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ABSTRACT: Autocatalysis has been proposed to play critical roles
during abiogenesis. 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. If the product of a comproportionation reaction
can be coupled with an auxiliary oxidation or reduction pathway that
furnishes a reactant, then a Comproportionation-based Autocatalytic
Cycle (CompAC) can exist. Using this strategy, we surveyed the
literature published in the past two centuries 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 we 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. Meanwhile, 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.

1. INTRODUCTION
Autocatalysis is usually defined as the phenomenon where the
product of a single- or multi-step reaction also catalyzes that
same reaction1 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,2,3 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, poly-
mer-regulated autocatalysis.4−21

Attributes typically associated with living organisms, such as
multistability, competition, mutualism, predation, priority
effects, gradual complexification, and adaptive responses to
selection, can readily emerge from interacting abiotic
autocatalytic reaction systems that do not involve macro-
molecules.8,12,13,19,22−25 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.26 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.27,28 The Grzybowski group in
2010 harnessed the pH oscillations of the autocatalytic
formaldehyde-sulfite-gluconolactone reaction to induce tem-
poral and spatial periodic transitions between fatty acid vesicles
and micelles.29 The Whitesides group in 2016 engineered an
autocatalytic reaction network capable of bistability and
oscillatory behavior based on simple α-aminothioesters,
disulfides, electron-deficient olefins, and the auto-amplification
of cysteamine.30 A recent study in 2022 by Muñuzuri and
Peŕez-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.31

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
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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,32 even though some researchers have attempted to
use algorithms based on simple chemical principles to identify
and design abiotic autocatalytic cycles.33−35 It has been shown
that recognizing autocatalysis in chemical reaction networks is
an NP-complete problem.36 If no autocatalytic system is
detected in a given 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 toward 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, in part because not many
functional examples of abiotic, especially inorganic autocata-
lytic systems have been identified.37,38 Further compounding
the problem is the fact that some autocatalytic reaction
networks may require spatial 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.14 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.39,40

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.41 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.8,9,12,13,22,23,42,43 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.44−46

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 (alter-

natively 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 state47,48

(Figure 1a). Comproportionation reactions are a potentially

interesting basis for assessing autocatalysis because they
combine two general 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 (Figure 1b) or reduction pathway (Figure
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).
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 have 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.47−50 A full
explanation of Broad-sense CompACs will be given in Section
3. We demonstrate that autocatalysis is likely a broadly existing

Figure 1. Conceptualization of Comproportionation-based Autocata-
lytic 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 MHi and reduced MLo

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 MHi

may comproportionate with two MLo while consuming an additional
food species FComp: MHi + 2MLo + FComp → 3MMed + XComp,M. (b) An
oxidative auxiliary process utilizes an oxidant to oxidize an MMed to an
MHi; the result is an oxidative CompAC. (c) A reductive auxiliary
process utilizes a reductant to reduce an MMed to an MLo; 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 foods of the auxiliary processes are highlighted
blue and green, respectively; waste products are highlighted gray.
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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. METHODS
Following the formalism of CompACs described above (Figure 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 (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,26 the chlorite-
iodide reaction,51 and the formation of colloidal mercury in a Hg2+−
Fe2+ system,52 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. A detailed description of how CompACs were sought
and identified can be found in Supporting Information 3.

Table 1. Representative Examples of Comproportionation-Based Autocatalytic Cycles (CompACs)a

group or series count of CompACs representative CompAC references

group 1 8 NaH + HCl → NaCl + H2
53,54

2 CuCl + H2 → 2 Cu + 2 HCl
group 2 2 Ca + CaF2 → 2 CaF 55,56

3 CaF + Sc → 3 Ca + ScF3
lanthanoid 3 2 EuCl3 + Eu → 3 EuCl2

57,58

2 EuCl2 + Cl2 → 2 EuCl3
actinoid 5 ThO2 + Th → 2 ThO 59,60

ThO + Si → Th + SiO
group 3 2 2 YF3 + Y → 3 YF2

56,61

YF2 + CaF → YF3 + Ca
group 4 4 TiBr2 + TiBr4 → 2 TiBr3

62,63

2 TiBr3 + 2 HBr → 2 TiBr4 + H2

group 5 18 2 VCl3 + V → 3 VCl2
64

2 VCl2 + 2 HCl → 2 VCl3 + H2

group 6 11 Cr2O7
2− + 6 Cr2+ + 14 H+ → 8 Cr3+ + 7 H2O

65−68

2 Cr3+ + 3 MnO2 + 2 H2O → 2 HCrO4
− + 3 Mn2+ + 2 H+

2 HCrO4
− → Cr2O7

2− + H2O
group 7 21 2 MnO4

− + 3 Mn2+ + 2 H2O → 5 MnO2 + 4 H+ 69,70

MnO2 + 2 Fe2+ + 4 H+ → Mn2+ + 2 Fe3+ + 2 H2O
group 8 5 Fe + 2 Fe3+ → 3 Fe2+ 71−73

