary aqueous environments, to catalyse glyco-
laldehyde formation from only formaldehyde, and help producing sugars that are essential components for life,
through the formose reaction. By combining comprehensive gas chromatography analyses on experimental
samples with quantum chemical simulations, we provide a mechanism for an olivine-catalyzed glycolaldehyde
formation. Our findings suggest that olivine plays a triple role in the formose chemical network: maintaining an
alkaline pH, enabling the initiation step towards the formation of glycoladehyde (which is typically the most
challenging step) and promoting the autocatalytic cycle. These results open-up new scenarios on the impact of
primary minerals on the evolution of chemical pathways in aqueous environments that were probably essential

for the emergence of the first biomolecules.

1. Introduction

Sugars are important molecules of great biological significance for
Earth life. Found in cometary-like analogs (Meinert et al., 2016) and
carbonaceous meteorites (Cooper et al., 2001; Furukawa et al., 2019),
sugars may have played a pivotal role in the emergence of prebiotic
systems on Earth by being delivered through extraterrestrial materials.
However, sugars are unstable in aqueous environments (Larralde et al.,
1995), and any contributions to the origin of life would require a
continuous source of these compounds. In dedicated aqueous environ-
ments, the formation of sugars might have happened on early Earth or
other planetary surfaces. A plausible route for their formation may have
been the formose reaction that converts formaldehyde into more com-
plex sugars (Fig. 1) (Breslow, 1959; Butlerov, 1861). Formaldehyde is
thought to have been abundant on early Earth and has been recognized
for its prebiotic potential (Cleaves, 2008). However, the formose reac-
tion itself is not a straightforward or simple chemical reaction network
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and requires certain conditions to proceed efficiently. For example,
several parameters such as pH, temperature, or formaldehyde concen-
tration can either inhibit or promote sugar formation (see reviews by
Delidovich et al., 2014; Kopetzki and Antonietti, 2011; Mizuno and
Weiss, 1974). The presence of a catalyst, usually a mineral, is a key
condition to sustain the autocatalytic cycle for the aldol and retro-aldol
reactions to form carbohydrates (Cairns-Smith et al., 1972; Delidovich
et al., 2014; Gabel and Ponnamperuma, 1967; Lambert et al., 2010). In
addition to the catalyst, an initiator is also required for the
self-condensation of formaldehyde towards the first important and
simplest sugar of the autocatalytic cycle, glycolaldehyde (Kopetzki and
Antonietti, 2011). In the absence of glycolaldehyde, only the Cannizzaro
reaction, which results in the disproportionation of formaldehyde into
methanol and formic acid, occurs in aqueous formaldehyde solutions
(Schwartz and de Graaf, 1993). Moreover, the direct dimerization of two
formaldehyde molecules—two electrophiles—is very slow in water and
is deemed chemically unfeasible in the absence of a catalyst since
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deprotonation and polarity inversion (umpolung) is necessary. This slow
process has long been thought to make the formose reaction unlikely to
contribute to prebiotic systems. However, UV irradiated formaldehyde
solutions do produce highly branched sugars (Shigemasa et al., 1977)
likely via hydroxymethylene, as shown from gas-phase reactions (Eck-
hardt et al.,, 2018), making the activation of the formose reaction
possible in water (Ritson and Sutherland, 2012). Over the years, many
other agents including acids, salts, hydroxides, and minerals have been
tested to better constrain the mechanism of the formose reaction and its
limitations in solution (Kopetzki and Antonietti, 2011). Glycolaldehyde
itself was found to be the most efficient initiator, while calcium hy-
droxide (Ca(OH),), with its divalent cation that coordinates the enediol
forms of sugars, proved to be the optimal catalyst (Delidovich et al.,
2014; Kopetzki and Antonietti, 2011). Another approach involves a
mechanochemical sugar synthesis mediated by various minerals in
water-free, prebiotic geochemical settings, which has been demon-
strated to greatly minimize side and decomposition reactions (Haas
et al., 2020). However, none of these studies could accomplish an
effective formose reaction using solely formaldehyde in the starting
solution.

