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Abstract: This work is the first part of a series of papers on a comprehensive analysis of the processes of
prebiotic self-organization and protophotosynthesis on the surface of semiconductor minerals and in systems
of natural dispersed semiconductors. Comprehensive analysis within the framework of the "semiconductor
world" concept allows integrating a variety of models on a single physical basis - from ZnS world and FeS
world (based on inorganic semiconductors) to the PAH world and aromatic world (including organic
semiconductors). Thus, we do not put forward a new alternative hypothesis of chemical evolution - a new
"chemical world", but only integrate the evolutionary and geochemical criteria of different "chemical worlds"
into a single "physical world", which gives one the opportunity to reconstruct and predict the directions of
chemical evolution according to the uniform principles of physical chemistry. In the first part of this series we
consider photoinduced self-organization and "photo-controlled” evolution of the early protobiological systems
performing solar energy conversion on the surface of dispersed semiconductor minerals capable of
(photo)catalyzing and photosensitizing prebiological processes. The latter include a transition from the
elementary cycles of photocatalytic reactions on the surface of semiconductors to protophotometabolic cycles
and protophotosynthesis, from photophysical processes on the surface of mineral semiconductors to
photoinduced membrane potentials, from photocontrolled sorption on the surface of such minerals to the
formation of photosensitive protomembranes and selection of photosynthetic structures. The evolutionary
approach to the analysis of protobiological mechanisms and protobioenergetics within the framework of the
"semiconductor world" concept provides a new approach to the study of the last common point of divergence
of protobiological systems, where the emergence principles of different energy supply schemes (like the energy
source-specific photoautotrophy and substrate-specific chemoautotrophy) merge at the physicochemical level.
The proposed integrating scheme is consistent with most biological, geological, and physicochemical concepts,
which ensures its complete cross-checking and internal consistency.

Keywords: semiconductor minerals; photosynthesis; photocatalysis; origin of life; protocells; self-
assembly; self-organization; photoinduced processes; protometabolism; protomembranes

Preface.

This review is the first introductory part of a series of papers planned to be published by the
authors since the 2010s during the period of their work at the geochemical institute and later in the
photobiological / photobiomimetic laboratory (engaged in research on photosynthesis and the
development of biomimetic photovoltaic cells) at the Institute of Chemical Physics of the Russian
Academy of Sciences until its reorganization at the end of the 2010s. At present, the full
implementation of this work is impossible within the Russian Federation, due to the merger of
institutes and laboratories, and the focus of most research projects on the applied problems rather
than on the fundamental science. In this regard, the only opportunity for the authors to continue this
work is to publish or deposit as a preprint their main concepts and preliminary results obtained
earlier in order to ensure the possibility of verifying their ideas by the independent researchers
throughout the world, as well as to establish direct communication and further collaboration with
the foreign colleagues interested in the development of the above ideas.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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This manuscript was initially written at the invitation of the journal Life in 2020 for the cancelled
special issue "Origin and Early Evolution of Photosynthesis". The impossibility of submitting the
resulting text containing more than 200 pages (excluding illustrations) required its further revision
and division into three parts. Therefore, the second version of this manuscript was prepared at the
invitation of the same journal in January 2022 for the Topical Collection "Feature Review Papers for
Life" edited by Prof. Michael Russell. However, the submission of the final manuscript,
unfortunately, coincided with the beginning of the Russian aggression against Ukraine in February
2022, which prevented the authors from submitting the manuscript on time. Finally, the first part of
this manuscript was resubmitted at the repeated invitation from Life to the Topical Collection
"Feature Review Papers for Life" in June 2023, and since then it is still under review. Thus, several
months have passed since the first submission of this manuscript and the authors decided to deposit
its original text as a preprint, since with the increasing delay time of its publication the manuscript
may loose certain points of novelty (since 2020, a number of similar ideas have already been
expressed or verified by the other authors).

Unfortunately, there is almost no opportunity for the authors to continue their work on this topic
in the nearest future both in Russia, where academic science is rapidly degrading, and abroad, due
to the political situation (since all the attempts of the authors to join the foreign groups studying the
origin of life problem within the EU and US failed due to the sanctions and restrictions on cooperation
with the Russian citizens regardless of their civic stance). Therefore, in the current circumstances, we
can only convey the main ideas of our concept to the international readership and hope that they will
be interesting to someone who can provide their further verification and development. We are also
opened for any feedback, suggestions and comments from the origin of life community on the
improvement of the ideas described in this and in the forthcoming papers, and we are certainly ready
for any type of cooperation with those colleagues who are ready to provide us the opportunity to
continue this work within their research groups. Fais ce que dois, advienne, que pourra.