2 Fe2+ + Cl2 → 2 Fe3+ + 2 Cl−

group 9 6 Co3O4 + Co → 4 CoO 54,74,75

6 CoO + O2 → 2 Co3O4

group 10 7 NiS2 + Ni3S2 → 4 NiS 76,77

3 NiS + H2 → Ni3S2 + H2S
group 11 9 Cu + Cu2+ → 2 Cu+ 78−80

Cu+ + Fe3+ → Cu2+ + Fe2+

group 12 7 Hg + Hg2+ → Hg22+
52,81

Hg22+ + 2 Fe2+ → 2 Hg + 2 Fe3+

group 13 14 2 B2O3 + 2 B → 3 B2O2
82−84

B2O2 + 2 H2 → 2 B + 2 H2O
group 14 22 C + CO2 → 2 CO 64,85

5 CO + I2O5 → I2 + 5 CO2

group 15 25 HNO2 + HNO3 → 2 NO2 + H2O
86,87

2 NO2 + Cu + 2 H+ → 2 HNO2 + Cu2+

group 16 32 SO2 + 2 H2S → 3 S + 2 H2O
88−90

S + O2 → SO2

group 17 21 HCl + HOCl → Cl2 + H2O
88,91

Cl2 + H2 → 2 HCl
group 18 4 XeF4 + Xe → 2 XeF2

54,92,93

XeF2 + F2 → XeF4
aThe 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 Supporting Information 4. Comproportionation reactions are
shown by the upper equations, while the auxiliary oxidation or reduction reactions are shown by the lower equations.
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3. RESULTS
We documented 226 CompACs across the periodic table, and
most of them do not involve organic molecules (Table 1, Table
S1, Supporting Information 4). 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.
In addition, the use of the term “comproportionation” in

published literature is sometimes not necessarily associated
with redox reactions following the pattern shown in Figure 1a
but only emphasizes a specific stoichiometric relationship.47,48

For example, O2SCl2 + O2SF2 → 2O2SFCl is sometimes

referred to as a comproportionation reaction because different
species react to produce another species with stoichiometric
excess,49,50 while the oxidation numbers of the involved atoms
remain unchanged. 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 → 2O2SFCl can be combined with
O2SFCl + KSO2F → O2SF2 + KCl + SO2,

94 to form a Broad-
sense CompAC (autocatalysts are shown in bold). Con-
sequently, 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

Figure 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 are underlined; intermediate-state, the most oxidized, and the most reduced M/N’s are highlighted purple, red, and gold, respectively;
oxidant and reductant foods of the auxiliary processes are highlighted blue and green, respectively; waste products are highlighted gray. (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 (MHi−MMed) and the auxiliary
process of the reductive CompAC (NLo−NMed) 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 (MI−MII) can prey
on another CompAC (MIII−MIV), if the autocatalyst of the latter (MIII) is consumed as food by the comproportionation process of the former (MI

+ MIII → 2MII + X′Comp). (e) A predator CompAC (MMed−MLo) can also prey on another CompAC (NLo−NMed), if the autocatalyst of the latter
(NLo) is consumed as food by the auxiliary process of the former (MMed + NLo → MLo + XN). (f) If the autocatalysts (MMed and NMed) of different
CompACs (MHi−MMed and NHi−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.
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addition, some other classic examples of abiotic autocatalysis,
such as the formose reaction,5,95 pyrite oxidation in an aqueous
environment,96 and the oxidation of oxalic acid by
permanganate,97−99 may also be enumerated as Broad-sense
CompACs. The last example is also a CompAC since the
elementary steps can be grouped such that MnC2O4 and
MnO4

− comproportionate to Mn3+ instead of Mn2+. Taken
together, CompACs do not reflect an isolated or particularly
specialized attribute of elements of any particular group.
CompACs are documented by only considering stoichiom-

etry and oxidation numbers without explicitly considering the
thermodynamics of their constituent reactions. Thermody-
namic considerations bring to attention two potential
complications concerning the empirical observation of
CompACs. First, for a reversible reaction pathway which is a
part of a CompAC, its rate constant(s) in the autocatalytic
direction may be much smaller than that of the reverse
direction under a given set of environmental conditions, such
that the autocatalytic process could be very slow or the steady-
state concentrations of autocatalysts could be very small.
Nevertheless, in principle, it is possible to make autocatalysis
more prominent by making environmental conditions more
extreme, e.g., high temperatures, or far from equilibrium, e.g.,
high concentrations of food with low initial concentrations of
autocatalysts in a continuous-flow stirred tank reactor. Second,
the comproportionation and auxiliary processes of a CompAC
may require very different environmental conditions to be
thermodynamically feasible, making it challenging to actualize
such a CompAC in a well-mixed reactor. Nevertheless, there
are spatial and temporal mechanisms capable of organizing
reactions requiring different conditions into activated Com-
pACs (see Section 4.2).