In this study, we aimed to explore the formose reaction under con-
ditions that could have been similar to various aqueous environments on
early Earth or other planetary surfaces such as Mars. We performed the
reaction in mid-temperature aqueous conditions (80 °C) with an ubiq-
uitous silicate mineral on early Earth formed in volcanic settings, i.e.
olivine (Miyazaki and Korenaga, 2022; Russell and Ponce, 2020). Our
approach allowed us to better understand how minerals can interact and
drive abiotic chemical reactions of prebiotic significance under realistic
geological settings, an area of research that is still in its early stages.
Olivine was found to effectively activate formaldehyde to form the
initial reactive intermediate, the glycolaldehyde monomer, enabling the
catalysis of the rest of the formose reaction cascade. Our detailed
analytical monitoring revealed the formation of various sugar and
sugar-related molecules exhibiting comparable molecular diversity to
the conventional calcium hydroxide catalyst. Through computational
surface modeling of olivine and its interaction with formaldehyde, we
have gained mechanistic insights of the molecular processes involved in
activating formaldehyde and the subsequent formation of glyco-
laldehyde, this way corroborating our experimental results. Transposing
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a plausible sugar reaction network to conditions relevant to early Earth,
with the majority of the key components and actors involved in these
reactions, is key to elucidate the chemical pathways that potentially
played a role in the emergence of self-organized chemical networks at
the origin of life.

2. Experimental
2.1. Material and methods

2.1.1. Hydrothermal alteration experiments

The Mg-rich olivine was obtained from San Carlos, Arizona (namely
peridot), and has an approximate composition of Mgj g 1 9Feg 2 .1SiO4.
The cm to mm-sized grains were washed several times with different
solvents including water (Milli-Q® grade, Direct, Merck, 18.2 MQ cm™),
dichloromethane (DCM, Sigma Aldrich-HPLC grade 99.8 %) and meth-
anol (Sigma-Aldrich HPLC grade 99.9 %) to remove external organic
contamination before grinding. The grains were then ground to micro-
meter size (<10 pm) to maximize their surface reactivity. The light-grey
powder was rewashed with DCM and methanol to further minimize
organic contamination, and then dried in an oven at 60 °C for 48 h.
Formaldehyde (in the form of polyoxymethylene, POM-grade 95-100
%), glycolaldehyde (under the form of dimer-grade 100 %), and calcium
hydroxide (grade 99.9 %) were purchased in the highest possible purity
from Sigma-Aldrich. The use of powdered POM was preferred over
aqueous solutions of paraformaldehyde to deliver formaldehyde, pri-
marily to minimize the potential presence of carbohydrate contami-
nants. Milli-Q® water used for the experiments was degassed with
nitrogen prior to utilization. The solutions were prepared in an anoxic
chamber under an argon atmosphere (>99.999 %, Air liquid ALPHAGAZ
1). Formaldehyde (F) concentrations were set at 10 g L‘l, olivine (O) at
100 g L1, glycolaldehyde (G) at 1 g L, and calcium hydroxide (o) at
1.5 g L-L. The total volume of the solutions was 1 mL, yielding a water-
to-rock ratio of 10. Solutions were all prepared in a glove box, loaded
into closed quartz cells, inserted into PTFE reactors, and made airtight in
hydrothermal reactors (Toption) under an argon atmosphere. The re-
actors were then removed from the glove box and placed in an oven at
80 °C for 2, 7 or 45 days (one solution for each duration). We tested
different combinations of reactants, O, F, FO, FG, FGO, Fa, FGa
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Fig. 1. Overview of the formose autocatalytic reaction network. The production of monosaccharides (grey area) and competing reaction pathways, such as the

Cannizzaro reaction that generates sugar acids and sugar alcohols, are illustrated.
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Table 1
Overview of samples studied in this work in anoxic conditions under hydro-
thermal alteration at 80 °C for different durations®.

sample  Composition Day 2 Day 7 Day 45
F formaldehyde F2 - F45
FG formaldehyde + FG2 (pH=  FG7 (pH = FG45 (pH
glycolaldehyde 4-5) 3-4) =4
(o) olivine 02 o7 -
FO formaldehyde + olivine FO2 (pH=  FO7 (pH = FO45 (pH
6-7) 6-7) =6)
FGO formaldehyde + FGO2 (pH FGO7 (pH FGO45
glycolaldehyde + olivine =7) =6-7) (pH=7)
Fa formaldehyde + Ca(OH), Fa2 (pH = Fa7 (pH = -
5-6) 5)
FGa formaldehyde + FGa2 (pH FGa7 (pH -

glycolaldehyde + Ca(OH), =6-7) =5)

# The pH was measured at the end of each experiment using pH test strips.

(Table 1). After the completion of the experiments, samples with min-
erals were centrifuged to separate the solids from the liquids (15 min at
13,000 rpm). The supernatants were recovered for the identification and
quantification of sugar and sugar-related compounds by multidimen-
sional gas chromatography. The solid residues were dried in an oven and
stored for further analyses.