1. Plausibility of the protophotosynthesis models depends on the definition of photosynthesis.

The emergence of primary photosynthesis mechanisms is an integral part of the chemical
evolution, and hence, should not be studied separately from the geochemical (or astrochemical)
conditions of the corresponding processes of chemical evolution. The direction of natural selection,
according to the general principles of chemical evolutionary processes [1,2], depends on the
conditions in which it occurs, while the nature of structures participating and winning in this process
strictly depends on the medium and the selection criteria. Accordingly, the emergence of
photosynthesis as a product of long molecular evolution, which began long before the formation of
its modern biochemical forms, should be understood not only from the “reverse engineering of
molecular biological machinery” of its modern forms, but, above all, from a specific analysis of
natural conditions for the processes of chemical evolution in different periods of geological or space
time. The subject of this paper is not the emergence of specific biochemical forms of the
photosynthetic process, which is investigated by many reputable research teams, but the physical
and chemical reasons for the emergence and the evolutionary path of the physical principle itself,
which underlies the assimilation and conversion of the solar energy that generated photosynthesis.
Here we do not consider the aspects of natural selection of the specific photosynthetic pathways and
their hereditary mechanisms that fix them at the taxonomic level, but we consider photosynthesis as
a physical and chemical phenomenon resulting from the development of the solar energy conversion
mechanisms in the environmental conditions of the early Earth during chemical evolution.
Depending on what stage of chemical evolution we are talking about, on which carrier in the studied
/ validated model the processes are preceding and what level of maturity of the template synthesis
of biomacromolecules is typical for this stage, the specific mechanisms for maintaining and fixation
the precursor photosynthetic process can vary. The earlier this stage is, the more reductionist is the
model (and the less applicable are the modern hereditary concepts, if we are talking about
stabilization and reproduction of its mechanisms from generation to generation).
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Depending on which model we select (and what definition of the energy photoconversion
process we use as the conventional equivalent of photosynthesis), on what biomimetic criteria we
apply to reproduce and interpret the evolutionarily pre-photosynthesis phenomena, not only the
answer about the origin of photosynthesis will change but the subject matter as well. At the same
time, since metonymy / reification of terminology often occurs during the development of science,
and the degree of rigor and concretization of the definitions continously increases, modeling of the
processes in accordance with their early general definitions is the most simple (less limited by the
strict binding to its current form) and heuristically fruitful way for an evolutionist and any other
specialist who considers the essence of the phenomenon in its development (either geological
stratigraphy or biological evolution). In the case of modeling photosynthesis, this circumstance is
fundamental, due to the differences in specific mechanisms or fundamental aspects of the definitions
of photosynthesis for different taxa, different biochemical substrates, different evolutionary branches
and different environmental conditions (for example, oxygenic and anoxygenic photosynthesis).
With excessive chemical or taxonomically correct concretization of definitions, the possibility of
finding a common ground in the evolving mechanisms of photosynthesis, starting from its primary
prebiological stages, may be lost, as well as the possibility or expediency of searching for this
evolutionary context. Let us illustrate this thesis.

Oxford English Dictionary in its early editions defined photosynthesis as "The process by which
carbon dioxide is converted into organic matter in the presence of the chlorophyll of plants under the
influence of light, which in all plants... involves the production of oxygen from water" [3] (in place of
the ellipsis is the mention of "except some bacteria", although this is a biologically / taxonomically
outdated definition). This definition clearly focuses on the process of carbon dioxide assimilation and
production of oxygen from water in the presence of chlorophyll as a photocatalyst while organic
matter there is referred to in a broad sense, without specifying any particular classes of the organic
compounds. This allows to implement a wide range of different photochemical (photoinduced /
photocatalytic) processes of organic synthesis while talking about photosynthesis modeling (within
the limits of compliance with the above definition). Such a broad understanding of photosynthesis in
the early 1980s probably contributed to the development of "artificial photosynthesis" research,
providing plausibility to the results obtained despite the variety of the synthesized organic matter
(sensu lato), often not correlated with the biological prototype.

Later (in the 1990s) in the photosynthesis definitions in academic dictionaries a certain trend
towards narrowing the term meaning was observed. "Oxford Dictionary of Biochemistry and
Molecular Biology" (2nd edition,1997) [4] defines photosynthesis as “the synthesis by organisms of
organic chemical compounds, especially carbohydrates, from carbon dioxide using energy obtained
from light rather than the oxidation of chemical compounds". In this case, the chemistry of the organic
products synthesized is not yet limited, but the requirement for oxygen emission is already removed
(due to the discovery of anoxygenic photosynthesis) and the photocatalytic aspects of the
photopigment application are not obvious for a non-specialist (there are no phrases like “in the
presence of the chlorophyll”... or “under the influence of light”, as in the 1980s definition). Besides, a
crucial opposition "using energy obtained from light rather than the oxidation of chemical
compounds" hinders the search for the common roots of photosynthesis and chemosynthesis in
molecular and chemical evolution. However, no taxonomic restrictions are implied in this definition
(because it is simply written "synthesis by organisms").

In the 2000s the situation gets worse, since most of the definitions used in the literature at the
beginning of the 21st century contain restrictions on both organic products of photosynthesis and
taxonomy of the photosynthesizing organisms. At the same time, the bioenergetic context of
photosynthesis, as a rule, is beyond the first and the most cited definition. In Concise Medical
Dictionary photosynthesis is defined as "the process whereby green plants and some bacteria
manufacture carbohydrates from carbon dioxide and water" under irradiation [5], while the Oxford
Dictionary of Food and Nutrition defines it as "the synthesis of carbohydrates from carbon dioxide
and water by plants in sunlight, with the release of oxygen" [6]. The broader and further away from
the problem of photosynthesis the readership of the dictionary, the greater the likelihood of
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narrowing in the term definition, due to which a non-specialist or a specialist from the related field
is unlikely to be inspired by such a definition for a scientific search within an evolutionary /
developmental context (at the level of search for the possible non-carbohydrate products and
intermediates in photoreactions that preceded the emergence of modern photosynthesis). The most
universal and consistent definition is from the Oxford Dictionary of Biology (sixth edition, 2008) [7]:
"The chemical process by which green plants and other phototrophs synthesize organic compounds
from carbon dioxide and water in the presence of sunlight". However, it is almost tautological
("Sepulka") to the definition of phototrophs in the same dictionary: "Any organism that uses energy
derived from the sun to manufacture organic compounds by photosynthesis". Therefore, when trying
to find the evolutionary roots of this process, we will anyway be forced to go beyond the internal
logic of the topic, limited at the organismic level by the modern forms of photo(auto)trophs.

