An assessment of stoichiometric autocatalysis across element groups
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Abstract

Autocatalytic chemical reaction systems have been proposed to play critical roles during the
transition from an abiotic world to one that contains living systems. These proposals are at odds
with a limited number of known examples of abiotic (and in particular, inorganic) autocatalytic
systems that might reasonably function in a prebiotic environment. In this study, we broadly
assess the occurrence of stoichiometries that can support autocatalytic chemical systems through
comproportionation reactions. If the product of a comproportionation process can be coupled
with an auxiliary oxidation or reduction pathway that furnishes a reactant, then a candidate
comproportionation-based autocatalytic cycle (CompAC) structure can exist. Using this strategy,
we surveyed the literature and chemical databases for reactions that can be organized into
CompACs that consume some chemical species as food to synthesize more autocatalysts. 226
CompACs and 44 Broad-sense CompACs were documented, and it was found that each of the 18
groups, lanthanoid series, and actinoid series in the periodic table has at least two CompACs.
Our findings demonstrate that stoichiometric relationships underpinning abiotic autocatalysis
could broadly exist across a range of geochemical and cosmochemical conditions, some of which
are substantially different from the modern Earth. At the same time, the observation of some
autocatalytic systems requires effective spatial or temporal separation between the food
chemicals while allowing comproportionation and auxiliary reactions to proceed, which may
explain why naturally occurring autocatalytic systems are not frequently observed. The collated
CompACs and the conditions in which they might plausibly support complex, “life-like”
chemical dynamics, can directly aid an expansive assessment of life’s origins and provide a
compendium of alternative hypotheses concerning false-positive biosignatures.
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1. Introduction

Autocatalysis is usually defined as the phenomenon where the product of a single- or multi-step
reaction also catalyzes that same reaction (IUPAC, 1997a), and is a shared feature of all living
organisms. Reproduction is by definition a form of autocatalysis, and there are numerous
examples of autocatalytic relationships that underpin metabolic processes (Kun et al., 2008; Roy
et al., 2021), all of which are regulated by highly specialized organic polymers, e.g., proteins.
Considering the similarity of dynamic behaviors afforded by biotic and abiotic autocatalytic
systems, multiple studies have suggested that abiotic autocatalysis played critical roles prior to
the establishment of life’s characteristic sequence-specific, polymer-regulated autocatalysis
(Blokhuis et al., 2020; Breslow, 1959; Coldn-Santos et al., 2019; DeAngelis et al., 1986;
Hunding et al., 2006; Kahana and Lancet, 2021; Kauffman, 1986; Liu et al., 2022; Peng et al.,
2022, 2020; Sousa et al., 2015; Steel et al., 2020; Ulanowicz et al., 2014; Weber et al., 1989;
Xavier et al., 2020).

Attributes typically associated with living organisms such as multistability, competition,
mutualism, predation, the priority effect, gradual complexification, and adaptive responses to
selection, can readily emerge from interacting abiotic autocatalytic reaction systems that do not
involve macromolecules (Cornish-Bowden and Cadenas, 2020; Ganti, 2003; Hunding et al.,
2006; Peng et al., 2023, 2022, 2020). The Belousov-Zhabotinsky reaction is a classic example of
an autocatalytic reaction network generated from the aqueous combination of a few simple
organic and inorganic reagents that yields bistability and chemical oscillations (Zhabotinsky,
2007). Epstein and Huskey demonstrated in 1989 an apparent bistability in the formose reaction,
a well-known example of autocatalysis relying on the simple feedstock molecule formaldehyde,
and is a reaction often cited as a source of ribose being implicated in a variety of reported
prebiotic nucleotide syntheses (Huskey and Epstein, 1989; Tran et al., 2020). The Grzybowski
group in 2010 harnessed the pH oscillations of the autocatalytic formaldehyde-sulfite-
gluconolactone (FSG) reaction to induce temporal and spatial periodic transitions between fatty
acid vesicles and micelles (Lagzi et al., 2010). The Whitesides group in 2016 engineered an
autocatalytic reaction network capable of bistability and oscillatory behavior based on simple a-
aminothioesters, disulfides, electron-deficient olefins and the auto-amplification of cysteamine
(Semenov et al., 2016). A recent study in 2022 by Mufuzuri and Pé&ez-Mercader demonstrated
that a number of these behaviors become apparent in systems with as few as three unique
molecular compounds, provided there are both Hopf and Turing instabilities present (Mufuzuri
and Pé&ez-Mercader, 2022).

It seems likely that examples of primitive “life-like” autocatalytic systems that can be generated
from only small-molecule reactions will become increasingly more common, at least in the
laboratory setting; but the question still remains — how probable are abiotic autocatalytic
networks, especially in the context of natural environmental settings like those of early Earth?
The unique capabilities of autocatalysis make a compelling case for assessing their generic
pervasiveness, but searching for autocatalytic systems is an inherently difficult problem (Arya et
al., 2022). It has been shown that recognizing autocatalysis in chemical reaction networks is an
NP-complete problem (Andersen et al., 2012). If no autocatalytic system is detected in a given
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reaction network, it is also correspondingly difficult to ascertain whether some reactions are
capable of forming an autocatalytic system by the inclusion of a few more reactions or the
provision of new reagents. This analytical opacity presents a specific challenge towards
assessing the roles and pervasiveness of autocatalysis during life’s origins, or within any
naturally occurring (abiotic) systems of sufficient or even mild analytical complexity.

The pervasiveness of prebiotic autocatalysis remains an open debate even after decades of study,
simply in part because not many functional examples of abiotic, especially inorganic
autocatalytic systems are identified (Hanopolskyi et al., 2021). Further compounding the
problem is the fact that some autocatalytic reaction networks may require spatial and/or temporal
separation of components in order to operate, and recognition of these unique situations may
easily elude analytical scrutiny. In comparison, biochemistry is replete with autocatalytic
systems that afford vital metabolic functions via enzymatically constructed substrates and
reaction pathways that are themselves regulated by the autocatalytic production of co-occurring
catalytic polymers (Sousa et al., 2015). As a result, some researchers have suggested that abiotic
autocatalytic reaction networks, lacking the custodianship of Darwinian natural selection, must
be comparatively few and far between, and are therefore sparse in the chemical probability space
(Orgel, 2008; Schnitter et al., 2022).

Assessing whether abiotic autocatalysis is i) truly rare, or ii) is in some ways limited to, or more
pronounced in, chemical compounds of a given composition or class, would greatly aid in the
development of new experimental designs for prebiotic autocatalytic protocols in the laboratory,
as well as in the estimation of the emergence of autocatalysis in yet-to-be determined
exoplanetary or otherwise exotic astrochemical environments. The search for plausible prebiotic
autocatalytic systems has been generally centered on carbon-mediated cycles, because biological
autocatalysis largely relies on organic substrates mediated by linear polymers, e.g., proteins and
nucleic acids. No reason has been unequivocally enunciated, however, to ignore wholesale other
elements and inorganic compounds that might have scaffolded life’s origins terrestrially or
elsewhere in the cosmos (Blokhuis, 2019). For example, complex functions, though seemingly
requiring diverse and highly evolved catalytic polymers, may be partially — albeit imperfectly —
undertaken by inorganic catalysts (e.g., metal ions) and interactions between simple autocatalytic
cycles (Cornish-Bowden and Cadenas, 2020; Ganti, 2003; Hunding et al., 2006; Kahana and
Lancet, 2021; Muchowska et al., 2020, 2017; Peng et al., 2023, 2022, 2020; Plum and Baum,
2022). It is also possible that other pathways to alternative, non-Terran examples of life-like
systems can arise under laboratory or exoplanetary/astrochemical conditions that largely deviate
from terrestrial environments (Kawai et al., 2013; McKay, 1998; Stevenson et al., 2015).