2.2. Gas chromatographic analysis

From each sample, 20 pL were transferred into a Reactivial® and
dried under a gentle stream of nitrogen. To each vial, 50 pL of a 10 mg
mL-! methylboronic acid (MBA) solution in pyridine were added, stirred
for 10 s, and heated for 30 min at 60 °C. The samples were then allowed
to cool down to room temperature and carefully dried under nitrogen.
Subsequently, 50 pL of a 1:1 (v:v) mixture of trifluoroacetic anhydride
(TFAA) and ethyl acetate were added, stirred for 10 s and held at room
temperature for 1 h. The samples were finally thoroughly dried under
nitrogen and dissolved in 50 pL of ethyl acetate containing 10-° M
methyl myristate as an internal standard. Each sample was derivatized
in duplicate except for O and F blanks, which were derivatized once.

In addition, samples FGO2 (i.e., FGO with 2 days of reaction) and
FGo2 were derivatized with N, O-bis(trimethylsilyDtrifluoroacetamide
(BSTFA) and analyzed as described in Meinert et al.! to search for
additional sugar-related compounds and markers indicating the formose
reaction network. Briefly, 20 uL of FGO2 and FGua2 were dried under a
nitrogen stream and then silylated with 10 pL. BSTFA and 25 pL pyridine
for 2 h at 80 °C; then cooled to room temperature and evaporated to
dryness using a gentle stream of nitrogen. Finally, the derivatized
samples were dissolved in 30 pL of n-hexane containing methyl laurate
(5 x 10~ M) as internal standard.

Enantioselective analysis was performed using a GCxGC Pegasus IV
D instrument coupled to a time-of-flight mass spectrometer (LECO, St
Joseph, Michigan, USA). The MS system operated at a storage rate of
100 Hz, with 25-400 amu mass range. The detector voltage was set to
1650 V with a solvent delay of 12 min. The temperature of the ion source
and injector was set to 230 °C and the transfer line to 240 °C. A CP-
Chirasil-Dex CB column (24.80 m x 0.25 mm, film thickness 0.25 pm,
Agilent-Varian J&W, Santa Clara, California, USA) in the first dimension
connected via a SilTite p-Union connector (SGE, Restek) with a DB Wax
column (1.55 m x 0.1 mm, film thickness 0.1 pm) in the second
dimension were used. Modulation between the columns was provided by
a two-stage thermal jet modulator using liquid nitrogen with a modu-
lation time of 5 s. Helium was used as carrier gas at a constant flow rate
of 1.2 mL min!. Samples were injected in splitless mode through an
Agilent autosampler. The temperature of the primary column was held
at 55 °C for 1 min, increased to 85 °C at a rate of 10 °C min~! and held for
8 min, then increased to 125 °C at a rate of 2 °C min~! with an isothermal
hold of 8 min, further increased to 170 °C at a rate of 2 °C min™!, and
finally heated to 190 °C at a rate of 10 °C min! and held for 5 min. The
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secondary oven used a constant temperature offset of 25 °C and the
modulator temperature was set 15 °C above the secondary oven tem-
perature. The ChromaTOF™ software from LECO Corp. was used to
identify and quantify the sugar and sugar-related analytes. Identification
of sugar and sugar alcohols was performed comparing retention times
and mass fragmentation patterns with those of reference standards
analyzed under identical conditions (Table S2,3). The integration range
was manually changed during the quantification process to correct the
automatic data processing when necessary. Quantification of sugars and
sugar-related molecules (Table S1) was achieved through a three-point
(days 2 and 7) as well as a four-point external calibration curve (day 45).

2.3. Microscopic electronic analysis of solid altered samples

Transmission electron microscopy (TEM) microanalyses were con-
ducted at the CINAM laboratory on individual particles from sample
FO2 using a JEOL JEM 2011 TEM fitted with a Bruker X-Flash Silicon
Drift Detector 5030. The beam diameter was set to ~20 nm (200 [o\) in
order to reach the smallest particles. The constant beam density was ~
63.5 pA em.