4. 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.
Broad-sense CompACs can contain large numbers of reactions,
such as the formose reaction. However, we focus on CompACs
consisting of just a few (mostly two and no more than five; see
Table S1: Serial 146) reactions in this study, because
experimentally testing these small CompACs and coupling
multiples of them together to form a more complex,
ecosystem-like network, setting aside the possibility of side
reactions, ought to be more straightforward than testing large
autocatalytic cycles. 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−S2) seems 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);100,101 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. The 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.41,102 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.103 Any and all of these conditions may
be leveraged to engineer life-like chemical systems with useful
chemosynthetic and information-processing properties.

4.1. Emergent Patterns from Interactions between
CompACs. Being based on redox reactions, different
CompACs may be coupled to form complexes of autocatalytic
networks13 (Figure 2). For example, the auxiliary processes of
two oxidative CompACs may consume the same oxidant,
making these CompACs compete for food (Figure 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 (Figure 2b).
Mutualism is also possible if the auxiliary process of an
oxidative CompAC and that of a reductive CompAC happen
to be the same reaction (Figure 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 relationship22,23 (Figure
2d,e). Bistability and the priority effect are also possible if
autocatalysts of different CompACs dimerize to form a new
chemical species104 (Figure 2f).
In contrast to autocatalytic cycles observed in biochemistry

that may involve dozens of reaction steps and/or biomacro-
molecules (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”,13 and it is arguably easier to find
naturally occurring or laboratory-generated conditions that
allow every reaction in a smaller autocatalytic cycle to occur.

4.2. 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 theoretical existence
of a CompAC does not necessarily mean that it will be easily
observable nor that it will generate complex dynamics between
and among species in a chemical system. There are systemic
constraints that are known to facilitate complicated autocata-
lytic 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.26

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
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check whether a tiny amount of candidate autocatalysts can be
used as a “seed” to trigger a reaction system that produces
much more autocatalysts.12 A CompAC is more likely to
exhibit reaction acceleration or seed-dependence when direct
reactions between the complementary reductive and oxidative
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.
The dissolution of copper in nitric acid86,87,105 shows an

example of kinetic separation in an autocatalytic system
(Figure 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 HNO3 is low
(Figure 3a). As the dissolution reaction continues, NO2 is
slowly formed by the reaction between HNO3, H+, and
electrons from Cu. Once NO2 is formed, it activates a new
reaction pathway that is much faster than the direct reaction
between the Cu metal and nitric acid (Figure 3b):

+ + ++ +NO HNO1/2Cu H 1/2Cu2 2
2

+ +HNO 2NOHNO H O2 23 2

Here, NO2 and HNO2 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 HNO2, the
autocatalytic dynamics may be obscured. In this case, slowing
the reaction between the oxidative food, HNO3, 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 autocatalytic pathway formed by
ketose-aldose isomerizations, aldol, and retro-aldol reactions.5

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:54,64

+CO (g) C(s) 2CO(g)2

This reaction and the oxidation of CO by I2O5 under room
temperature64 can form a CompAC:

+CO 2CO(g) C(s) (g)2

+ +5CO 5CO(g) I O (s) (g) I (s/g)22 5 2

where the autocatalysts CO2 and CO consume C and I2O5 as
food, generating I2 as waste. This CompAC could be difficult
to observe, however, in the case where one simply mixes the
food species C and I2O5 together in a heated reactor. This is
because I2O5 will directly decompose to I2 and O2

54 and/or
react with C106 at temperatures much lower than the desired
temperature of CO2 + C → 2CO; thus, the autocatalytic
dynamics may be obscured.
One way to facilitate the observation of this CompAC is to

place I2O5 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 I2O5 is low
while that of the reactor with C is high, with the tunnels
surrounded by cooling jackets (Figure 4). Carried out in this

way, the I2O5 and C will be spatially separated and cannot
directly react with each other4 while each resides in a reactor
with appropriate reaction conditions. To initiate the
conversion of I2O5 and C into CO2 and CO, a small amount
of CO2 or CO gas needs to be introduced to a reactor or
tunnel as a “seed”. With CO2 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 I2O5 in the other reactor and reacting to regenerate CO2
by 5CO + I2O5 → 5CO2 + I2. Then, the low-temperature CO2
will move mainly through the lower tunnel to enter the hot