Herein, we focus on a specific type of reaction — comproportionation — to outline one possible
strategy for enumerating chemical reaction networks with autocatalytic motifs across the
periodic table. Comproportionation (alternatively referred to as con-, sym-, or
synproportionation) is typically defined as when two chemical species containing the same
element with different oxidation numbers react to yield a product species with the same
intermediate oxidation state (IUPAC, 1997b, 1997c) (Fig. 1A). Comproportionation reactions are
a potentially interesting basis for assessing autocatalysis because they combine two general
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attributes of cellular biochemical systems: i) reactions driven by electrochemical potentials
(redox reactions) to yield reduced or oxidized product(s) and ii) stoichiometric (potentially
autocatalytic) amplification of those products. A stoichiometric autocatalytic cycle can be
formed by coupling a comproportionation process with either an auxiliary oxidation (Fig. 1B) or
reduction pathway (Fig. 1C) to form a loop that amplifies the intermediate-oxidation-state
species and either the most oxidized- or reduced-state species, respectively. Such an autocatalytic
cycle herein is termed a Comproportionation-based Autocatalytic Cycle (CompAC).
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Fig. 1. Conceptualization of Comproportionation-based Autocatalytic Cycles (CompACs).
(A) For an element/compound M that can take three or more oxidation states (Lo = lowest
oxidation state, Med = intermediate oxidation state, Hi = highest oxidation state),
comproportionation between oxidized M and reduced M"° produces two intermediate-state
MMed plus any associated waste products (Xcomp,m). Note that for some comproportionation
reactions, the stoichiometry may be different; for example, one MY may comproportionate with
two M while consuming an additional food species Fcomp: MM + 2M“° + Feomp — 3MMed +
Xcompm. (B) An oxidative auxiliary process utilizes an oxidant to oxidize an MM® to an M"": the
result is an oxidative CompAC. (C) A reductive auxiliary process utilizes a reductant to reduce
an MMed to an M"; the result is a reductive CompAC. Autocatalysts reside on the cycles and are
underlined; intermediate-state, the most oxidized, and the most reduced M’s are highlighted
purple, red, and gold, respectively; oxidant and reductant food of the auxiliary processes are
highlighted blue and green, respectively; waste products are highlighted grey.

We developed a specific search strategy for CompACs and used this strategy to document 226
CompACs across 46 elements from the literature published during the past two centuries. Each
of the 18 groups, lanthanoid series, and actinoid series in the periodic table has the potential for
multiple CompACs. We also documented 44 prospective abiotic autocatalytic cycles that do not
necessarily involve redox reactions but can be interpreted as Broad-sense CompACs, if an
infrequent definition of “comproportionation” that only considers stoichiometry is applied
(Greenwood and Earnshaw, 1997, p. 694; IUPAC, 1997c, 1997b; Schmidt and Siebert, 1973, p.
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849). We demonstrate that autocatalysis is likely a broadly existing phenomenon, as it can be
manifested by multiple sets of reaction rules, under a wide variety of conditions, and through the
coordination of relatively small numbers of reactions between simple chemical species.
Reconceptualizing the parameter space of environmental conditions under which autocatalytic
dynamics are more easily observable may enable researchers to access ACs under a broader
array of laboratory conditions.

2. Results

Following the formalism of CompACs described above (Fig. 1), we collated comproportionation
reactions on an element-by-element basis from literature and databases, including primary
literature that reported experimentally confirmed reactions as well as secondary literature such as
reviews, textbooks, handbooks of chemical reactions and substances, and the Reaxys database
(https://www.reaxys.com/). Specifically, all candidate reactions retrieved from the Reaxys
database were cross-checked with primary literature sources. Auxiliary reaction pathways that
lead from the intermediate-oxidation-state product of comproportionation to one of the reactants
of comproportionation were similarly collected and collated. Although all of these reactions are
known to occur, only a very limited number of combinations of them, such as the Belousov-
Zhabotinsky reaction (Zhabotinsky, 2007), the chlorite-iodide reaction (De Kepper et al., 1990),
and the formation of colloidal mercury in a Hg?*-Fe?* system (Raposo et al., 2000), have been
explicitly reported as cases of autocatalysis. This search strategy for CompACs brings the
advantage of providing a simple and generalized framework for identifying stoichiometric
autocatalytic motifs across different elements, according to current knowledge, without explicit
reference to terrestrial prebiotic plausibility.

We documented 226 CompACs across the periodic table (Table 1, Table S1, Supplemental
Information 3). At least two CompACs are documented for each of the 18 groups, lanthanoid
series, and actinoid series in the periodic table. Of these, most CompACs are composed of two
reactions, and only eight CompACs consist of four or more reactions.

Table 1. Representative examples of Comproportionation-based Autocatalytic Cycles
(CompACs). The arrows in this table do not mean that the reactions are irreversible, but are
intended to indicate the autocatalytic direction. Autocatalysts are shown in bold. For the
extended list of CompACs, please refer to Table S1 and Supplemental Information 3.
Comproportionation reactions are shown by the upper equations, while the auxiliary oxidation or
reduction reactions are shown by the lower equations.

Group or | Count of

Series | CompACs Representative CompAC References
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Tandahl et al.,
Group 1 8 NaH + HCIl — NaCl + H2 (20(32. ath :[ aa}
2CuCl+H 2 Cu+ 2 HCI L B
Rz 2t 2003, p. 10)
(Walters et al.,
Group 2 2 3 C‘;,i‘j ggli_z); éacf ch 1928; Zmbov and
3 Margrave, 1967)
(DaSilvaetal.,
Lanthanoid 3 5 ES&IS : (E:}l : 3 Eﬂgllz 2001; Kuznetsov et
2T 3 al., 2001)
(Hildenbrand and
Actinoid 5 .I-I.-r? 8 2++s11_h_>_'|>'r$ Ig% Murad, 1974; Hoch
and Johnston, 1954)
(Knight and Wise,
Group 3 2 YE tLFé:FY_TY?:YJrFZCa 1980; Zmbov and
? 3 Margrave, 1967)
. . . (Stebler et al.,
TiBro + TiBrs — 2 TiBr3 .
Group 4 4 2 TiBrs + 2 HBr — 2 TiBrs + Ha 1989; Young etal,
1946)
2VClz+V — 3VCl2 (JTumuu et al., 2007,
Groups | 18 2\V/Clz + 2 HCl — 2 VCls + H; op. 594, 595)
Cr207% + 6 Cr2* + 14 H* — 8 Cr¥* + 7 Hz0 (S"Z':Qg:tt :I"’ 2281281
3+ — 2+ ] ’
Group 6 17 |2CrT+3Mn0z+2 TZZOH? 2 HCrO4™+ 3 Mn Topich et al., 2004,
_ 2 p. 59; Zintl and
2 HCrOs4~ — Cr2074 + H20 Schloffer, 1928)
o7 | o1 | 2MOs +3MZ+2H0 55 MOy + 4 He | (LAl 2007
oup MnO: + 2 Fe?* + 4H* — Mn?* + 2 Fe®* + 2 H,0 exin a
Bayramoglu, 1993)
(Bthler and
Schwarz, 2012;
3+ 2+ ] ’
Group 8 5 9 FeIZ:S : CZ:IFi ;:231: i 2 Cl Crabtree and
2 Schaefer, 1966;
Thorpe, 1882)
(Kalmus, 1914;
Groupd | 6 gt Lo 2 809 Sakka, 1991; I et
? s al., 2003, p. 480)
. . . (Delafosse et al.,
Group 10 7 3 |\’\|IiISSZ-|-+HNI3_?2NTS4 E“EI S 1962; Delafosse
2 32Tz and Barret, 1961)
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(Bjergbakke et al.,

Group 11 9 Cu+Cu®* —2Cu* 1976; Ciavatta et
P Cu* + Fe® — Cu?* + Fe?* al., 1980; Orth et
al., 1989)
. . , Hg + Hg? — Hga?* gécng?nRand Hantseln,
roup Hgz?* + 2 Fe* — 2 Hg + 2 Fe* » aposo et al,
2000)
(Inghram et al.,
2B,03+2B — 3B202 1956; Sommer et
Group 13 | 14 B202 + 2 Ho — 2 B + H,0 al., 1963; Wang et
al., 2008)
C+C0O02—2CO (Wilson and
Group 14 22 CO +FeO — Fe + CO2 Bremner, 1948)
Grou 15 o5 HNO2 + HNO3z — 2 NO2 + H,O (Abd EI Aal et al.,
P 2NO2+ Cu+2H"— 2 HNO2 + Cu?* 1992; Evans, 1944)

(Patnaik, 2003, p.
892; Steudel, 2003;
Uzun et al., 2016)

SO2+2HS—>3S+2H0

Group 16 32 S+ 0y — SO,

(Lister, 1952;

HCI + HOCI — Cl2 + H20 Patnaik, 2003, p.