2.4. Computational methods

Density functional theory calculations were performed using the
projector-augmented wave (PAW) approximation (Blochl et al., 1994;
Kresse and Joubert, 1999) and the Perdew-Burke-Ernzerhof (PBE)
density functional theory (DFT) method (Perdew et al., 1996) as
implemented in the Vienna Ab Initio Simulation Package (VASP, version
6.3.0) (Kresse and Furthmiiller, 1996a, 1996b; Kresse and Hafner,
1993), using a k-point density of 20 k-points A based on a convergence
criterion of 1 meV atom . To better describe long-range van der Waals
interactions, a dispersion correction term was added using the D3
method of Grimme with zero-damping function (Grimme et al., 2011).
To account for the high correlation of p-electrons of olivine’s O atoms,
Dudarev’s rotationally invariant DFT+U approach was used, with a
correction of 11.61 eV; this value was obtained by performing a
self-consistent linear response approach (as introduced by Cococcioni
and de Gironcoli, 2005) on the unit cell of Mg-pure olivine (obtained via
the Materials Project (Jain et al., 2013), id mp-2895, hereby referred to
as bulk). A I'-centered 6 x 4 x 1 k-point grid was used for bulk calcu-
lations. The bulk structure was optimized by plotting the cell volume
with respect to the total energy using a Birch-Murnaghan equation of
state, resulting in the lattice parameters a, b and c of 4.730 fo\, 5.928 A
and 10.114 A, respectively. Periodic slab calculations were performed
using ap(2 x 1) supercell of a 11 A-thick non-polar, symmetric 84-atom
(120) surface unit cell constructed from the bulk structure by cleavage
along the ionic Mg?*-0?" interactions while keeping the covalent bonds
within the $i04~ subunit intact, using an own-developed Python algo-
rithm based on the pymatgen Python library (Ong et al., 2013). A vac-
uum of at least 15 A was added in the direction perpendicular to the
surface to avoid spurious interactions between slabs in neighboring
calculation cells. In all calculations involving the slab, the first Brillouin
zone was explored using a I'-centered 4 x 1 x 1 k-point grid. Given the
defect-abundant nature of the surface, geometry-guided identification of
binding sites for formaldehyde was performed through a
triangulation-based process often used in materials chemistry: in this, a
two-dimensional Delaunay triangulation is generated in the ab plane,
consisting of a network of triangles where triangle vertices, edge mid-
points and centers closely resemble classical atop, bridge and fcc/hcp sites
on closely packed solid surfaces, respectively. This process was chosen
over both a grid of equally spaced points or a random distribution given
its proven success in the determination of adsorption energies on solid
surfaces with little human bias (Montoya and Persson, 2017). In total,
this high-throughput approach yielded 64 potential adsorption sites
where formaldehyde could adsorb. Preliminary adsorptions of the
formaldehyde molecule atop all identified surface sites was carried out
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by placing the formaldehyde molecule facing O-down 3 A away from the
surface, and optimizing using the Broyden-Fletcher—Goldfarb-Shanno
(BGFS) algorithm implemented in the Atomic Simulation Environment
(ASE) (Hjorth Larsen et al., 2017) and the periodic GFN1-xTB semi--
empirical algorithm developed by Grimme et al. (2017). Given their
high distance from the adsorbates in the proposed reaction mechanism,
slab atoms at the bottom 3 layers were kept frozen at their bare-slab
optimized positions, while the topmost 2 atomic layers were allowed
to relax freely. Frequency calculations of all reaction intermediates were
performed to confirm their stationary nature and compute thermo-
chemical corrections. In this case, Gibbs corrections to the potential
energy were calculated including the zero-point energy (ZPE), vibra-
tional enthalpy and entropy terms obtained by means of the Thermo-
chemistry module implemented in ASE, at the experimental temperature
of 80 °C (353 K) and a partial pressure of 1 atm for all molecular species
involved. Atomic charges were calculated by approximating them to the
sum of the charge density within a region surrounding the atoms and
enclosed by a surface delimited by a zero-flux charge density, as
depicted in the Bader or atoms-in-molecules theory (Tang et al., 2009).
Adsorption Gibbs free energies of all intermediates were calculated as:

AG = G, — G, — nGy,co

Where G., is the Gibbs energy of the adsorption complexes of interest,
G. is the Gibbs energy of the bare slab, Gg,co is the Gibbs energy of the
formaldehyde molecule in the gas phase, and n is the number of form-
aldehyde molecules contained in the system of interest.

All computational data reported in this work, including geometrical
and energy data of all simulated structures, can be accessed via the
following ioChem-BD online dataset, DOI: 10.19061/iochem-bd-6-243.