From the above definitions, one can extract several fundamental issues that make it possible to
define photosynthesis, invariant to the level of epistemological accuracy:

1) light absorption / influence of light;

2) carbon dioxide assimilation / conversion;

3) synthesis of organic chemical compounds;

4) release of oxygen / production of oxygen from water.

In total, this is close to the meaning of the term "photosyntax" introduced for this set of processes
by C.R. Barnes in 1893, along with the term "photosynthesis" and replacing the term "assimilation"
("For the process of formation of complex carbon compounds out of simple ones under the influence
of light, I propose that the term photosyntax be used" [8]). Nevertheless, as it was believed in those
years (cited from H. Gest [9]): "The term "photosynthetic assimilation' is a perfectly general one, and
would include the assimilation of other compounds by the aid of light, should any such processes be
discovered in the future [In fact, H. Molisch discovered the photoheterotrophic growth mode of
purple bacteria in 1907]. 'nitrogen assimilation' would indicate that carbon could be directly
assimilated". (H. Gest refers here to A.]. Ewart's addition to "The Physiology of Plants. A Treatise
upon the Metabolism and Sources of Energy in Plants" — an English translation of the
"Pflanzenphysiologie. Ein Handbuch der Lehre vom Stoffwechsel und Kraftwechsel in der Pflanze"
by W. Pfeffer. However, in the reprint edition of 1902 available to the author, this addition is absent
[10], so it is impossible to judge the accuracy of the quote). However, in accordance with the known
data of modern bioenergetics and photobiology, photosynthesis schemes are not limited to "carbon
dioxide assimilation" even involving the light-activated (bio)synthesis of certain compounds, since
dozens of biologically significant and vital membrane-mediated and other mechanisms, as a rule, are
ignored in any definition of photosynthesis. However, without their reproduction, it is impossible to
simulate the early forms of photosynthesis and to understand the mechanisms of its evolution from
the simple spontaneous photosynthetic pigment assemblies or their precursors to its modern complex
form.

At the same time, every step in the evolution of understanding the forms or ways of
photosynthesis in its specific forms, starting from the 19th century, calls into question the possibility
of defining any of its modern forms as an uncontested physical and chemical reality within which it
is possible. Let us quote the above work of H. Gest [9]: "The discovery of anoxygenic bacterial
photosynthesis made the general definition of 'photosynthesis' in... most other dictionaries incorrect,
but this is still not widely recognized". And further: "Ten years before Barnes (1893) coined the term
"photosynthesis,' Theodor Engelmann (1883) reported novel experiments that revealed photosensory
behavior of purple sulfur bacteria. gave negative results Later, in 1907, H. Molisch demonstrated
convincingly that purple bacteria do not produce O2, and that they have the capacity to use organic
compounds as sole carbon sources for growth with energy provided by light". Hence, according to
H. Gest, "The metabolic/physiological pattern of the purple bacteria obviously did not satisfy the
criteria for photosynthesis as originally defined for green plants, and as a consequence, for several
decades the bacteria were not generally accepted as being photosynthetic". Thus, an incorrect or an
incomplete definition can lead to a "false trail" and slow down the development of science for a long
time. Gest further writes: "The original definition of photosynthesis as an oxygenic process led
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investigators to continue designing fu-tile experiments to find evidence of Oz production by purple
bacteria for some time. The last definitive negative experiments were reported in 1954, 71 years after
Engelmann's first report!" So, strictly limiting the definitions of photosynthesis, we will never be able
to model and to understand the mechanisms of its origin and the divergence of its evolutionary-
biochemical pathways, correlated with the natural (for example, geochemistry, chemistry of the
atmosphere or aquatic environment, etc.) conditions for the evolution / selection of
protophotosynthetic systems.

The consequences of unifying the definition of photosynthesis were clearly demonstrated by H.
Gest in the above paper [9]: "The discovery of photophosphorylation in 1954 revealed a basic
‘common denominator' of oxygenic and anoxygenic photosyntheses, and paved the way for
redefinition of ‘photosynthesis.' In 1963, Martin Kamen suggested a revised definition which would
have the effect of including anoxygenic bacterial photosynthesis by (a) avoiding any specification of
the carbon source for growth, and (b) not indicating Oz as a photosynthetic product”. Therefore, if we
talk about the general definition, then Gest, distinguishing between photosynthetic and "quasi-
photosynthetic" bacteria, proposes an extension of the classical Kamen's definition [11]
("Photosynthesis is a series of processes in which electromagnetic energy is converted to chemical
free energy which can be used for biosynthesis") to a more general form [12]: Photosynthesis is a
series of processes in which electromagnetic energy is converted to chemical energy used for
biosynthesis of organic cell materials; a photosynthetic organism is one in which a major fraction of
the energy required for cellular syntheses is supplied by light. Obviously, it does not contain any
restrictions on both chemical composition (molecular oxygen and carbon dioxide, as well as the
specific photopigments) and taxonomy of autotrophs, which makes such a definition convenient for
modeling and reconstructing the evolution of photosynthesis.