Group 171 21 Clo + Hz — 2 HCI

210)
(Claassen et al.,
XeFs1 + Xe — 2 XeF> 1962; Weinstock et
Group 18 4 XeF2 + Fp — XeFa al., 1966 I et al.,
2003, p. 332)

In addition, the use of the term “comproportionation” in published literature is sometimes not
necessarily associated with redox reactions following the pattern shown in Fig. 1A, but only
emphasizes a specific stoichiometric relationship (IUPAC, 1997b, 1997c). For example, O2SCl>
+ 02SF2 — 20,SFCI is sometimes referred to as a comproportionation reaction because atoms of
the same element in different reactant species appear in the same product species with
stoichiometric excess (Greenwood and Earnshaw, 1997, p. 694; Schmidt and Siebert, 1973, p.
849), while none of the involved atom change their oxidation numbers. In this regard, we also
formalize a “Broad-sense CompAC” by combining this broader definition of a
comproportionation reaction with an auxiliary process. For example, O2SCl2 + O2SF2 —
202SFCI can be combined with O2SFCI + KSO2F — O2SF2 + KCI + SO (Seel et al., 1967) to
form a Broad-sense CompAC (autocatalysts are shown in bold). Consequently, we documented
44 Broad-sense CompACs (Table S2) that are stoichiometrically capable of autocatalysis. Again,
most Broad-sense CompACs consist of two reactions, and no Broad-sense CompAC consists of
four or more reactions. In addition, some other classic examples of abiotic autocatalysis, such as
the formose reaction (Boutlerow, 1861; Breslow, 1959), pyrite oxidation in an aqueous
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environment (Osborne et al., 2010), and the oxidation of oxalic acid by permanganate (Adler and
Noyes, 1955; Kovas et al., 2004; Ladbury and Cullis, 1958), may also be enumerated as Broad-
sense CompACs. Taken together, CompACs do not reflect an isolated or particularly specialized
attribute of elements of any particular group.

3. Discussion

Based on experimentally confirmed chemical reactions compiled from almost two centuries of
literature, we documented empirically testable CompACs in all groups, the lanthanoid series and
the actinoid series in the periodic table. The size distribution of the CompACs (the
overwhelming majority of which contain only two reactions, and none more than five) indicate
that it would be relatively easy to experimentally test them and couple multiples of them together
to form a more complex, ecosystem-like network, setting aside the possibility of side-reactions.
These findings suggest that, although computationally searching for autocatalysis in any given
reaction network is a highly challenging task, there may exist generic chemical circumstances or
attributes that are correlated with a potential for autocatalytic behavior.

The composition of many of these CompACs (Table 1, Tables S1 and S2) seem only tangentially
relevant to living organisms. Some CompACs center around the chemical elements that are
absent or very rare in most organisms (e.g., Th and Hg) (Lecroq et al., 2009; Smith and Huyck,
1997); some are unlikely to occur under ambient terrestrial pressure or temperature conditions;
and some produce chemicals that are deleterious or lethal to most living organisms. They are
nevertheless potentially relevant for exploring the origins of life and the distribution of complex
chemical dynamics in various astrochemical and exoplanetary locales. First, the conditions under
which life originated could be dramatically different from what living organisms are dealing with
today, and extraterrestrial life — if it exists — could be very different from life as we know it.
Coupling of CompACs to organic chemistry, in a variety of different environmental contexts,
could encompass a subset of reactions suitable for the sustenance of alternative life-like chemical
systems. Secondly, abiotic CompACs might have played critical roles during life’s emergence
but were subsequently lost from living organisms later, becoming the “missing links,” analogous
to how construction scaffolds are removed after houses are built (Blokhuis, 2019). Third, even if
some CompACs are completely irrelevant to life either as we know it or in a form yet to be
known, they may nevertheless generate secondary or tertiary chemical effects that may be
misinterpreted as false positive biosignatures (Meadows et al., 2022). Any and all of these
conditions may be leveraged to engineer life-like chemical systems with useful chemosynthetic
and information-processing properties.

Emergent patterns from interactions between CompACs

Being based on redox reactions, different CompACs may be coupled to form complexes of
autocatalytic networks (Fig. 2) (Peng et al., 2020). For example, the auxiliary processes of two
oxidative CompACs may consume the same oxidant, making these CompACs compete for food
(Fig. 2A). The auxiliary process of an oxidative CompAC and that of a reductive CompAC may
recycle a shared oxidant-reductant pair, making these CompACs mutualistic (Fig. 2B).
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Mutualism is also possible if the auxiliary process of an oxidative CompAC and that of a
reductive CompAC happen to be the same reaction (Fig. 2C). The comproportionation or
auxiliary process of a CompAC may consume an autocatalyst of another CompAC as food,
synonymizing these CompACs to a predator-prey relationship (Fig. 2D,E) (Cornish-Bowden and
Cadenas, 2020; Ganti, 2003). Bistability and the priority effect are also possible, if autocatalysts
of different CompACs dimerize to form a new chemical species (Fig. 2F) (Peng et al., 2023).
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Fig. 2. Possible mechanisms of ecological interactions between abiotic CompACs. Abiotic
CompACs can be coupled through an array of chemical reaction types. Depending on how a pair
of CompACs are coupled, the relationship between CompACs can be interpreted as different
ecological interactions. Note that these examples are not the only mechanisms for these
ecological interactions among abiotic autocatalytic systems. Autocatalysts reside on the cycles
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and are underlined; intermediate-state, the most oxidized, and the most reduced M/N’s are
highlighted purple, red, and gold, respectively; oxidant and reductant food of the auxiliary
processes are highlighted blue and green, respectively; waste products are highlighted grey. (A)
If two oxidative CompACs consume the same oxidant as food for their auxiliary processes, then
the CompACs compete for a shared food species. (B) An oxidative CompAC and a reductive
CompAC can be mutualistic, if the auxiliary process of the oxidative CompAC (MH-MMed) and
the auxiliary process of the reductive CompAC (N--NM¢) recycle the shared oxidant-reductant
pair. (C) An oxidative CompAC and a reductive CompAC can also be mutualistic if the auxiliary
process of one happens to also be the auxiliary process of the other. (D) A predator CompAC (M
-M" can prey on another CompAC (M''-M"), if the autocatalyst of the latter (M"") is consumed
as food by the comproportionation process of the former (M' + M"' — 2M" + X’comp). (E) A
predator CompAC (MMe9-M) can also prey on another CompAC (N-°-NMed) 'if the autocatalyst
of the latter (N-°) is consumed as food by the auxiliary process of the former (MMed + N-° —
MRed + Xy). (F) If the autocatalysts (MMed and NMe) of different CompACs (M-MMed and NM-
NMed) dimerize to form a new chemical species (MN), then these two CompACs may form a
bistable system wherein either the M-dominated or N-dominated state is locally stable.

In contrast to autocatalytic cycles observed in biochemistry that may involve dozens of reaction
steps and/or biomacromolecules (e.g., the Calvin cycle and DNA replication), CompACs are
much simpler since they usually consist of only two or three reactions. Such simplicity could be
important for a primitive life-like autocatalytic system to emerge and persist. An autocatalytic
cycle with fewer reaction steps tends to have a higher “carrying capacity” (Peng et al., 2020),
and it is arguably easier to find naturally occurring or laboratory-generated conditions that allow
every reaction in a smaller autocatalytic cycle to occur.

Separation between food species facilitates the observation of autocatalytic dynamics

Although we have detailed many small-reaction-number CompACs, real chemical reaction
systems are rarely this simple. Real systems, even those under controlled laboratory conditions,
should be expected to be “messy,” with multiple side reactions and alternative pathways. For this
reason, the existence of a CompAC does not necessarily mean that it will be easily observable,
nor that it will generate complex dynamics between and amongst species in a chemical system.
There are systemic constraints that are known to facilitate complicated autocatalytic dynamics
within representative examples of the described reaction sets. For example, the Belousov-
Zhabotinsky reaction can exhibit bursting and chaotic oscillations in a continuous-flow stirred
tank reactor but not in a closed one (Zhabotinsky, 2007).

Although the acceleration of a reaction over time is neither sufficient nor necessary for
autocatalysis, it is usually the phenomenon that is most easily measured in experimental
protocols. Another method of observing autocatalysis is to check whether a tiny amount of
candidate autocatalysts can be used as a “seed” to trigger a reaction system that produces much
more autocatalysts (Peng et al., 2022). A CompAC is more likely to exhibit reaction acceleration
or seed-dependence when direct reactions between the complementary reductive and oxidative
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food of the comproportionation and auxiliary steps are suppressed. Based on the CompACs we
documented, there are generally three ways to suppress the direct reaction between oxidative
food and reductive food: kinetic, spatial, and temporal separations.