3. Results and discussion
3.1. Olivine-catalyzed sugar formation from formaldehyde

A set of experiments was conducted where we replicated hydro-
thermal conditions using separate anoxic reactors (see methods) to
examine the prebiotic potential of the formose reaction. These experi-
ments differed in their composition of formaldehyde (F), glycolaldehyde
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(G), calcium hydroxide Ca(OH), (), olivine (O), as well as the duration
of the reactions (as shown in Table 1). The formation of sugars and
sugar-related compounds was closely monitored throughout the exper-
iments after 2, 7 and 45 days using comprehensive gas-chromatography
coupled to time-of-flight mass spectrometry (GCxGC-TOFMS). The
primary focus of our study was to determine the efficacy of olivine as a
catalyst for the formose reaction, even in the absence of both an initi-
ator, such as glycolaldehyde, and a conventional base catalyst.

We found that olivine can promote the formose reaction, not only
when starting from a solution of formaldehyde and glycolaldehyde
(FGO, Fig. S1), but also when initiated solely from formaldehyde solu-
tions (FO, Fig. 2). The occurrence of the reaction has been demonstrated
by the detection of molecular markers. These specific compounds or
intermediates that are formed during the reaction can be used to trace
specific chemical pathways involved in the progression of the formose
reaction (Fig. 1). One such marker is the formation of various higher-
carbon sugars, including ribose and glucose, which are definitive out-
comes of the formose reaction. The FO samples exhibited the presence of
glycolaldehyde and dihydroxyacetone, serving as the initial reactive
intermediates that enable the rest of the formose reaction cascade. The
identification of various configurational isomers of C3 to C6 sugar and
sugar alcohols provided further evidence supporting the catalytic ac-
tivity of olivine (Fig. 2, Table S1). Additionally, a qualitative examina-
tion of sugar acids and other relevant formose reaction products, such as
the abundant Cannizzaro products 2-hydroxymethylglycerol (HMG) and
2-hydroxymethyltetritol (HMT) (Shigemasa et al., 1977), confirmed the
intricate chemical network typically associated with the formose reac-
tion (Table S2).

In the absence of olivine, solutions containing formaldehyde and
glycolaldehyde (FG) were found to be much less efficient in generating
higher sugars. Within a 2-day reaction period, the FG2 sample was
limited to sugars with a maximum of 4 carbon atoms and minor amounts
of arabinose -a C5 sugar (Table S1). Even with an extended reaction time
of 45 days, the chemical reaction in the FG samples was ineffective to
yield significant amount of higher sugar and sugar-related molecules,
including those with five or six carbon atoms (Fig. 3). Control experi-
ments of formaldehyde (F) and olivine (O) in separate reactors sup-
ported the conclusion that olivine exhibited catalytic activity towards
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Fig. 2. Olivine-catalyzed sugar formation in a hydrothermally altered formaldehyde solution. Two-dimensional gas chromatogram of the sugar products after 2 days
of hydrothermal alteration of formaldehyde in the presence of olivine (FO2). The sugars are resolved on a Chirasil-Dex column in the first dimension (D) coupled to a
DB Wax in the second dimension (°D) as MBA-TFA derivatives (see Methods). Mass-to-charge ratios m/z 84, 85, 97, 113, and 127 are displayed.
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formaldehyde due to the absence or very low abundances of higher-
carbon sugars in these samples (Fig. 3). Due to the detection of glyc-
erol in the olivine sample (O) and the potential for contamination during
the experiments, the evolution of glycerol content in the different
samples, as reported in Table S1, is not depicted in Fig. 3.

3.2. Comparing the catalytic sugar production with olivine vs calcium
hydroxide

We compared our findings using olivine as a catalyst with hydro-
thermal alteration experiments that employed the traditional Ca(OH),
catalyst (o) for the formose reaction. In general, we identified various
sugar and sugar-related molecules ranging from 3 to 6 carbon atoms in
both sets of samples, indicating comparable molecular diversity (Figs. 3
and S2). However, when it came to the quantitative production of
sugars, the mixtures containing formaldehyde and glycolaldehyde in the
presence of calcium hydroxide (FGa) were more efficient compared to
the same initial reagents in the presence of olivine (FGO). On the other
hand, the overall sugar production in the olivine-catalyzed solution of
formaldehyde only (FO2) proceeded at a faster rate than in the calcium
hydroxide-catalyzed formaldehyde solution (Fa2). The initiation of
formaldehyde by olivine in the absence of glycolaldehyde was highly
efficient after just 2 days (FO2), whereas the production of larger sugar
species with calcium hydroxide occurred only after longer reaction
times (Fa7).