Later in [13] H. Gest explained the accepted level of abstraction of the definition: “Molecular
oxygen and carbon dioxide are not included in the “common denominator definition” of
photosynthesis because photosynthetic bacteria do not produce oxygen and carbon dioxide is not
necessarily their required carbon source. A number of the bacterial species can grow with either
carbon dioxide or simple organic compounds such as acetate as the sole carbon source for synthesis
of all cell constituents with light as the source of energy". Accordingly, evolution, biochemical
phylogenetic taxonomy, physiological diversity of the solar energy utilization mechanisms imply
taking into account all the possible states of photophysiological processes and the response of
organisms to irradiation, starting from the simplest forms of the existence of living matter, and, in
particular, the physiology of photosynthesis: "Comparison of the biochemical patterns of diverse
organism requires categorization of physiological types, for example, heterotrophs versus
autotrophs, aerobes versus anaerobes. Newly discovered aerobic bacteria that contain the
“photopigments” bacteriochlorophyll and carotenoids, but which are incapable of using light as a
sole or major source of energy for growth". "A number of investigators persist in referring to such
organisms as “aerobic anoxygenic photosynthetic bacteria... (1) such organisms do not manifest
photosynthetic metabolism as a major feature, and (2) the term anoxygenic refers to the fact that
purple and green photosynthetic bacteria convert light energy to chemical energy (used for
biosynthesis) anaerobically and do not produce oxygen". Accordingly, Kamen’s and Gest’s definition
seems to be more universal. However, this universality is achieved (for oxygenic and non-oxygenic
photosyntheses), by H. Gest, by introducing into consideration [14]: a) photobioenergy criteria; b) the
photosynthetic apparatus as a structure (he pointed out that "important experiments were reported
which revealed the “common denominator” of oxygenic and non-oxygenic photosyntheses", namely,
he emphasized the evidence of light-dependent production of ATP by the photosynthetic apparatus
— in other words, the conversion of light energy to the chemical energy). Therefore, in a retrospective
theoretical analysis and in the photosynthesis evolution models considered in this review, we have
to take into account bioenergetics, as well as the ancestral (often pre-membrane) forms of storage and
utilization of the solar energy by the early photosynthetic and protophotosynthetic systems,
according to the most general definition of photosynthesis (true for its most functionally early forms
as the “common denominator”).
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Based on the foregoing, in the course of reification and an increase in the level of concreteness
in the area of photosynthesis modeling, several limiting forms of the models should inevitably have
arisen, focused on:

> only light-assisted adsorption / assimilation of carbon dioxide (in the "technological" limit - not
only CO2, but also of other atmospheric agents, in particular, pollutants);

> only photoinduced redox processes (photocatalytic processes used for photodisinfection,
especially those based on dispersed semiconductors usually associated with modeling of the
photosynthesis elementary stages);

»  only photocatalysis and photo-assisted chemical synthesis;

» only on photoinduced purification and oxygenation of the atmosphere (this is also a common
practice, from the terrestrial conditions to various technological models of the "space biospheres"
developed since the last quarter of the 20th century);

> only on obtaining energy (this aspect can be clearly seen in the design of the biomimetic solar
cells based on the principles of the natural photosynthesis in the understanding of technologists
and engineers).

This is often observed in practice and leads to the numerous disputes about the photosynthesis
models and their compliance with one or another technologically operationally convenient definition.

If we define the process of photosynthesis and, accordingly, artificial photosynthesis, sensu lato,
as the synthesis of organic matter under the influence of radiation, mediated by some photochemical
or photoelectrochemical mechanisms, then we come to an absurd paradox when dozens of
incompatible (or even conflicting) processes, qualitatively different in mechanisms and products, are
positioned as model photosynthesis and artificial photosynthesis. Currently, the proper scientific
community faces an unacceptable situation when even the most superficial search, restricted by
name, in scholar.google.co.uk in 2023 offers about 1,600 publications on “artificial photosynthesis”
(unrestricted search for this phrase through the same search engine generates nearly 51,100
references). However, looking at the first ten pages, we see that this concept, used as a “hot label”,
refers to more than two dozen qualitatively different implementations of processes - both
homogeneous and heterogeneous. The differential content analysis demonstrates that all these works
are incomparable to a single set of criteria (not all mechanisms associated with artificial models of
photosynthesis support water decomposition, but those where this function is implemented do not
always pass an obligatory criterion of carbon dioxide fixation or organic matter synthesis). Obviously,
this kind of discourse, which is the product of arbitrary juggling with concepts, is not conducive to
constructive analysis, since the concept of modeling photosynthesis by artificial photosynthesis (the
result of using the term) and even the definitions of “photosynthesis” and “artificial photosynthesis”
(as defined terms) are not falsifiable. It is therefore impossible to implement a model analysis of
photosynthesis processes at their initial evolutionary stage using heuristic tools for modeling
photosynthesis and creating “artificial photosynthesis” in an extended (sensu lato) chemical
interpretation.

If we define photosynthesis as a biological process of converting the light energy, accumulated
in chemical compounds, synthesized by photoautotrophs with pigments that are sensitive to the
corresponding spectral range, then it is obvious that no existing complex artificial photosynthesis
system can reproduce such a set of processes - not to mention the early models of photosynthesis.

Strictly speaking, any previously defined criterion of photosynthesis, in its modern sense, in
modeling entails hypostasis (or, in other words, concreteness / reification), which is incompatible
with modeling the phenomenon as a whole, since the complete set of descriptors that determine
photosynthesis as a process may characterize only photosynthesis itself (in terms of mathematical
logic, the highest degree of isomorphism in modeling is automorphism), and any deviation from this
definition, if we are guided by purely chemical criteria, entails the incompatibility effects in the
model. For example, oxygenic and anoxygenic photosynthesis, by definition, are incompatible in key
descriptors of redox processes that determine the terminological difference, thus making impossible
their modeling within the same biochemical approach, sensu stricto. We can only observe the
similarity of processes at the physical level; therefore, photosynthesis models starting from the
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emergent causes of its origin, but equally applicable to the later stages of the photosynthesis
evolution, sensu lato, can be constructive for the wide nomenclature of these phenomena united by a
single term only when modeling concerns the essence of processes at the physical level.

2. Basic principles of the reliable reconstruction of protophotosynthesis: From physical and
geochemical selection criteria to evolutionary consistency.