A)  HNO,

(slow)

2H* Cu?* + H,0

B) HNO; gy H:O

2NO,

(fast)
Red|

»BCu? Y

Fig. 3. Autocatalytic dissolution of copper in nitric acid and Kinetic separation between
food species. (A) Direct reaction between HNO3s, Cu, and H™ is slow, which “kinetically
separates” the food species HNOs, Cu, and H*. (B) Autocatalytic dissolution of copper consists
of two fast reactions: the comproportionation between HNO3z and HNO., which yields NO, and
the reduction of NO2 by Cu and H*, which produces HNO;.

The dissolution of copper in nitric acid (Evans, 1944; Ostwald, 1901) shows an example of
kinetic separation in an autocatalytic system (Fig. 3). Upon addition of a piece of copper metal
to a nitric acid solution, the dissolution of copper is slow at the beginning, which is a
consequence of the fact that the rate of heterogeneous reaction between Cu and HNOs is low
(Fig. 3A). As the dissolution reaction continues, nitrous acid (HNO>) is slowly formed by the
reaction between HNOs, H™ and electrons from Cu. Once HNO:; is formed, it activates a new
reaction pathway that is much faster than the direct reaction between the Cu metal and nitric acid
(Fig. 3B):

HNO2 + HNO3 — 2NO2 + H»0
2NO2 + Cu + 2H" — 2HNO:2 + Cu?*

Here, HNO: and NO; catalyze the formation of themselves through these two fast reactions, and
this pathway is thus autocatalytic. Now consider another metal Z in the mixture that directly and
quickly reacts with nitric acid; even if Z can be dissolved through the autocatalysis of NO2 and
HNO., the autocatalytic dynamics may be obscured. In this case, slowing the reaction between
the oxidative food, HNOs3, and the reductive food, metal and H*, is important for observing
autocatalytic dynamics; the food species are kinetically separated as a consequence of the
dramatic differences between the rate constants involved. Another classic example of kinetic
separation is the formose reaction, because the direct dimerization between formaldehydes is
dramatically slower (perhaps not even possible except through a radical mechanism) than the
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autocatalytic pathway formed by ketose-aldose isomerizations, aldol reactions, and retro-aldol
reactions (Breslow, 1959).

Coolant

e AV — N

700 -1000 °C

J

Fig. 4. Autocatalytic amplification of CO and CO:2 based on spatial separation between
food species. Two reactors are connected by tunnels with cooling jackets; the right reactor is
heated up to 700 — 1000 C (JIugumu et al., 2007, p. 79), while the left reactor is at room
temperature (JIuaun et al., 2007, p. 216). In the right reactor, CO: is heated and
comproportionates with C to produce more CO; then the hot CO moves to the left reactor while
being cooled down to room temperature. In the left reactor, CO is oxidized to CO by reacting
with 120s, then this room-temperature CO, moves to the right reactor. To initiate the
autocatalytic cycle, at least a small amount of CO2 or CO molecules need to be added as a
“seed.”

Spatial separation can also limit the interaction between oxidative food and reductive food. For
example, consider the comproportionation direction of the Boudouard reaction, possible under
high temperatures (JTuguu et al., 2007, p. 79; 5 et al., 2003, p. 135):

CO2(g) + C(s) — 2CO(9)

This reaction has the potential to couple with the oxidation of CO by 105 under room
temperature (Jluaun et al., 2007, p. 216) to form a CompAC:

CO2(g) + C(s) — 2CO(g)
5CO(g) + 1205(s) — 5CO2(g) + l2(s/g)

where the autocatalysts CO2 and CO consume C and 1205 as food, generating I. as waste. This
CompAC could be difficult to observe, however, in the case where one simply mixes the food
species C and 1205 together in a heated reactor. This is because 1,05 will directly decompose to I»
and Oz (4 et al., 2003, p. 323) and/or react with C (Wu et al., 2018) at temperatures much lower
than the desired temperature of CO, + C — 2CO; thus, the autocatalytic dynamics may be
obscured.
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One way to facilitate the observation of this CompAC is to place 1,05 and C, which are solids, in
two reactors connected by two tunnels only allowing the diffusion of gaseous molecules; the
temperature of the reactor with 1,05 is low while that of the reactor with C is high, with the
tunnels surrounded by cooling jackets (Fig. 4). Carried out in this way, the 1,05 and C will be
spatially separated and cannot directly react with each other (Blokhuis et al., 2020) while each
resides in a reactor with appropriate reaction conditions. To initiate the conversion of 1,05 and C
into CO2 and CO, a small amount of CO> or CO gas needs to be introduced to a reactor or tunnel
as a “seed.” With CO as the seed, C will first react with CO2 to produce more CO by CO2 + C
— 2CO in the hot reactor. The hot CO gas will then move mainly through the upper tunnel and
be cooled down, eventually making contact with 1,0s in the other reactor and reacting to
regenerate CO2 by 5CO + 1,05 — 5COz + lo. Then the low-temperature CO> will move mainly
through the lower tunnel to enter the hot reactor. As this process continues, more and more CO>
and CO will be synthesized within the connected reactors by autocatalysis.

Compared to kinetic separation, spatial separation is able to not only inhibit direct and rapid
reactions between food species, but also organize reactions that require very different conditions
into an autocatalytic cycle. In abiotic environments, spatial separation may occur in multiple
forms (Benner et al., 2012; Kitadai and Maruyama, 2018; Sasselov et al., 2020; Stieken et al.,
2013). For example, if an autocatalytic cycle needs food from hydrothermal vents and the
atmosphere, the food species can be separated by the body of water above the vents; if the food
species are from different minerals, they can be separated by geographical barriers, such as
mountains and rivers, or by simple spacing between different rocks or ores.

If the physicochemical conditions are insufficient to afford effective kinetic or spatial separation,
then temporal separation between food species may also be factored. For example, consider the
CompAC:

2H2S + SO2 — 3S + 2H20
S+ 02— S02

where the autocatalysts SOz and S consume HS and Oz, generating H20 as a waste product.
Given that the reaction volume is seeded by a small amount of liquid SO blanketed by an inert
gas (e.g., N2) and the volume periodically receives and releases gaseous molecules in the
following pattern (Fig. 5), autocatalysis can be achieved:

(1) H2S is received at a temperature between the boiling points of H2S and SO;

(i) the reaction volume is closed at a temperature high enough to allow for 2H,S + SO, — 3S +
2H20;

(iii) gases are released at a temperature between the boiling points of H.O and S;
(iv) Oz is received at a temperature between the boiling points of O; and S;

(v) the reaction volume is closed at a temperature high enough to allow for S + O2 — SO;
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(vi) gases are released at a temperature between the boiling points of Oz and SO, and then
starting over at step (i).

(i) : (i) 2H.S + S0, — 3S + 2H,0
Inert gas ~
S H,Og
T
H,S boiling point < T < SO, boiling point Heating
H,0,
(vi) Residual O,, (iif) :
Inert gas Inert gas Inert gas Inert gas
— SO, 225_2 — ——\3 s S ,_—’
O, boiling point < T < SO, boiling point H,O boiling point < T < S boiling point
(v) S+0,—S0, (iv) O,
= 0, 0 Inert gas
SO, S0, SO, —>_|—'§§ o, 2§ 0, §;|_'—::
Heating O, boiling point < T < S boiling point

Fig. 5. Autocatalytic amplification of SOz and S based on temporal separation between food
species. In a periodically open-closed reactor with some liquid SO2 present at the beginning, the
input of food species H2S and O are temporally separated such that the direct reaction between
them is impossible but the autocatalytic amplification of SO, and S is still afforded. (i) The
reactor is open, receiving HS at a temperature between the boiling points of H,S and SO-. (ii)
The reactor is closed; the comproportionation between H>S and SO> produces S and H20. (iii)
The reactor is open, releasing H20 and residual H»S at a temperature between the boiling points
of H>O and S. (iv) The reactor is open, receiving O at a temperature between the boiling points
of Oz and S. (v) The reactor is closed; S is oxidized to SOz by O, completing the autocatalytic
cycle. (vi) The reactor is open, releasing residual O at a temperature between the boiling points
of Oz and SO. Boiling points: O2 < H>S < SO, < H,0 < S.

Under these periodically changing environmental conditions, wherein the food species H»S and
O- are provided at different, non-overlapping time intervals (i.e., temporally separated), the
observation of autocatalytic amplification of SOz and S is expected. In a natural environment,
temporal separation may appear in multiple forms, such as intermittent raining, tidal cycles,
geyser eruptions, a diurnal cycle, or secondary weathering or runoff patterns that lead to
chemical oscillations.