Due to the favorable conditions of the formose reaction in slightly
alkaline environments (Kopetzki and Antonietti, 2011), Ca(OH),, serves
as both a catalyst and a pH “buffer” of the formose reaction. Achieving
alkaline conditions is also possible through the use of olivine. In our
experimental system, olivine dissolution was observed due to the small
grain size (<10 um) and moderate temperature conditions (Oelkers
et al., 2018). Microscopic analysis after 2 days of reaction revealed the
presence of phyllosilicates in proximity to the original olivine grains
(Fig. S3), indicating a serpentinization process that transforms the
olivine. This dissolution process acts as a buffer by consuming H'" during
silicate dissolution and releasing ions such as Mg?" and Fe?" (Oelkers
et al., 2018). A possible dissolution reaction for olivine can be (if the
reaction is total, which is never the case) : 2 Mgj gFep 2SiO4 + 3H20 — [
2 (Mg?1.g + 2 (Fe? Mg + 2 Si0F~ + 3H20] — (Mgy6,Feq.4)Sin0s5(0OH)4
(serpentine) + Mg(OH)3 (brucite). After the completion of the reactions,

the pH of FO and FGO samples was still close to neutral pH, while the pH
of the F and FG samples, which lacked olivine, measured between 4 and
5. For the FGa sample, initially possessing a pH of 10 due to calcium
hydroxide, the pH dropped to 5-6 after 2 and 7 days. The presence of
olivine, which maintains a neutral to slightly alkaline pH, thus promotes
the production of sugars up to C6 after 2 days of reaction. In contrast, in
the absence of olivine under more acidic conditions, only C3 and C4
sugars are formed in the FG samples. However, the role of olivine ex-
tends beyond pH regulation, as the MgZ"and Fe?* cations released from
its dissolution likely function as chelators for enediolate intermediates,
similar to the demonstrated role of Ca®" in previous studies (Gabel and
Ponnamperuma, 1967; Mizuno and Weiss, 1974). In our conditions, the
phyllosilicates formed can also facilitate aldol reactions by interacting
with glyceraldehyde or aldohexoses/pentose through van der Waals
forces at their surface (Kleber et al., 2015).

3.3. Sugar diversity and their evolution over time

In addition to the sugars/sugar alcohols and sugar acids reported in
Table S1 and Table S2, respectively, numerous other sugar compounds
and related molecules were detected in the hydrothermally altered
samples. However, the complex nature of these mixtures posed chal-
lenges in the chromatographic analyses and their identification, thereby
limiting the number of monitored formose products, in addition to the
lack of standards. Nevertheless, the variety of compounds identified in
this study exhibited significant heterogeneity. These compounds
comprised not only aldoses but also other relevant sugar-related com-
pounds like alcohols and hydroxycarboxylic acids that are essential of
contemporary metabolism (Omran et al., 2020).

The formose reaction is known to exhibit regioselectivity, which
refers to the preferential formation of specific regioisomers during the
reaction (Delidovich et al., 2014; Robinson et al., 2022). Our study
suggests a regioselectivity among the C5 sugars favoring xylose and
arabinose over lyxose and ribose in both calcium hydroxide and
olivine-catalyzed reactions. However, further studies are required to
validate this trend.

After 2 days of hydrothermal alteration, a decrease in both the di-
versity and quantity of sugars, primarily -oses, was observed across all
samples, except for Fa, despite no significant change in pH of the cata-
lyzed samples (Table 1). Upon alteration times of 45 days, the identified
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molecules remaining in the samples containing olivine (FO45, FGO45)
predominantly comprised C4 sugar alcohols (Fig. 3B), generated in
significant amounts through the Cannizzaro reaction (Fig. 1). Previous
research has indicated that even minute quantities of naturally occur-
ring carbohydrates (in the parts per million range) can serve as sufficient
catalysts for initiating the formose reaction (Delidovich et al., 2014;
Socha et al., 1980). However, our experiments employing only formal-
dehyde (F2 and F45) demonstrated that the amount of glycolaldehyde
produced under such conditions was insufficient to effectively trigger
the formation of higher sugar molecules. Instead, the Cannizzaro reac-
tion operated as an alternative pathway. Even when glycolaldehyde was
added to formaldehyde, the predominant products were C3 sugars in the
absence of any catalyst, even with prolonged reaction times
(FG2-FG45).