The key to integrating protophotosynthesis / proto-life models and understanding divergence
paths lies purely in physical laws, at the time when divergent chemical evolution and molecular
selection processes have not yet “separated the sheep from the goats” (ab haedis segregare oves), and
have not led to the specialization of individual molecular structures for specific intracellular
processes. At that time, multifunctional simple structures had advantages in terms of static survival
among prebiological systems, which were the source for divergent selection of the precursor forms
of intracellular molecular biomachinery. The selection criteria in this case do not imply adaptation to
the conditions of an abiogenic nature that are not optimal for the implementation of molecular
biological processes, but imply the emerging adaptability of the selected structures to each other as
agents of the emerging protobiological environment [15].

In such systems, selection takes place not so much under the pressure of “selecting conditions”
of the external environment [16,17], but according to the criteria of cooperation (adaptability to joint
action), which is replaced at the early stages / in the simplest structures by the multifunctionality of
these structures. Therefore, it is constructive to start the analysis not from a certain stage of biological
evolution of photosynthesis and divergence of the corresponding pigment structures, but from a
search for the physical singular stage at which any functionally equivalent circuit of the physical
precursor could give rise to the “shoot of the phylogenetic tree” of chemical evolution, that resulted
in modern forms of photosynthesis. The questions of polyphilia or monophilia of the tree at this
singular stage cannot be solved outside the framework of analysis of the coordination of "molecular
symbiosis" as a predecessor of metabolism [18], equifinal in the physical sense, but diverging in the
chemical aspect.

In contrast to artificial models of photosynthesis, that ignore the historical and evolutionary
factors in choosing the material basis of artificial photosynthesis (moreover, often deviating from the
principles of its organization and focusing on the efficiency growth and other technical criteria), the
analysis of photosynthesis precursors and the reasons for their selection in natural environment (up
to the choice of the modern pool of “bioorganic machinery” of photosynthetic phenomena), must
proceed from the physico-chemical factors of abiogenesis based on geophysical and geochemical
conditions [19,20]. The reconstruction of the genesis and evolution of any functions and the related
biological structures, starting from the prebiological stages with their simpler physico-chemical
mechanisms (compared to modern cellular systems) that proceed in a native geochemical
environment under the conditions of an imperative set of environmental factors (not reducible to a
single selection target factor to which, sensitivity and resistance are developed during selection),
should objectively adhere to at least of the following principles (in hierarchical order):

1. Definitive consistency

2. Physico-chemical consistency

3. Geochemical and geophysical consistency (for a number of other hypotheses - astrophysical
and astrochemical one)

4. Emergent consistency

5. Evolutionary consistency

Any solution to the problem of abiogenesis and evolutionary formation of the primary functions
can be considered as evidence of hypotheses, and not as an illustration of the solution to the problem
of forming biomimetic systems (with some deviation from reality inherent in any modeling process),
when the selection of model attributes can take into account not only similarity of functions between
the model system and the original, but also the evolutionary consistency of the carrier, directly
resulting from the reproduction of the geochemical conditions of abiogenesis / initial evolution of
functions in this model. At the moment, no existing model satisfies this condition fully. The condition
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is partially satisfied only for a limited pool of the simplest systems that reproduce geological
conditions of chemical evolution rather than the formation of systems and structures with a
prebiological interpretation. It is necessary to remember a simple methodological truth that "the
presence of prototypes, in itself, outside the evolutionary and geochemical context, proves nothing."
Until the consistent chemical mechanisms that turn into protobiological ones are proven, we can be
certain only about physics, that is common to any simulated biological / protobiological process, and
we can only approximate the truth to the level of physical chemistry projected onto the geochemical
environment.

3. Coupling between the light harvesting, charge separation and catalysis in a minimal singular
model of protophotosynthetic machinery.

According to comparative photobiology and biomimetic photochemistry, light harvesting is not
considered to be the conversion of solar energy during photosynthesis, if the other key components
- charge separation and catalysis - are missing [21]. Effective charge separation in modern
photosynthetic systems is usually associated with microheterogeneous phase-separated dispersed
structures within the cell (reaction centers that are supramolecular associates [22] with reversible
electrostatic polarization [23,24]) and gradients of charge carriers at biomembranes [25,26]. Single acts
of the polarization process can be mapped / tracked using standard photovoltage techniques [27]. It
has been demonstrated by methods of quantum chemistry and molecular dynamics that many
electrostatic fluctuations are dynamically “frozen” on the timeline of primary charge separation,
however, in general, the processes of primary charge transfer in reaction centers are simulated by
three bound electronic states corresponding to the pairs of a donor (photoexcited chlorophyll) and
an acceptor, as well as a reduced bridge interacting with the dissipative medium of proteins,
corresponding to the degrees of freedom of the solvent [28,29]. If we disregard the subtleties of
modern electron transfer paths, recorded by picosecond optical measurements and the Stark
spectroscopy method [30], we can illustrate (using a self-consistent procedure for assessing the effects
of induced dipoles in the protein and the surrounding membrane) that all such processes are
electrostatically controlled at the supramolecular level of organization (ab initio) [31].

According to the above requirement, if we adopt this approach at the level of physics, one of the
simulated processes is the charge transfer (along the electron transfer chains or using a proton pump
- it is not indifferent to photochemistry, but of no concern to electrophysics). The non-strict
determinancy of the nature of the reducing and oxidizing agents in high-level electrochemical
schemes, along with the above arguments, allows one to descend to the level of evolutionary
uncertainty of the reducing and oxidizing agents (since the first photosynthetic systems used
reducing agents other than water, such as hydrogen, hydrogen sulfide, metal sulfides, and ferrous
ions as electron sources, and some modern simple organisms replace water with quite exotic agents
from the standpoint of modern biochemistry, for example, by oxidizing arsenite to arsenate [32], or
using other inorganic ions), and also rise to the formal abstraction level that is optimal for the physical
models of photosynthesis that do not appeal to a certain biochemistry.