Figure 3. Autocatalytic dissolution of copper in nitric acid and kinetic
separation between food species. (a) Direct reaction between HNO3,
Cu, and H+ is slow, which “kinetically separates” the food species
HNO3, Cu, and H+. (b) Autocatalytic dissolution of copper consists
of two fast reactions: the comproportionation between HNO3 and
HNO2, which yields NO2, and the reduction of NO2 by Cu and H+,
which produces HNO2.

Figure 4. Autocatalytic amplification of CO and CO2 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, while the left reactor is at room temperature.64 In the right
reactor, CO2 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 CO2 by reacting with I2O5, then this room-temperature CO2 moves
to the right reactor. To initiate the autocatalytic cycle, at least a small
amount of CO2 or CO needs to be added as a “seed”.
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reactor. As this process continues, more and more CO2 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.107−110 For
example, if an autocatalytic cycle needs food from hydro-
thermal 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:

+ +SO 3S2H S 2H O22 2

+S SOO 22

where the autocatalysts SO2 and S consume H2S and O2,
generating H2O as a waste product. Given that the reaction
volume is seeded by a small amount of liquid SO2 blanketed by
an inert gas (e.g., N2) and the volume periodically receives and
releases gaseous molecules in the following pattern (Figure 5),
autocatalysis can be achieved:
(i) H2S is received at a temperature between the boiling

points of H2S and SO2;
(ii) the reaction volume is closed at a temperature high

enough to allow for 2H2S + SO2 → 3S + 2H2O;
(iii) gases are released at a temperature between the boiling

points of H2O and S;
(iv) O2 is received at a temperature between the boiling

points of O2 and S;
(v) the reaction volume is closed at a temperature high

enough to allow for S + O2 → SO2;
(vi) gases are released at a temperature between the boiling

points of O2 and SO2, and then starting over at step (i).

Under these periodically changing environmental condi-
tions, wherein the food species H2S and O2 are provided at
different, non-overlapping time intervals (i.e., temporally
separated), the observation of autocatalytic amplification of
SO2 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, 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, ATP, NADPH, and H2O are kinetically
separated during the Calvin cycle because they do not directly
react to produce monosaccharides, and activating the Calvin
cycle requires monosaccharide phosphates as autocatalysts.
Intracellular compartments (e.g., the nucleus or the mitochon-
dria in eukaryotes) or macromolecular centralization of
multifaceted processes (e.g., ribosomal subunit interactions)
can provide a microscopic structural basis for spatial
separation.111,112 Temporal separation can be mediated by
vegetative growth and reproductive growth. One underex-
plored 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.

4.3. 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 influences.113 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.103

Figure 5. Autocatalytic amplification of SO2 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 O2 is temporally separated such that the direct reaction between them
is impossible but the autocatalytic amplification of SO2 and S is still afforded. (i) The reactor is open, receiving H2S at a temperature between the
boiling points of H2S and SO2. (ii) The reactor is closed; the comproportionation between H2S and SO2 produces S and H2O. (iii) The reactor is
open, releasing H2O and residual H2S at a temperature between the boiling points of H2O and S. (iv) The reactor is open, receiving O2 at a
temperature between the boiling points of O2 and S. (v) The reactor is closed; S is oxidized to SO2 by O2, completing the autocatalytic cycle. (vi)
The reactor is open, releasing residual O2 at a temperature between the boiling points of O2 and SO2. Boiling points: O2 < H2S < SO2 < H2O < S.
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Another question relevant to both biosignature character-
ization 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.114 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.115 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.)116 that can
support complex comproportionation-driven chemical dynam-
ics 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 up117

is more likely to underlie complex dynamics based on
CompACs, and then test these attributes against the
probability of biological uptake.