As a basis for comparison, each of these three types of separation is utilized in essential ways by
living organisms. For example, CO2 and H2O are kinetically separated during photosynthesis;
otherwise, CO. and H20O will spontaneously react to produce monosaccharides under sunlight.
Intracellular compartments (e.g., the nucleus or the mitochondria in eukaryotes) or
macromolecular centralization of multifaceted processes (e.g., ribosomal subunit interactions)
can provide a microscopic structural basis of spatial separation (Cuevas-Zuvir & et al., 2023;
Hartwell et al., 1999). Temporal separation can be mediated by vegetative growth and
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reproductive growth. One underexplored implication for prebiotic chemistry is that a
stoichiometric capability for abiotic autocatalysis may be relatively common across elements, but
circumstances facilitating effective separation of key food species and reactions may be a more
substantial bottleneck to actualizing autocatalytic dynamics under most cosmochemical and
geochemical conditions.

Implications for biosignature interpretation

One of the most challenging aspects of assessing the existence of life beyond Earth is the
possibility that chemical conditions on remotely sensed bodies may generate complex variations
that resemble biotic influence (Neveu et al., 2018). Autocatalytic cycles in general, and key
reactions that compose CompACs in particular, may present significant challenges to
biosignature characterization under conditions of pressure, temperature and energy input that
exoplanets can facilitate. The collated list of CompACs can serve as a useful compendium for
alternative chemical systems to be compared to remote sensing data in the event that anomalous
compositions or redox disequilibria are detected (Meadows et al., 2022).

Another question relevant to both biosignature characterization and evolutionary biology is the
extent to which bioessential inorganic cofactors are utilized as a result of selection among many
possible options, or whether they are more likely to be imprinted upon biology through a broader
planetary or physicochemical context (Kacar et al., 2021). Recent studies of reconstructed
ancestral metal cofactor binding sites have provided reasonable cause for scrutinizing facile
assumptions that link biological utilization to general environmental abundance (Garcia et al.,
2020). Responsive chemical dynamics afforded by autocatalysis are potentially impactful to
biochemistry whether incorporated within the cell or mediated through external interactions. One
intriguing possibility is that the same basic properties of the redox-active class of metal cofactors
(e.g. iron, copper, manganese, molybdenum, etc.) (Andreini et al., 2008) that can support
complex comproportionation-driven chemical dynamics are, in parallel, coincident with their
propensity for biological utilization. In this view, organic chemistry may open novel possibilities
for chemical separation (Kinetic, temporal, or spatial) that lack geochemical counterparts. To
better assess which chemical species played more critical roles during the origins or early
evolution of life, theoretical analyses based on principles of chemistry and empirical data
obtained by geochemical studies can be leveraged. For example, one may test whether an
element with more oxidation states and a Frost diagram where the curve is generally more
concave up (Weller et al., 2018, pp. 200-204) is more likely to underlie complex dynamics based
on CompACs, and then to test these attributes against the probability of biological uptake.

4. Conclusions

Life utilizes examples of three different separation mechanisms (kinetic, spatial, and temporal) to
modulate aspects of cellular homeostasis while at the same time facilitating contingent responses
to stimuli. Examples provided by a small number of well-studied autocatalytic systems such as
the formose reaction or the Belousov-Zhabotinsky reaction show how only under conditions of
effective separation can chemical disequilibria be leveraged to generate suitably “life-like”
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compositional variations. Based on an analysis of presence of comproportionation reactions
observed across elemental groups reported in the literature, we demonstrate that abiotic
autocatalytic reaction systems underpinned by comproportionation are more frequent than
previously thought and their presence is not restricted to a specific part of the periodic table.
CompACs with the potential to interact are probably a general phenomenon rather than a
collection of special cases.

The collated CompAC reaction sets establish a starting point for a more systematic assessment of
the conditions under which complicated dynamics afforded by autocatalysis can occur in
geochemical or cosmochemical settings relevant to the search for life in the universe. Such a
systematic assessment may be necessary for pushing forward our understanding of abiogenesis,
for disentangling false positive chemical disequilibria from bona fide biosignatures, and for
circumscribing conditions suitable for the organization of complex chemical systems in general.

Acknowledgements

We thank Dr. Bruno Cuevas-Zuvir &, Evrim Fer, and Dr. Tao Wu (&%) for helpful discussions.
Financial support for this publication results from Scialog grant #28788 from Research
Corporation for Science Advancement, NASA Astrobiology Program (80NSSC22K0546), and
through the support of the John Templeton Foundation (62578, 61926). The opinions expressed
in this publication are those of the author(s) and do not necessarily reflect the views of the John
Templeton Foundation. A.C.F acknowledges support from the University of New South Wales
Strategic Hires and Retention Pathways (SHARP) program, an Australian Research Council
Discovery Project Grant (DP210102133) and a Future Fellowship (FT220100757).

Conflict of interests

The authors declare no conflict of interests.

References

Abd El Aal, E.E., Abd El Wanees, S., Abd El Aal, A., 1992. Autocatalytic dissolution of Pb in
HNO3. J Mater Sci 27, 365-373. https://doi.org/10.1007/BF00543925

Adler, S.J., Noyes, R.M., 1955. The Mechanism of the Permanganate-Oxalate Reaction. J. Am.
Chem. Soc. 77, 2036-2042. https://doi.org/10.1021/ja01613a002

Andersen, J.L., Flamm, C., Merkle, D., Stadler, P.F., 2012. Maximizing output and recognizing
autocatalysis in chemical reaction networks is NP-complete. J. Syst. Chem. 3, 1.
https://doi.org/10.1186/1759-2208-3-1

Andreini, C., Bertini, I., Cavallaro, G., Holliday, G.L., Thornton, J.M., 2008. Metal ions in
biological catalysis: from enzyme databases to general principles. J Biol Inorg Chem 13,
1205-1218. https://doi.org/10.1007/s00775-008-0404-5

Page 16 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

Arya, A., Ray, J., Sharma, S., Simbron, R.C., Lozano, A., Smith, H.B., Andersen, J.L., Chen, H.,
Meringer, M., Cleaves, H.J., 2022. An open source computational workflow for the
discovery of autocatalytic networks in abiotic reactions. Chem. Sci. 13, 4838-4853.
https://doi.org/10.1039/D2SC00256F

Benner, S.A., Kim, H.-J., Carrigan, M.A., 2012. Asphalt, Water, and the Prebiotic Synthesis of
Ribose, Ribonucleosides, and RNA. Acc. Chem. Res. 45, 2025-2034.
https://doi.org/10.1021/ar200332w

Bjergbakke, E., Sehested, K., Rasmussen, O.L., 1976. The Reaction Mechanism and Rate
Constants in the Radiolysis of ${\rm Fe}*{2+}-{\rm Cu}*{2+}$ Solutions. Radiation
Research 66, 433—442. https://doi.org/10.2307/3574449

Blokhuis, A., 2019. Physical aspects of origins of life scenarios (Thesis). Universit€éParis
sciences et lettres.

Blokhuis, A., Lacoste, D., Nghe, P., 2020. Universal motifs and the diversity of autocatalytic
systems. Proc. Natl. Acad. Sci. U.S.A. 117, 25230-25236.
https://doi.org/10.1073/pnas.2013527117

Boutlerow, A.M., 1861. Formation synthétique d’une substance sucrée. C. R. Acad. Sci. 53,
145-147.

Breslow, R., 1959. On the mechanism of the formose reaction. Tetrahedron Letters 1, 22—26.
https://doi.org/10.1016/S0040-4039(01)99487-0

Bihler, G., Schwarz, K., 2012. Production of Iron Orthophosphate. EP2401228A1.