Indeed, an increasing number of works on the molecular design of bionic schemes of non-
chlorophyll-based artificial photosynthesis reproduce photoinduced charge separation [33],
accumulative charge separation and / or transport [34,35] (the goal of optimizing such bionic schemes
is often to achieve long-lived charge separation [36]), coming to the idea of combining the conversion
of light radiation and electrochemical gradients into electrical energy, which is prompted by a
photosynthetic prototype [37]. The biological analogy may explain the need to combine
electrochemical gradients and photosynthetic machinery: it is well known that in prokaryotic
phototrophs the plasmalemma and endomembrane systems perform the function of photosynthetic
membranes, and in prochlorophytes, blue-green algae and eukaryotic chloroplasts, this function is
performed by thylakoid membranes.

It is not surprising that the most physically adequate protocell models implement the principles
of organizing oriented reaction centers generating a potential gradient (proton gradient, charge
gradient) on the membrane [38], while progressive versions of artificial photosynthesis with
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inorganic membranes use “molecular wires” for charge transfer [39]. Outside special cases with exotic
transfer scheme / electrophysical properties of the carrier (such as, for example, assumptions about
the adequate reproduction of some aspects of photosynthesis with asymmetric charge transfer in
ferroelectric media [40], which implicitly correlates with the elegant but insufficiently proven
position on the role of such media and ferroelectric effects in membrane physics [41—46]), a rather
simple system of ideas about the optimal organization of a simple photosynthesis model emerges. It
contains a photocatalyst for oxidation-reduction reactions, charge separation by manipulating the
physical chemistry of the surface of the membrane-mimetic carrier (which, following the first works
of the founder of membrane-mimetic chemistry, ].H. Fendler, include artificial photosynthesis media
with charge transfer or separation [47], for example - based on colloidal semiconductors with catalytic
nanocoating) or bulk nanophases / clusters (simulating reaction centers), a photoabsorbing part
(antenna) and feedback loops for the regulation of processes in this complex system [48].

4. Integration of minimal protophotosynthetic functions in a single structure as a criterion for the
unity of their emergence.

From the point of view of the similarity and modeling theories, which postulate the need to
reduce variables and operators containing no information, when their presumed function can be
carried out in a simpler way, for the case of the most simply organized photosynthetic model
(reproducing the early evolutionary stages that took place long before modern molecular biochemical
methods and photosynthesis implementation in cellular structures were developed), it is advisable
to raise the question about the simplest forms of processes that combine most functions of the model
in a single carrier or in a minimal number of carriers. This corresponds to a number of obvious
evolutionary considerations, according to which the emergence of a single functional structure or
population of structures is usually more probable than the emergence of a coherent complex, made
of a small number of structures or populations of structures adapted to each other (compare ideas
from [49-52] and some works on the stochasticity of the medium, which at the prebiological stage
may include potential components that form the resulting structure [53-55]). This reasoning reminds
the reductionist principles of ARIZ / TRIZ that preserve the functionality of biomodels. According to
the above principles, an ideal solution suggests a scheme where the maximum number of links is
removed while their functions are fully preserved. In other words, where the same links are capable
of performing several physical / chemical functions [56-60]. In other words, the model problem in
the case of photosynthesis can be formulated as: it is necessary to create a simple (geologically and
geochemically relevant to the pre-cellular stage of chemical evolution) system that would combine
photosensitivity, key electrophysical features and electrochemical gradients, basic catalytic functions
in a given medium but that would consist of one or more simple components physically equivalent
to each other and, as a consequence, equifinal in physical criteria that would allow to perform
phylogenetic reconstruction of modern principles or earlier biochemical prototypes of
photosynthesis.

This principle is intuitively implemented even by the specialists who are not using evolutionary
discourses and ARIZ / TRIZ methods of resolving contradictions and who are trying to simulate fully
functional photosynthesis by small investments. From 1980s, attempts have been made to integrate
charge transfer and separation by the membrane structures or membrane mimetics such as cationic
and anionic surfactants [61,62] (including redox-active [63,64] surfactants - see Figure 1 from
Fendler's article "Aspects of Artificial Photosynthesis: The Role of Potential Gradients in Promoting
Charge Separation in the Presence of Surfactant Vesicles" [61]) in a single system of model
photosynthesis, while from 2010s, the trend has been gaining strength to combine within the
framework of artificial photosynthesis not only absorption of radiation and charge transfer, but also
multi-electron catalysis / photo-redox catalysis [65-69]. However, in some cases, the installations that
simulate this process become unacceptably complex, since they ignore the principles of analysis and
decomposition of the model with the minimum number of multifunctional units. When trying to
directly integrate photosynthetic and other cell functions into a single nanostructure with a size
similar to the electron mean free path during photo-induced charge transfer, we come up with an
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irreducible complexity (not in the sense of “Irreducible complexity” according to Michael Behe, but
in that physical sense, when it is impossible to further reduce / simplify the system without losing its
key properties. This complexity is usually associated with the minimal protocellular structure, rather
than with the machinery of the photosynthetic apparatus (for example, nanoscale protocell with an
integrated metabolic, genetic, and container system by S. Rasmussen from Los-Alamos National Lab
[70,71]; see Figs. 2-3), that contains a light sensitizer for energy supply, like in phototrophs. This
confirms the previously expressed ideas about the integration of self-assembly of
protophotosynthetic systems and the simplest protobiological "minimal protocells".
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Figure 1. Potential profile at the interface and across the bilayer of a positively charged surfactant
vesicle used for artificial photosynthesis. "Surface potential, charge separation potential, diffusion
potential and Donnan potential are exploited for enhanced energy and electron transfer on charged
vesicle surfaces, for the utilization of field effects for charge separation, for partitioning between the
inner and outer compartments of radicals expelled from vesicle bilayers and for facilitating electron
transfer across bilayers” [64]. Reproduced with permission from [64] published by the American
Chemical Society.