5. CONCLUSIONS
Life utilizes three separation mechanisms (kinetic, spatial, and
temporal) to modulate aspects of cellular homeostasis and
facilitate contingent responses to stimuli. Examples provided
by a small number of well-studied abiotic autocatalytic systems,
such as the formose reaction and the Belousov-Zhabotinsky
reaction, showed that only under conditions of effective
separation can chemical disequilibria be leveraged to generate
suitably “life-like” compositional variations. Based on an
analysis of the presence of comproportionation reactions
across element groups reported in the literature, we
demonstrate that abiotic autocatalytic reaction systems under-
pinned by comproportionation (i.e., CompACs) are more
frequent than previously thought; importantly, the presence of
CompACs 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 that are
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
biosignatures from bona f ide ones, and for circumscribing
conditions suitable for the organization of complex chemical
systems in general.
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(31) Muñuzuri, A. P.; Pérez-Mercader, J. Unified Representation of
Life’s Basic Properties by a 3-Species Stochastic Cubic Autocatalytic
Reaction-Diffusion System of Equations. Phys. Life Rev. 2022, 41, 64−
83.
(32) Arya, A.; Ray, J.; Sharma, S.; Simbron, R. C.; Lozano, A.; Smith,
H. B.; Andersen, J. L.; Chen, H.; Meringer, M.; Cleaves, H. J. An
Open Source Computational Workflow for the Discovery of
Autocatalytic Networks in Abiotic Reactions. Chem. Sci. 2022, 13,
4838−4853.
(33) Szirovicza, L.; Nagypal, I.; Boga, E. An Algorithm for the
Design of Propagating Acidity Fronts. J. Am. Chem. Soc. 1989, 111,
2842−2845.
(34) Orban, M.; Dateo, C.; De Kepper, P.; Epstein, I. R. Systematic
Design of Chemical Oscillators. 11. Chlorite Oscillators: New
Experimental Examples, Tristability, and Preliminary Classification.
J. Am. Chem. Soc. 1982, 104, 5911−5918.
(35) Kurin-Csörgei, K.; Epstein, I. R.; Orbán, M. Systematic Design
of Chemical Oscillators Using Complexation and Precipitation
Equilibria. Nature 2005, 433, 139−142.
(36) Andersen, J. L.; Flamm, C.; Merkle, D.; Stadler, P. F.
Maximizing Output and Recognizing Autocatalysis in Chemical
Reaction Networks Is NP-Complete. J. Syst. Chem. 2012, 3, 1.
(37) Hanopolskyi, A. I.; Smaliak, V. A.; Novichkov, A. I.; Semenov,
S. N. Autocatalysis: Kinetics, Mechanisms and Design. ChemSystem-
sChem 2021, 3, No. e2000026.
(38) Miras, H. N.; Mathis, C.; Xuan, W.; Long, D.-L.; Pow, R.;
Cronin, L. Spontaneous Formation of Autocatalytic Sets with Self-
Replicating Inorganic Metal Oxide Clusters. Proc. Natl. Acad. Sci. U. S.
A. 2020, 117, 10699−10705.
(39) Orgel, L. E. The Implausibility of Metabolic Cycles on the
Prebiotic Earth. PLoS Biol. 2008, 6, No. e18.
(40) Schnitter, F.; Rieß, B.; Jandl, C.; Boekhoven, J. Memory,
Switches, and an OR-Port through Bistability in Chemically Fueled
Crystals. Nat. Commun. 2022, 13, 2816.
(41) Blokhuis, A. Physical Aspects of Origins of Life Scenarios;
Thesis, Universite ́ Paris sciences et lettres, 2019. https://hal.archives-
ouvertes.fr/tel-02566386 (accessed December 2, 2022).
(42) Muchowska, K. B.; Varma, S. J.; Moran, J. Nonenzymatic
Metabolic Reactions and Life’s Origins. Chem. Rev. 2020, 120, 7708−
7744.
(43) Muchowska, K. B.; Varma, S. J.; Chevallot-Beroux, E.;
Lethuillier-Karl, L.; Li, G.; Moran, J. Metals Promote Sequences of
the Reverse Krebs Cycle. Nat. Ecol. Evol. 2017, 1, 1716−1721.
(44) Kawai, J.; Jagota, S.; Kaneko, T.; Obayashi, Y.; Yoshimura, Y.;
Khare, B. N.; Deamer, D. W.; McKay, C. P.; Kobayashi, K. Self-
Assembly of Tholins in Environments Simulating Titan Liquido-
spheres: Implications for Formation of Primitive Coacervates on
Titan. Int. J. Astrobiol. 2013, 12, 282−291.
(45) McKay, C. P. The Search for Extraterrestrial Biochemistry on
Mars and Europa. In Exobiology: Matter, Energy, and Information in the
Origin and Evolution of Life in the Universe; Chela-Flores, J., Raulin, F.,
Eds.; Springer Netherlands: Dordrecht, 1998; pp 219−227.
(46) Stevenson, J.; Lunine, J.; Clancy, P. Membrane Alternatives in
Worlds without Oxygen: Creation of an Azotosome. Sci. Adv. 2015, 1,
No. e1400067.
(47) IUPAC. Comproportionation. In Compendium of Chemical
Terminology, 2nd ed., (the “Gold Book”); McNaught, A. D.,