Ciavatta, L., Ferri, D., Palombari, R., 1980. On the equilibrium Cu2+ + Cu(s) 22Cu+. Journal of
Inorganic and Nuclear Chemistry 42, 593-598. https://doi.org/10.1016/0022-
1902(80)80091-1

Claassen, H.H., Selig, Henry., Malm, J.G., 1962. Xenon Tetrafluoride. J. Am. Chem. Soc. 84,
3593-3593. https://doi.org/10.1021/ja00877a042

Col&n-Santos, S., Cooper, G.J.T., Cronin, L., 2019. Taming the Combinatorial Explosion of the
Formose Reaction via Recursion within Mineral Environments. ChemSystemsChem 1,
€1900033. https://doi.org/10.1002/syst.201900033

Cornish-Bowden, A., Cadenas, M.L., 2020. Contrasting theories of life: Historical context,
current theories. In search of an ideal theory. Biosystems 188, 104063.
https://doi.org/10.1016/j.biosystems.2019.104063

Crabtree, J.H., Schaefer, W.P., 1966. The Oxidation of Iron(ll) by Chlorine. Inorg. Chem. 5,
1348-1351. https://doi.org/10.1021/ic50042a011

Cuevas-Zuvir B, B., Fer, E., Adam, Z.R., Kaar, B., 2023. The modular biochemical reaction
network structure of cellular translation (preprint). Molecular Biology.
https://doi.org/10.1101/2023.01.21.524914

Da Silva, F., Rycerz, L., Gaune-Escard, M., 2001. Thermodynamic Properties of EuCl » and the
NaCl-EuCl » System. Zeitschrift fUr Naturforschung A 56, 647—652.
https://doi.org/10.1515/zna-2001-0907

Page 17 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

De Kepper, Patrick., Boissonade, Jacques., Epstein, I.R., 1990. Chlorite-iodide reaction: a
versatile system for the study of nonlinear dynamic behavior. J. Phys. Chem. 94, 6525—
6536. https://doi.org/10.1021/j200380a004

DeAngelis, D.L., Post, W.M., Travis, C.C., 1986. Positive Feedback in Natural Systems,
Biomathematics. Springer Berlin Heidelberg, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-82625-2

Delafosse, D., Barret, P., 1961. Btude thermodynamique de la formation des sulfures par action
du mé&ange H2S/H2 sur less chlorures et oxydes anhydres de nickel et de cobalt.
Comptes rendus hebdomadaires des s&@nces de I’ Académie des Sciences 252, 280-281.

Delafosse, D., Colson, J.-C., Barret, P., 1962. Etude du mécanisme de 1’oxydation du sous-
sulfure de nickel Ni3S2 en r&jime lent et &basse pression. Comptes rendus
hebdomadaires des séances de I’ Académie des Sciences 254, 3210-3212.

Evans, U.R., 1944. Behaviour of metals in nitric acid. Trans. Faraday Soc. 40, 120-130.
https://doi.org/10.1039/TF9444000120

Ganti, T., 2003. The principles of life. Oxford University Press, Oxford ; New York.

Garcia, A.K., McShea, H., Kolaczkowski, B., Kagr, B., 2020. Reconstructing the evolutionary
history of nitrogenases: Evidence for ancestral molybdenum-cofactor utilization.
Geobiology 18, 394-411. https://doi.org/10.1111/gbi.12381

Greenwood, N.N., Earnshaw, A. (Eds.), 1997. 15 - Sulfur, in: Chemistry of the Elements
(Second Edition). Butterworth-Heinemann, Oxford, pp. 645-746.
https://doi.org/10.1016/B978-0-7506-3365-9.50021-3

Hanopolskyi, A.l., Smaliak, V.A., Novichkov, A.l., Semenov, S.N., 2021. Autocatalysis:
Kinetics, Mechanisms and Design. ChemSystemsChem 3, e2000026.
https://doi.org/10.1002/syst.202000026

Hartwell, L.H., Hopfield, J.J., Leibler, S., Murray, A.W., 1999. From molecular to modular cell
biology. Nature 402, C47—C52. https://doi.org/10.1038/35011540

Hildenbrand, D.L., Murad, E., 1974. Mass spectrometric studies of gaseous ThO and ThO2. J.
Chem. Phys. 61, 1232-1237. https://doi.org/10.1063/1.1682000

Hoch, M., Johnston, H.L., 1954. The Reaction Occurring on Thoriated Cathodes1. J. Am. Chem.
Soc. 76, 4833-4835. https://doi.org/10.1021/ja01648a018

Hunding, A., Kepes, F., Lancet, D., Minsky, A., Norris, V., Raine, D., Sriram, K., Root-
Bernstein, R., 2006. Compositional complementarity and prebiotic ecology in the origin
of life. BioEssays 28, 399-412. https://doi.org/10.1002/bies.20389

Huskey, W.P., Epstein, I.R., 1989. Autocatalysis and apparent bistability in the formose reaction.
J. Am. Chem. Soc. 111, 3157-3163. https://doi.org/10.1021/ja00191a008

Inghram, M.G., Porter, R.F., Chupka, W.A., 1956. Mass Spectrometric Study of Gaseous
Species in the B-B203 System. J. Chem. Phys. 25, 498-501.
https://doi.org/10.1063/1.1742952

Page 18 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

IUPAC, 1997a. autocatalytic reaction, in: McNaught, A.D., Wilkinson, A. (Eds.), Compendium
of Chemical Terminology, 2nd Ed. (the “Gold Book™). Blackwell Scientific Publications,
Oxford, Oxford.

IUPAC, 1997b. comproportionation, in: McNaught, A.D., Wilkinson, A. (Eds.), Compendium of
Chemical Terminology, 2nd Ed. (the “Gold Book”). Blackwell Scientific Publications,
Oxford, Oxford.

IUPAC, 1997c. disproportionation, in: McNaught, A.D., Wilkinson, A. (Eds.), Compendium of
Chemical Terminology, 2nd Ed. (the “Gold Book”). Blackwell Scientific Publications,
Oxford, Oxford.

Kacar, B., Garcia, A.K., Anbar, A.D., 2021. Evolutionary History of Bioessential Elements Can
Guide the Search for Life in the Universe. ChemBioChem 22, 114-119.
https://doi.org/10.1002/cbic.202000500

Kahana, A., Lancet, D., 2021. Self-reproducing catalytic micelles as hanoscopic protocell
precursors. Nat Rev Chem 5, 870-878. https://doi.org/10.1038/s41570-021-00329-7

Kalmus, H.T., 1914. Oxides of cobalt. Journal of Industrial and Engineering Chemistry 6, 115—
116.

Kauffman, S.A., 1986. Autocatalytic sets of proteins. Journal of Theoretical Biology 119, 1-24.
https://doi.org/10.1016/S0022-5193(86)80047-9

Kawali, J., Jagota, S., Kaneko, T., Obayashi, Y., Yoshimura, Y., Khare, B.N., Deamer, D.W.,
McKay, C.P., Kobayashi, K., 2013. Self-assembly of tholins in environments simulating
Titan liquidospheres: implications for formation of primitive coacervates on Titan.
International Journal of Astrobiology 12, 282-291.
https://doi.org/10.1017/S1473550413000116

Kitadai, N., Maruyama, S., 2018. Origins of building blocks of life: A review. Geoscience
Frontiers 9, 1117-1153. https://doi.org/10.1016/j.gsf.2017.07.007

Knight, L.B., Wise, M.B., 1980. Generation and ESR investigation of YF 2 and Y(CN) 2 radicals
in rare gas matrices. The Journal of Chemical Physics 73, 4946-4950.
https://doi.org/10.1063/1.439971

Kovas, K.A., Grd, P., Burai, L., Riedel, M., 2004. Revising the Mechanism of the
Permanganate/Oxalate Reaction. J. Phys. Chem. A 108, 11026-11031.
https://doi.org/10.1021/jp047061u

Kozin, L.F., Hansen, S., 2013. CHAPTER 5:Chemical Properties of Mercury, in: Mercury
Handbook. pp. 80-127. https://doi.org/10.1039/9781849735155-00080

Kun, A., Papp, B., Szathmay, E., 2008. Computational identification of obligatorily
autocatalytic replicators embedded in metabolic networks. Genome Biol. 9, R51.
https://doi.org/10.1186/gb-2008-9-3-r51

Kuznetsov, S.A., Rycerz, L., Gaune-Escard, M., 2001. Electrochemical and Thermodynamic
Properties of EuCl 3 and EuCl 2 in an Equimolar NaCI-KCI Melt. Zeitschrift fUr
Naturforschung A 56, 741-750. https://doi.org/10.1515/zna-2001-1108

Page 19 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

Ladbury, J.W., Cullis, C.F., 1958. Kinetics And Mechanism Of Oxidation By Permanganate.
Chem. Rev. 58, 403-438. https://doi.org/10.1021/cr50020a005

Lagzi, I., Wang, D., Kowalczyk, B., Grzybowski, B.A., 2010. Vesicle-to-Micelle Oscillations
and Spatial Patterns. Langmuir 26, 13770-13772. https://doi.org/10.1021/1a102635w

Lecroq, B., Gooday, A.J., Tsuchiya, M., Pawlowski, J., 2009. A new genus of xenophyophores
(Foraminifera) from Japan Trench: morphological description, molecular phylogeny and
elemental analysis. Zoological Journal of the Linnean Society 156, 455-464.
https://doi.org/10.1111/j.1096-3642.2008.00493.x