Such small ultrasystems (= 5 nm) containing a photosensitizer [72,73] and a minimal amount of
fatty acid (due to which they fit well with the abiogenetic “fatty acid world” model [74]), are typically
characterized by the quantum self-assembly (including photo-induced one and photo-induced
electron tunneling [75-77]. The small size of such structures relative to the mean free path of the
charge carriers explains the possibility of spintronics control over photoinduced transport
phenomena in them, and therefore over the processes of elementary photosynthesis [78]. This, in
turn, is complicated by the possible effects of quantum entanglement [79] (observed, due to the small
size of structures, not only on the scale of a single minimal protocell, but also on two or more
contacting and interacting protocells [80]). As follows from the quantum calculations, the processes
involving quasiparticles can be especially effective at this scale.

Basically, the general model involving quantum self-assembly associated with a membrane-
mimetic surfactant, photo-induced electron transfer and colloidal dispersion of nanostructures,
which causes many dimensional effects, including ones provided by the quasiparticles, seems to be
applicable. However, this approach does not point out what could be a precursor of photosynthesis
at the stage when neither the main polymer / supramolecular components of the protocell [81] nor
specialized organic photosensitizers were in place, but when energy supply of the chemically
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evolving photoautotrophic system, unable to function without the energy influx, should have already
existed. For this reason, it makes sense to further develop the concept of nanodispersed self-
organizing and photosensitive structures with charge transfer and a membrane-mimetic layer with
interpolation down the evolutionary and physical geochemical ladder (of molecular and chemical
evolution), up to the point of minimal complexity, allowing light harvesting, charge separation and
catalysis in a singular model.

5nm

Figure 2. "A model of a dividing protocell, with an integrated metabolic, genetic, and container
system... In the Chen-Rasmussen protocell, light-driven metabolic processes synthesize lipids and
PNA, with the PNA acting as both an information molecule and as an electron-relay chain" [70]. "A
proto-metabolic process (redox- or photo-driven) is implemented, which enables the structure to
grow and reproduce: As more lipid molecules are produced, the aggregate grows and eventually
divides, which constitutes self-reproduction... Photo-driven metabolism requires a particular electron
relay chain to function properly, and this electron relay is implemented within the templating
polymers" [71]. Reproduced with permission from [70] published by the American Association for
the Advancement of Science.

I: Container
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Figure 3. Causal structure of the full proto-organism model: "three aggregates with associated
production cycles represented by light dotted circle arrows: container reproduction (I), metabolic
cycle (II), and gene replication (III). The light solid arrows indicate production, and the heavy dashed
arrows indicate catalysis. The (gray) precursor molecules constitute the food resources, and the whole
system is fueled either by inorganic chemical or light energy" [71]. Reproduced with permission from
[71] published by the MIT press.

Indeed, if the “ideal” model should possess only physical and chemical consistency, then the
interpolating hypothesis suitable for describing evolution should also possess geochemical and
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geophysical consistency (and, therefore, identify chemical agents that implement physical functions
that existed in the early stages of prebiological evolution in the natural environment). If the original
system possessed the emergent consistency, formed by self-assembly of a minimum of the necessary
and sufficient agents, then a model that claims to have abiogenetic value (and the resulting functional
biosimilarity) also requires the evolutionary consistency — an explanation of reasons for further
complication, based on a comparative analysis of various manifestations of this process at the stages
of chemical evolution that are different in terms of material basis, from the period preceding to the
one directly following the modeled stage to explain the reasons for the transition to the next stages
in the physical conditions of the preceding ones. For the earliest stages, when the mechanisms of
biochemical regulation have not yet been launched (and, therefore, their genetic signatures have not
been preserved), only physical reductionism in a model study, based on the physical and geochemical
conditions of such stages (providing physical and chemical, geophysical and geochemical
consistency, the importance of which was discussed above), can serve as a criterion for finding the
earliest physical realizations of protophotosynthetic functions in the chemical evolution. Early
prebiochemical level of modeling, i.e. orientation on the physical criteria as a methodological
technique, disregards specific chemical implementation, which is a typical source of disputes and
contradictions between the specialists who favor different models, but who agree to talk about the
same mechanism from a physical point of view. Therefore, first of all, it is advisable to find a common
ground underlying all the process models implemented at the elementary and undemanding level,
and only then consider the probable scenarios for this (inevitable, for physical reasons) developing
process, depending on the proposed chemical basis available in the environment, and on the
geochemical conditions of the early Earth.

5. What is the minimal set of functions sufficient for (proto)photosynthesis modeling from the
standpoint of mathematical biophysics?

So, what could, in conditions of minimal physical complexity, interconnectively perform the
above photosynthetic functions (light harvesting, charge separation, catalysis)? To ensure the
reliability of modeling, we should treat this issue based on the ideas of mathematical biophysics about
the goal of the evolutionary modeling - ie. reproducing the phenomenology of modern
photosynthesis and the functions of its consequents. No doubt, for the early stages of processes
simulating it (when the components of the photosystems did not yet exist), most of the kinetic
equations of modern photosynthetic processes are not applicable. Therefore, we should confine
ourselves to only the most basic physical processes, not to create the illusion of evolutionary
predetermination of modern photosynthesis at those stages when the physical question “for what
reason” is accurate, but the molecular-selective / genetic question “for what purpose” this or that
function or structural motive was selected during the evolution is yet premature.