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c07041
J. Am. Chem. Soc. 2023, 145, 22483−22493

22491

https://doi.org/10.1186/gb-2008-9-3-r51
https://doi.org/10.1186/gb-2008-9-3-r51
https://doi.org/10.1186/gb-2008-9-3-r51
https://doi.org/10.1073/pnas.2107829118
https://doi.org/10.1073/pnas.2107829118
https://doi.org/10.1073/pnas.2013527117
https://doi.org/10.1073/pnas.2013527117
https://doi.org/10.1016/S0040-4039(01)99487-0
https://doi.org/10.1002/syst.201900033
https://doi.org/10.1002/syst.201900033
https://doi.org/10.1002/syst.201900033
https://doi.org/10.1002/bies.20389
https://doi.org/10.1002/bies.20389
https://doi.org/10.1038/s41570-021-00329-7
https://doi.org/10.1038/s41570-021-00329-7
https://doi.org/10.1016/S0022-5193(86)80047-9
https://doi.org/10.1002/anie.202117605
https://doi.org/10.1002/anie.202117605
https://doi.org/10.1371/journal.pcbi.1010498
https://doi.org/10.1371/journal.pcbi.1010498
https://doi.org/10.1371/journal.pcbi.1010498
https://doi.org/10.1016/j.jtbi.2020.110451
https://doi.org/10.1016/j.jtbi.2020.110451
https://doi.org/10.1016/j.jtbi.2020.110451
https://doi.org/10.1186/s13322-015-0009-7
https://doi.org/10.1186/s13322-015-0009-7
https://doi.org/10.1098/rsif.2020.0488
https://doi.org/10.1098/rsif.2020.0488
https://doi.org/10.1111/ele.12216
https://doi.org/10.1111/ele.12216
https://doi.org/10.1007/BF00162587
https://doi.org/10.1007/BF00162587
https://doi.org/10.1098/rspb.2019.2377
https://doi.org/10.1016/0303-2647(82)90022-3
https://doi.org/10.1186/1745-6150-7-1
https://doi.org/10.1016/j.biosystems.2019.104063
https://doi.org/10.1016/j.biosystems.2019.104063
https://doi.org/10.1016/j.biosystems.2019.104063
https://doi.org/10.1039/cs9780700297
https://doi.org/10.48550/ARXIV.2212.14445
https://doi.org/10.48550/ARXIV.2212.14445
https://doi.org/10.48550/ARXIV.2212.14445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4249/scholarpedia.1435
https://doi.org/10.1021/ja00191a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00191a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/life10120352
https://doi.org/10.3390/life10120352
https://doi.org/10.1021/la102635w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la102635w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature19776
https://doi.org/10.1038/nature19776
https://doi.org/10.1016/j.plrev.2022.03.003
https://doi.org/10.1016/j.plrev.2022.03.003
https://doi.org/10.1016/j.plrev.2022.03.003
https://doi.org/10.1039/D2SC00256F
https://doi.org/10.1039/D2SC00256F
https://doi.org/10.1039/D2SC00256F
https://doi.org/10.1021/ja00190a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00190a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00386a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00386a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00386a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature03214
https://doi.org/10.1038/nature03214
https://doi.org/10.1038/nature03214
https://doi.org/10.1186/1759-2208-3-1
https://doi.org/10.1186/1759-2208-3-1
https://doi.org/10.1002/syst.202000026
https://doi.org/10.1073/pnas.1921536117
https://doi.org/10.1073/pnas.1921536117
https://doi.org/10.1371/journal.pbio.0060018
https://doi.org/10.1371/journal.pbio.0060018
https://doi.org/10.1038/s41467-022-30424-2
https://doi.org/10.1038/s41467-022-30424-2
https://doi.org/10.1038/s41467-022-30424-2
https://hal.archives-ouvertes.fr/tel-02566386
https://hal.archives-ouvertes.fr/tel-02566386
https://doi.org/10.1021/acs.chemrev.0c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41559-017-0311-7
https://doi.org/10.1038/s41559-017-0311-7
https://doi.org/10.1017/S1473550413000116
https://doi.org/10.1017/S1473550413000116
https://doi.org/10.1017/S1473550413000116
https://doi.org/10.1017/S1473550413000116
https://doi.org/10.1126/sciadv.1400067
https://doi.org/10.1126/sciadv.1400067
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c07041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Wilkinson, A., Eds.; Blackwell Scientific Publications, Oxford: Oxford,
1997.
(48) IUPAC. Disproportionation. In Compendium of Chemical
Terminology, 2nd ed., (the “Gold Book”); McNaught, A. D.,
Wilkinson, A., Eds.; Blackwell Scientific Publications, Oxford: Oxford,
1997.