Li, W., Sigin, G.-W., Zhu, Z., Qi, L., Tian, W.-H., 2017. Electrochemical properties of niobium
and phosphate doped spherical Li-rich spinel LiMn204 synthesized by ion implantation
method. Chinese Chemical Letters 28, 1438-1446.
https://doi.org/10.1016/j.cclet.2017.03.035

Liang, J., Huang, X., Yan, J., Li, Y., Zhao, Z., Liu, Y., Ye, J., Weli, Y., 2021. A review of the
formation of Cr(V1) via Cr(l11) oxidation in soils and groundwater. Science of The Total
Environment 774, 145762. https://doi.org/10.1016/j.scitotenv.2021.145762

Lister, M.W., 1952. The decomposition of hypochlorous acid. Can. J. Chem. 30, 879-8809.
https://doi.org/10.1139/v52-107

Liu, B., Wu, J., Geerts, M., Markovitch, O., Pappas, C.G., Liu, K., Otto, S., 2022. Out-of-
Equilibrium Self-Replication Allows Selection for Dynamic Kinetic Stability in a System
of Competing Replicators. Angew Chem Int Ed 61.
https://doi.org/10.1002/anie.202117605

McKay, C.P., 1998. The Search for Extraterrestrial Biochemistry on Mars and Europa, in: Chela-
Flores, J., Raulin, F. (Eds.), Exobiology: Matter, Energy, and Information in the Origin
and Evolution of Life in the Universe. Springer Netherlands, Dordrecht, pp. 219-227.
https://doi.org/10.1007/978-94-011-5056-9_30

Meadows, V., Graham, H., Abrahamsson, V., Adam, Z., Amador-French, E., Arney, G., Barge,
L., Barlow, E., Berea, A., Bose, M., Bower, D., Chan, M., Cleaves, J., Corpolongo, A.,
Currie, M., Domagal-Goldman, S., Dong, C., Eigenbrode, J., Enright, A., Fauchez, T.J.,
Fisk, M., Fricke, M., Fuijii, Y., Gangidine, A., Gezer, E., Glavin, D., Grenfell, L.,
Harman, S., Hatzenpichler, R., Hausrath, L., Henderson, B., Johnson, S.S., Jones, A.,
Hamilton, T., Hickman-Lewis, K., Jahnke, L., Kacar, B., Kopparapu, R., Kempes, C.,
Kish, A., Krissansen-Totton, J., Leavitt, W., Komatsu, Y., Lichtenberg, T., Lindsay, M.,
Maggiori, C., Marais, D.D., Mathis, C., Morono, Y., Neveu, M., Ni, G., Nixon, C.,
Olson, S., Parenteau, N., Perl, S., Quinn, R., Raj, C., Rodriguez, L., Rutter, L., Sandora,
M., Schmidt, B., Schwieterman, E., Segura, A., Sekerci, F., Seyler, L., Smith, H., Soares,
G., Som, S., Suzuki, S., Teece, B., Weber, J., Wolfe-Simon, F., Wong, M., Yano, H.,
Young, L., 2022. Community Report from the Biosignatures Standards of Evidence
Workshop. https://doi.org/10.48550/ARXI1V.2210.14293

Muchowska, K.B., Varma, S.J., Chevallot-Beroux, E., Lethuillier-Karl, L., Li, G., Moran, J.,
2017. Metals promote sequences of the reverse Krebs cycle. Nat. Ecol. Evol. 1, 1716—
1721. https://doi.org/10.1038/s41559-017-0311-7

Page 20 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

Muchowska, K.B., Varma, S.J., Moran, J., 2020. Nonenzymatic Metabolic Reactions and Life’s
Origins. Chem. Rev. 120, 7708—7744. https://doi.org/10.1021/acs.chemrev.0c00191

Muruzuri, A.P., P&ez-Mercader, J., 2022. Unified representation of Life’s basic properties by a
3-species Stochastic Cubic Autocatalytic Reaction-Diffusion system of equations. Phys.
Life Rev. 41, 64-83. https://doi.org/10.1016/j.plrev.2022.03.003

Neveu, M., Hays, L.E., Voytek, M.A., New, M.H., Schulte, M.D., 2018. The Ladder of Life
Detection. Astrobiology 18, 1375-1402. https://doi.org/10.1089/ast.2017.1773

Orgel, L.E., 2008. The Implausibility of Metabolic Cycles on the Prebiotic Earth. PLOS Biol. 6,
e18. https://doi.org/10.1371/journal.pbio.0060018

Orth, R.J., Parikh, R.S., Liddell, K.C., 1989. Application of the Rotating Ring-Disk Electrode in
Determining the Second-Order Rate Constant for the Reaction Between Cu(l) and Fe(l11)
in 1.0 mol/dm3 HCI. J. Electrochem. Soc. 136, 2924. https://doi.org/10.1149/1.2096374

Osborne, O.D., Pring, A., Lenehan, C.E., 2010. A simple colorimetric FIA method for the
determination of pyrite oxidation rates. Talanta 82, 1809-1813.
https://doi.org/10.1016/j.talanta.2010.07.086

Ostwald, W., 1901. UBER KATALYSE. Zeitschrift fir Elektrochemie 7, 995-1004.
https://doi.org/10.1002/bbpc.19010077203

Patnaik, P., 2003. Handbook of inorganic chemicals, McGraw-Hill handbooks. McGraw-Hill,
New York.

Peng, Z., Linderoth, J., Baum, D.A., 2022. The hierarchical organization of autocatalytic reaction
networks and its relevance to the origin of life. PLOS Comput. Biol. 18, e1010498.
https://doi.org/10.1371/journal.pcbi.1010498

Peng, Z., Plum, A., Adam, Z., 2023. Heritable, mutable, and selectable spatial patterns from
bistable chemical reaction networks in weakly-coupled reactor arrays.
https://doi.org/10.26434/chemrxiv-2023-mk784

Peng, Z., Plum, A.M., Gagrani, P., Baum, D.A., 2020. An ecological framework for the analysis
of prebiotic chemical reaction networks. J. Theor. Biol. 507, 110451.
https://doi.org/10.1016/j.jtbi.2020.110451

Plum, A.M., Baum, D.A., 2022. ACEs in spaces: Autocatalytic Chemical Ecosystems in Spatial
Settings. https://doi.org/10.48550/ARXIV.2212.14445

Raposo, R.R., Melédez-Hevia, E., Spiro, M., 2000. Autocatalytic formation of colloidal
mercury in the redox reaction between Hg2+ and Fe2+ and between Hg22+ and Fe2+.
Journal of Molecular Catalysis A: Chemical 164, 49-59. https://doi.org/10.1016/S1381-
1169(00)00203-X

Roy, A., Goberman, D., Pugatch, R., 2021. A unifying autocatalytic network-based framework
for bacterial growth laws. Proc. Natl. Acad. Sci. U.S.A. 118, e2107829118.
https://doi.org/10.1073/pnas.2107829118

Sakka, Y., 1991. Sintering characteristics of cobalt ultrafine powders. Journal of the Less
Common Metals 168, 277-287. https://doi.org/10.1016/0022-5088(91)90309-R

Page 21 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

Sasselov, D.D., Grotzinger, J.P., Sutherland, J.D., 2020. The origin of life as a planetary
phenomenon. Science Advances 6, eaax3419. https://doi.org/10.1126/sciadv.aax3419

Schmidt, M., Siebert, W., 1973. 23 - SULPHUR, in: Schmidt, M., Siebert, W., Bagnall, K.W.
(Eds.), The Chemistry of Sulphur, Selenium, Tellurium and Polonium, Pergamon Texts
in Inorganic Chemistry. Pergamon, pp. 795-933. https://doi.org/10.1016/B978-0-08-
018856-0.50007-9

Schnitter, F., Riefl3 B., Jandl, C., Boekhoven, J., 2022. Memory, switches, and an OR-port
through bistability in chemically fueled crystals. Nat Commun 13, 2816.
https://doi.org/10.1038/s41467-022-30424-2

Seel, F., Duncan, L.C., Czerepinski, R.G., Cady, G.H., 1967. Sulfuryl Chloride Fluoride and
Sulfuryl Fluoride, in: Inorganic Syntheses. John Wiley & Sons, Ltd, pp. 111-113.
https://doi.org/10.1002/9780470132401.ch28

Semenov, S.N., Kraft, L.J., Ainla, A., Zhao, M., Baghbanzadeh, M., Campbell, V.E., Kang, K.,
Fox, J.M., Whitesides, G.M., 2016. Autocatalytic, bistable, oscillatory networks of
biologically relevant organic reactions. Nature 537, 656—660.
https://doi.org/10.1038/nature19776