3.4. Mechanistic insights into formaldehyde activation on olivine surfaces

Based on our experimental results, we employed quantum chemical
simulations to gain detailed atomistic insights into the processes studied,
with a specific focus on the initiation of the formose reaction involving
the condensation of two formaldehyde molecules. The olivine surface
was modelled using a (120) crystalline slab model (Fig. 4a), derived
from Mg-pure olivine (i.e., forsterite, Mg2SiO4). This surface termination
is theoretically predominant in olivine nanoparticles (Bruno et al., 2014)
and exhibits a nearly uniform distribution of potentially active Lewis

a b H

-1.29
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acidic (Mg2+) and basic (027) surface sites, which have been demon-
strated to be crucial in the Mg-silicate-catalyzed ethanol condensation
step in the Lebedev process (Chung et al., 2023) .

We first assessed the adsorption of formaldehyde on 64 representa-
tive surface sites (Fig. S4a) obtained through triangulation (see
Methods). The proximity of surface Mg?t and O?sites promotes the
adsorption of formaldehyde, where the oxygen atom of formaldehyde
binds to a Mg2+ site, and the carbon atom interacts with an 0> site,
resulting in an activated carbonyl species with enhanced reactivity.
Potential competitivity with water towards adsorption on the selected
active site was assessed by replacing the formaldehyde species with a
single water molecule occupying the same Mg?" binding site (as
depicted in Fig. S5). This reveals water and formaldehyde adsorption to
be almost equally favored on the surface at the experimental conditions,
as they display similar potential binding energies of —32.05 and —31.13
keal mol ™!, respectively. indicating a likely coexistence between form-
aldehyde and water on the surface. Subsequently, we investigated the
capacity of the basic surface O~ sites to dehydrogenate the activated
formaldehyde. For this purpose, we selected a specific adsorbed form-
aldehyde molecule positioned near an 0%~ surface site (I1, Fig. 4b) with
one of the most favorable adsorption energies (—14.14 kcal mol
Fig. 4c). Our calculations show that the surface O?>~ can exergonically
abstract a hydrogen atom from formaldehyde, yielding a carbonyl-ene-
like species interacting with two surface Mg?" sites via the oxygen
and carbon atoms (I2, Fig. 4b). The energetic analysis of this
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Fig. 4. Exploring the catalytic potential of olivine surfaces through computational insights. a, Side view of the unit cell of the Mg-rich olivine surface model used for
simulations. b, Representations of the stationary points identified in the proposed mechanism, namely, in the activation and deprotonation of formaldehyde on the
surface in a low coverage regime (I1, TS1 and I2) and in the condensation of formaldehyde within a high coverage regime (I2’, TS2 and P). Relevant atomic charges
are represented in italics beside each atom in their respective color. ¢, Calculated free energy profile (in kcal mol~! and T = 353 K) of the proposed reaction pathway
for the formation of glycolaldehyde. Labels of the species are referenced to those in panel b. d, Top view of the cumulative charge density difference between the
adsorbed species and the surface of TS1. A net gain and loss in charge density is denoted in blue and red, respectively. Relevant atoms are denoted as dots in the

ab plane.
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deprotonation process reveals the presence of a transition state (TS1,
Fig. 4b) with an intrinsic Gibbs energy activation barrier of 11.72 kcal
mol ™!, which can be overcome under our experimental conditions
(80 °C). Notably, the presence of an activated carbonyl-ene species has
been shown to be crucial for the reactivity with formaldehyde, leading
to the formation of glycolaldehyde in the gas phase (Eckhardt et al.,
2018). To explore this further, we simulated the reaction between the
deprotonated formaldehyde with a physisorbed (non-deprotonated)
formaldehyde molecule on the surface. In this scenario, we considered a
high coverage regime where all the adsorption sites surrounding the
deprotonated formaldehyde are saturated by other adsorbed formalde-
hyde species (as depicted in Fig. S4b) which is more consistent with the
experimental conditions compared to a low coverage regime. Within this
model, a subsequent formaldehyde molecule can be exergonically sta-
bilized atop the ligand phase (I2’, Fig. 4b), enabling it to react with the
deprotonated formaldehyde and yielding glycolaldehyde in a highly
exergonic process through a transition state (TS2, Fig. 4b) with an
intrinsic Gibbs energy barrier of 3.39 keal mol ! (Fig. 4c).