(49) Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements; 2nd
ed.; Butterworth-Heinemann: Oxford; Boston, 1997; p 694.
(50) Schmidt, M.; Siebert, W.; Bagnall, K. W. The Chemistry of
Sulphur, Selenium, Tellurium and Polonium; Elsevier, 1973; p 849.
(51) Kepper, D.; Patrick; Boissonade, J.; Epstein, I. R. Chlorite-
Iodide Reaction: A Versatile System for the Study of Nonlinear
Dynamic Behavior. J. Phys. Chem. 1990, 94, 6525−6536.
(52) Raposo, R. R.; Meléndez-Hevia, E.; Spiro, M. Autocatalytic
Formation of Colloidal Mercury in the Redox Reaction between Hg2+
and Fe2+ and between Hg22+ and Fe2+. J. Mol. Catal. A: Chem. 2000,
164, 49−59.
(53) Törndahl, T.; Ottosson, M.; Carlsson, J.-O. Growth of Copper
Metal by Atomic Layer Deposition Using Copper(I) Chloride, Water
and Hydrogen as Precursors. Thin Solid Films 2004, 458, 129−136.
(54) Ma, Shichang, Ed. Basic Chemical Reactions, 1st Edition;
Shaanxi Science and Technology Press: Xi’an, 2003 (in Chinese); pp
10, 135, 323, 332, 480.
(55) Walters, O. H.; Barratt, S.; Merton, T. R. The Alkaline Earth
Halide Spectra and Their Origin. Proc. R. Soc. London, Ser. A 1928,
118, 120−137.
(56) Zmbov, K. F.; Margrave, J. L. Mass Spectrometry at High
Temperatures. XVIII. The Stabilities of the Mono- and Difluorides of
Scandium and Yttrium. J. Chem. Phys. 1967, 47, 3122−3125.
(57) Da Silva, F.; Rycerz, L.; Gaune-Escard, M. Thermodynamic
Properties of EuCl2 and the NaCl-EuCl2 System. Z. Naturforsch., A
2001, 56, 647−652.
(58) Kuznetsov, S. A.; Rycerz, L.; Gaune-Escard, M. Electrochemical
and Thermodynamic Properties of EuCl3 and EuCl2 in an Equimolar
NaCl-KCl Melt. Z. Naturforsch., A 2001, 56, 741−750.
(59) Hildenbrand, D. L.; Murad, E. Mass Spectrometric Studies of
Gaseous ThO and ThO2. J. Chem. Phys. 1974, 61, 1232−1237.
(60) Hoch, M.; Johnston, H. L. The Reaction Occurring on
Thoriated Cathodes. J. Am. Chem. Soc. 1954, 76, 4833−4835.
(61) Knight, L. B.; Wise, M. B. Generation and ESR Investigation of
YF2 and Y(CN)2 Radicals in Rare Gas Matrices. J. Chem. Phys. 1980,
73, 4946−4950.
(62) Stebler, A.; Leuenberger, B.; Gödel, H. U.; Briat, B. Synthesis
and Crystal Growth of A3M2X9 (A = Cs, Rb; M = Ti, V, Cr; X = Cl,
Br). In Inorganic Syntheses; John Wiley & Sons, Ltd., 1989; pp 377−
385.
(63) Young, R. C.; Leaders, W. M.; Cappel, N. O.; Lyon, D. W.
Titanium(III) Bromide. In Inorganic Syntheses; John Wiley & Sons,
Ltd., 1946; pp 116−118.
(64) Lidin, R. A.; Molochko, V. A.; Andreeva, L. L. Inorganic
Chemistry in Reactions: Handbook, 2nd Edition, revised and enlarged;
Drofa: Moscow, 2007 (in Russian); pp 79, 216, 594, 595.
(65) Liang, J.; Huang, X.; Yan, J.; Li, Y.; Zhao, Z.; Liu, Y.; Ye, J.;
Wei, Y. A Review of the Formation of Cr(VI) via Cr(III) Oxidation in
Soils and Groundwater. Sci. Total Environ. 2021, 774, No. 145762.
(66) Szabó, M.; Kalmár, J.; Ditrói, T.; Bellér, G.; Lente, G.; Simic,
N.; Fábián, I. Equilibria and Kinetics of Chromium(VI) Speciation in
Aqueous Solution − A Comprehensive Study from pH 2 to 11. Inorg.
Chim. Acta 2018, 472, 295−301.
(67) Topich, J.; McMurry, J. E.; Fay, R. C. Selected Solutions Manual:
Chemistry, Fourth Edition, McMurry, Fay; Pearson/Prentice Hall:
Upper Saddle River, NY, 2004; p 59.
(68) Zintl, E.; Schloffer, F. Gleichzeitige Bestimmung von Eisen
Kupfer Und Arsen Durch Potentiometrische Titration. Angew. Chem.
1928, 41, 956−960.
(69) Li, W.; Siqin, G.-W.; Zhu, Z.; Qi, L.; Tian, W.-H.
Electrochemical Properties of Niobium and Phosphate Doped
Spherical Li-Rich Spinel LiMn2O4 Synthesized by Ion Implantation
Method. Chin. Chem. Lett. 2017, 28, 1438−1446.
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Chlorures et Oxydes Anhydres de Nickel et de Cobalt. C. R. Hebd.
Seances Acad. Sci. 1961, 252, 280−281.
(78) Bjergbakke, E.; Sehested, K.; Rasmussen, O. L. The Reaction
Mechanism and Rate Constants in the Radiolysis of Fe2+-Cu2+
Solutions. Radiat. Res. 1976, 66, 433−442.
(79) Ciavatta, L.; Ferri, D.; Palombari, R. On the Equilibrium Cu2+ +
Cu(s) ⇄2Cu+. J. Inorg. Nucl. Chem. 1980, 42, 593−598.
(80) Orth, R. J.; Parikh, R. S.; Liddell, K. C. Application of the
Rotating Ring-Disk Electrode in Determining the Second-Order Rate
Constant for the Reaction Between Cu(I) and Fe(III) in 1.0 mol/dm3