Smith, K.S., Huyck, H.L.O., 1997. An Overview of the Abundance, Relative Mobility,
Bioavailability, and Human Toxicity of Metals, in: The Environmental Geochemistry of
Mineral Deposits. Society of Economic Geologists, pp. 29-70.
https://doi.org/10.5382/Rev.06.02

Sommer, A., White, D., Linevsky, M.J., Mann, D.E., 1963. Infrared Absorption Spectra of
B203, B202, and BO2 in Solid Argon Matrices. J. Chem. Phys. 38, 87-98.
https://doi.org/10.1063/1.1733501

Sousa, F.L., Hordijk, W., Steel, M., Martin, W.F., 2015. Autocatalytic sets in E. coli metabolism.
J. Syst. Chem. 6, 4. https://doi.org/10.1186/s13322-015-0009-7

Stebler, A., Leuenberger, B., Gdlel, H.U., Briat, B., 1989. Synthesis and Crystal Growth of
A3M2X9 (A =Cs, Rb; M =Ti, V, Cr; X =Cl, Br), in: Inorganic Syntheses. John Wiley
& Sons, Ltd, pp. 377-385. https://doi.org/10.1002/9780470132579.ch69

Steel, M., Xavier, J.C., Huson, D.H., 2020. The structure of autocatalytic networks, with
application to early biochemistry. J. R. Soc. Interface 17, 20200488.
https://doi.org/10.1098/rsif.2020.0488

Steudel, R., 2003. Aqueous Sulfur Sols, in: Steudel, R. (Ed.), Elemental Sulfur and Sulfur-Rich
Compounds I, Topics in Current Chemistry. Springer, Berlin, Heidelberg, pp. 153-166.
https://doi.org/10.1007/b12113

Stevenson, J., Lunine, J., Clancy, P., 2015. Membrane alternatives in worlds without oxygen:
Creation of an azotosome. Sci. Adv. 1, e1400067. https://doi.org/10.1126/sciadv.1400067

Stieken, E.E., Anderson, R.E., Bowman, J.S., Brazelton, W.J., Colangelo-Lillis, J., Goldman,
A.D., Som, S.M., Baross, J.A., 2013. Did life originate from a global chemical reactor?
Geobiology 11, 101-126. https://doi.org/10.1111/gbi.12025

Szabg M., Kalma&, J., DitrG, T., Bell&, G., Lente, G., Simic, N., Févian, 1., 2018. Equilibria and
kinetics of chromium(V1) speciation in aqueous solution — A comprehensive study from

Page 22 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

pH 2 to 11. Inorganica Chimica Acta, Special volume: dedicated to Professor Imre
S&&BAT2, 295-301. https://doi.org/10.1016/j.ica.2017.05.038

Tekin, T., Bayramoglu, M., 1993. Kinetics of the reduction of MnO2 with Fe2+ ions in acidic
solutions. Hydrometallurgy 32, 9-20. https://doi.org/10.1016/0304-386X(93)90053-G

Thorpe, T.E., 1882. XLIV.—On the behaviour of zinc, magnesium, and iron as reducing agents
with acidulated solutions of ferric salts. J. Chem. Soc., Trans. 41, 287-296.
https://doi.org/10.1039/CT8824100287

Topich, J., McMurry, J.E., Fay, R.C., 2004. Selected solutions manual: Chemistry, fourth
edition, McMurry, Fay. Pearson/Prentice Hall, Upper Saddle River, NY.

T&ndahl, T., Ottosson, M., Carlsson, J.-O., 2004. Growth of copper metal by atomic layer
deposition using copper(l) chloride, water and hydrogen as precursors. Thin Solid Films
458, 129-136. https://doi.org/10.1016/j.tsf.2003.12.063

Tran, Q.P., Adam, Z.R., Fahrenbach, A.C., 2020. Prebiotic Reaction Networks in Water. Life 10,
352. https://doi.org/10.3390/1ife10120352

Ulanowicz, R.E., Holt, R.D., Barfield, M., 2014. Limits on ecosystem trophic complexity:
insights from ecological network analysis. Ecol Lett 17, 127-136.
https://doi.org/10.1111/ele.12216

Uzun, D.R., Razkazova-Velkova, E., Beschkov, V., Petrov, K., 2016. A Method for the
Simultaneous Cleansing of H.S and SO.. International Journal of Electrochemistry 2016,
e7628761. https://doi.org/10.1155/2016/7628761

Walters, O.H., Barratt, S., Merton, T.R., 1928. The alkaline earth halide spectra and their origin.
Proceedings of the Royal Society of London. Series A, Containing Papers of a
Mathematical and Physical Character 118, 120-137.
https://doi.org/10.1098/rspa.1928.0040

Wang, X.-J., Tian, J.-F., Bao, L.-H., Yang, T.-Z., Hui, C., Liu, F., Shen, C.-M., Xu, N.-S., Gao,
H.-J., 2008. Formation and photoluminescence properties of boron nanocones. Chinese
Phys. B 17, 3827. https://doi.org/10.1088/1674-1056/17/10/048

Weber, B.H., Depew, D.J., Dyke, C., Salthe, S.N., Schneider, E.D., Ulanowicz, R.E., Wicken,
J.S., 1989. Evolution in thermodynamic perspective: An ecological approach. Biol Philos
4, 373-405. https://doi.org/10.1007/BF00162587

Weinstock, B., Weaver, E.E., Knop, C.P., 1966. The Xenon-Fluorine System. Inorg. Chem. 5,
2189-2203. https://doi.org/10.1021/ic50046a026

Weller, M.T., Overton, T.L., Rourke, J.P., Armstrong, F.A., 2018. Inorganic chemistry, 7th
edition. ed. Oxford University Press, Oxford.

Wilson, H.N., Bremner, J.G.M., 1948. Disproportionation in inorganic compounds. Q. Rev.
Chem. Soc. 2, 1-24. https://doi.org/10.1039/QR9480200001

Wu, T., Wang, X., DeL.isio, J.B., Holdren, S., Zachariah, M.R., 2018. Carbon addition lowers
initiation and iodine release temperatures from iodine oxide-based biocidal energetic
materials. Carbon 130, 410-415. https://doi.org/10.1016/j.carbon.2018.01.001

Page 23 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

Xavier, J.C., Hordijk, W., Kauffman, S., Steel, M., Martin, W.F., 2020. Autocatalytic chemical
networks at the origin of metabolism. Proc. R. Soc. B 287, 20192377.
https://doi.org/10.1098/rspb.2019.2377

Young, R.C., Leaders, W.M., Cappel, N.O., Lyon, D.W., 1946. Titanium(l11) Bromide, in:
Inorganic Syntheses. John Wiley & Sons, Ltd, pp. 116-118.
https://doi.org/10.1002/9780470132333.ch33

Zhabotinsky, A., 2007. Belousov-Zhabotinsky reaction. Scholarpedia 2, 1435.
https://doi.org/10.4249/scholarpedia.1435

Zintl, E., Schloffer, F., 1928. Gleichzeitige Bestimmung von Eisen Kupfer und Arsen durch
potentiometrische Titration. Angewandte Chemie 41, 956-960.
https://doi.org/10.1002/ange.19280413406

Zmbov, K.F., Margrave, J.L., 1967. Mass Spectrometry at High Temperatures. XVIII. The
Stabilities of the Mono- and Difluorides of Scandium and Yttrium. J. Chem. Phys. 47,
3122-3125. https://doi.org/10.1063/1.1712362

JIunun, P.A., Monouko, B.A., Auapeena, JI.JI., 2007. Heopranuueckasi XuMusi B peakIusx :
CIPaBOYHUK, 2-€ U3/l., iepepad. u nom., Beiciiee oopazoBanue. Jpoda, Mockaa.

S, 18, XL, FBRLR, 5k &, EARE, FRmHT, FREMS, Sesr B, g, skistE, 5
1%, BT, R, KEE, RNV, BRK, BEE, i, TER, a4, X
R, BT, 1, %, A7, TE DR, JER, TH#, F=Hh, B, £5E
JE, X E, REK, ZF7, 2003 BRLFE R, 5B 1R BRAARISEEORE AR, A%

Page 24 of 24

https://doi.org/10.26434/chemrxiv-2023-zhktd-v2 ORCID: https://orcid.org/0000-0003-2235-2341 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-zhktd-v2
https://orcid.org/0000-0003-2235-2341
https://creativecommons.org/licenses/by-nc-nd/4.0/