The catalytic activity of the surface in activating and deprotonating
formaldehyde was assessed by analyzing the charge density difference
between the adsorbates and the surface in TS1 (Fig. 4d). This revealed a
decrease in charge density in the C,—H, bond of formaldehyde upon the
transfer of Hy to Op (red area between C, and Hy). This is followed by an
increase in charge density between C, of formaldehyde and the nearest
surface Mg2+ atom (blue area between C, and Mgg). Thus, the surface
induces a polarity inversion on the deprotonated formaldehyde, which
promotes the umpolung mechanism necessary for the condensation of
formaldehyde towards glycolaldehyde. This demonstrates the necessity
of surface sites with enhanced acidity and basicity in promoting the
activation of formaldehyde, rendering Earth- and space-abundant sili-
cates exceptional initiators and catalysts for the formose reaction.

4. Concluding remarks and broader application of silicates in
prebiotic systems

This research demonstrates the significant role that abundant min-
erals found on planetary surfaces, specifically olivine silicates, may have
played in the chemical reactions involved in the evolution of prebiotic
systems in early Earth’ aqueous environments. The presence of olivine
allowed the formose reaction, leading to the formation of sugars and a
wide range of sugar-related molecules typically linked with the occur-
rence of a formose network. While the catalytic effect of olivine on the
auto-catalytic cycle is likely due to its ability to stabilize enediol forms
with Mngr (Gabel and Ponnamperuma, 1967; Mizuno and Weiss, 1974),
the mechanism behind the initiation step has remained unknown. Our
study highlights that olivine (Mg-rich) can initiate the reaction, only
from formaldehyde, an initiation step usually achieved via the addition
of other carbohydrates, or the use of photochemistry (ultra-violet irra-
diation). Our theoretical work provided insight into a plausible mech-
anism whereby the olivine surface deprotonates formaldehyde and
enables its dimerization. This mineral surface-assisted mechanism rep-
resents a non-radical pathway that overcomes the unfavorable initiation
step of the formose reaction, as confirmed experimentally and through
quantum mechanical calculations. The olivine dissolution also main-
tained the solution at an elevated pH compared to solutions lacking
olivine, which promoted further progression of the reaction. As
demonstrated here, neither glycolaldehyde nor calcium hydroxide alone
proved as effective in initiating, catalyzing, and buffering the entire
formose reaction as olivine.

Furthermore, despite the formose reaction being generally consid-
ered non-selective, it has been observed that the reaction can exhibit
different self-organization patterns depending on the environmental
conditions (Robinson et al., 2022). For instance, previous research
demonstrated that certain chemical pathways of the formose reaction
can be influenced to yield specific product compositions through a
driving force (Robinson et al., 2022; Surman et al., 2019). Expanding on
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this concept, we propose that minerals like olivine, present in diverse
environmental settings, could potentially guide the formose reaction
towards the preferential formation of individual sugars, as indicated by
the varying yields of sugars with the same number of carbon atoms
observed in our study. However, this hypothesis requires additional
dedicated investigations with other mineral composition, may be
enriched in iron (Peters et al., 2023) and conducting comprehensive
analyses of the reaction products. Additionally, our experiments high-
light the challenge of maintaining sugar stability in aqueous environ-
ments. To address this concern in prebiotic scenarios, sugars can be
rapidly utilized in subsequent chemical reactions, stabilized through
interactions with other molecules (Kim et al., 2011), or continuously
regenerated in volcanic settings through the interaction of formaldehyde
and olivine, as demonstrated in our study.

The discovery of the influence of mineral activity on a well-known
chemical reaction such as the formose reaction, which holds signifi-
cant importance in prebiotic contexts, represents a notable advancement
in our understanding of how abiotic reactions can be influenced by the
surrounding mineral environment (Rimola et al., 2019; Vinogradoff
et al., 2020). Indeed, the mineral can activate specific molecules and
allow them for further chemical reaction without other energy source
(such as photochemistry). The formose reaction’s role in establishing an
autocatalytic system for prebiotic chemistry, in addition to its contri-
bution to sugar formation, positions minerals as crucial components of
prebiotic environments. By applying similar approaches to other reac-
tion networks that are relevant to prebiotic conditions (Miller, 1957), we
can gain new insights into the synthesis of life’s fundamental building
blocks and the development of dynamic chemical networks in specific
environments (Danger et al., 2022).

Supplementary files

The supplementary files include tables of sugar identification and
quantifications for all samples, additional figures of hydrothermally-
altered samples using multidimensional gas-chromatography coupled
to time-of-flight mass-spectrometry analyses; the characterization of
hydrothermally-altered samples by TEM and additional representations
of the surface models used in simulations are shown.
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