HCl. J. Electrochem. Soc. 1989, 136, 2924.
(81) Kozin, L. F.; Hansen, S. CHAPTER 5: Chemical Properties of
Mercury. In Mercury Handbook; Royal Society of Chemistry, 2013; pp
80−127.
(82) Inghram, M. G.; Porter, R. F.; Chupka, W. A. Mass
Spectrometric Study of Gaseous Species in the B−B2O3 System. J.
Chem. Phys. 1956, 25, 498−501.
(83) Sommer, A.; White, D.; Linevsky, M. J.; Mann, D. E. Infrared
Absorption Spectra of B2O3, B2O2, and BO2 in Solid Argon Matrices.
J. Chem. Phys. 1963, 38, 87−98.
(84) 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. Formation and Photo-
luminescence Properties of Boron Nanocones. Chin. Phys. B 2008, 17,
3827.
(85) Wilson, H. N.; Bremner, J. G. M. Disproportionation in
Inorganic Compounds. Q. Rev., Chem. Soc. 1948, 2, 1−24.
(86) Abd El Aal, E. E.; Abd El Wanees, S.; Abd El Aal, A.
Autocatalytic Dissolution of Pb in HNO3. J. Mater. Sci. 1992, 27,
365−373.
(87) Evans, U. R. Behaviour of Metals in Nitric Acid. Trans. Faraday
Soc. 1944, 40, 120−130.
(88) Patnaik, P. Handbook of Inorganic Chemicals; McGraw-Hill
handbooks; McGraw-Hill: New York, 2003; pp 210, 892.
(89) Steudel, R. Aqueous Sulfur Sols. In Elemental Sulfur and Sulfur-
Rich Compounds I; Steudel, R., Ed.; Topics in Current Chemistry;
Springer: Berlin, Heidelberg, 2003; pp 153−166.
(90) Uzun, D. R.; Razkazova-Velkova, E.; Beschkov, V.; Petrov, K. A
Method for the Simultaneous Cleansing of H2S and SO2. Int. J.
Electrochem. 2016, 2016, No. e7628761.
(91) Lister, M. W. The Decomposition of Hypochlorous Acid. Can.
J. Chem. 1952, 30, 879−889.
(92) Claassen, H. H.; Selig, H.; Malm, J. G. Xenon Tetrafluoride. J.
Am. Chem. Soc. 1962, 84, 3593−3593.
(93) Weinstock, B.; Weaver, E. E.; Knop, C. P. The Xenon-Fluorine
System. Inorg. Chem. 1966, 5, 2189−2203.
(94) Seel, F.; Duncan, L. C.; Czerepinski, R. G.; Cady, G. H. Sulfuryl
Chloride Fluoride and Sulfuryl Fluoride. In Inorganic Syntheses; John
Wiley & Sons, Ltd, 1967; pp 111−113.
(95) Boutlerow, A. M. Formation Synthet́ique d’une Substance
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