The further analysis of formal modeling criteria is based on comprehensive publications by
prominent specialists in the field of photosynthesis modeling, who developed multiparticle kinetic
methods for various photosynthetically relevant structures - A. Rubin and G. Rhiznichenko, who
formulated theses on photosynthesis modeling methods, in particular, in their book “Mathematical
Biophysics” [82]. In contrast to modeling complex processes with the high level of organization, for
which simplifications and qualitative study of the processes are appropriate, and the selection of the
details of the simulated processes to be included in the model depends on the aim of the research, the
description of basic elementary mechanisms can be achieved in a uniform form both for modern
photosynthesis and protophotosynthesis without significant simplifications. As accurately indicated
by Rubin and Rhiznichenko [82], “to study the mechanisms of electron transport, energy dissipation,
and conformation changes inside photosynthetic reaction centers, detailed models are necessary”. At
the same time, “to simulate the main features of the primary photosynthetic processes, organic
synthesis and metabolism of a living cell, a simplified dynamic model can be used". The path of
reasoning given below is definitive in nature, without claiming to be exhaustive, however, it contains
all the minimal components necessary for the construction of a functional model. The analysis of
other trends in this area leads to approximately the same list of descriptors by other methods. It may
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seem tutorial, but without it, it may be impossible to justify the reproduction of the corresponding
structures and properties in protophotosynthesis.

5.1. Photochemistry.

The primary property for the receiving element of any photosynthetic system (including
protophotosynthesis), by definition, is the ability to absorb light and to transform light quanta into
the energy of separated and stabilized charges (followed by conformational changes in the protein
structure, which prevent backward electron transport and energy losses, but this is just a
consequence, not a cause of the photoinduced rearrangement of the system charge). According to the
definition [83], the first stages of the photobiological process, as a rule, are: “absorption of a light
quantum by a chromophore group and generation of electronic excited states — transfer of electronic
excitation energy — primary photosynthetic act and generation of primary photoproducts —
formation of primary stable chemical compounds". However, this definition sensu lato accurately
describes the photochemical, but not photosynthetic processes that preceded the emergence of
modern complex photosynthesis. In this case, if we exclude from the consideration the
“physiologobiochemical processes — final photobiological effect” that are characteristic only of living
systems, it is possible to trace the pathways from the primary protophotosynthetic mechanisms
towards the contemporal photosynthesis on the principles of describing these acts and their physical
actors, not correlated with modern biochemical agents. Based on the premise that in spite of a great
diversity of photobiological effects, the initial stages of light energy transformation have common
molecular mechanisms [83], it is possible to derive evolutionary-biophysical or evolutionary-physical
principles (according to Blumenfeld [84] - the key principles for understanding the formation of those
modern biophysical processes that “survived in the course of physical selection”) of physical and
chemical divergence of various biological photoprocesses characterized by differences at any of the
primary stages or links of the above “conveyor”, which leads to dissimilar results.

5.2. Redox processes.

It is known that in modern photosynthesis under illumination proton flux inside thylakoids
leads to alkalization of the chloroplast stroma ..., which in turn leads to an increase in the inward
proton fluxes, and the growth of the passive flux inside the cell and growth of proton concentration
inside the cell induces membrane depolarization. Thus, both from the standpoint of cell biochemistry
and from the standpoint of membrane electrophysiology of photosynthesis, the photoinduced redox
mechanism is obligatory, having the illumination of the system at the beginning, and the
readjustment of gradients at the system-environment interface at the end, with the final stage of
membrane depolarization serving as an example. This also triggers photoinduced reaction-diffusion
processes, since the depolarization process is associated with the redistribution of charge carriers,
that is, ions. Since hydrogen carriers interchange with electron carriers forming a redox-loop, and
hydrogen carriers transfer H+ to the carriers on the opposite side of the membrane, when electrons
are transferred transmembraneously from one to the other electron carrier, it is logical to model redox
processes on gradients of the carrier concentrations, precursor to membrane processes in
osmochemistry, and to reduce all the above processes to the level of transfer of the main differently
charged carriers (holes and electrons, as in solid state physics), temporarily neglecting their chemistry
and structure (since formal equations do not require this).

5.2.1. The need for redox-catalytic agents for the evolution of redox states of carriers.

The evolution of the redox states of these mobile carriers in the majority of the models so far has
been described by means of the mass action law. Therefore, it is advisable to introduce into the
membrane structure that maintains the redox state some redox-catalytic agent that satisfies the mass
action law and its well-known applications to the dynamics and kinetics of enzymatic processes
[85,86,92]. This is logical because of the presence of two different types of photosynthetic electron
transport, representing electron tunnels from one electron carrier to the other along the electron path,
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and hence, electron transfer inside multienzyme complexes (which are embedded in the
photosynthetic membrane). This will be described in more detail later in Section 5.3 (Catalysis and
Macrokinetics).

5.2.2. The need for electrostatic interactions in redox-evolution of photosynthesis.

Due to the bioelectrochemical mechanisms of redox coupling and dependence of the rate
parameters on the transmembrane electric field, it is logical to pay attention to electrostatic
interactions in the process of docking and generation of a supercomplex that is a necessary condition
of the effective electron transfer. For the earliest stages of evolution this transfer should be interpreted
as an electrostatic (non-covalent) interaction, characteristic of many coordination / supramolecular
systems, including soft matter ones, as well as of the most phenomena of electrostatic catalysis. For
this reason, below we will consider the issues of kinetics and catalysis in photosynthesis.

5.3. Catalysis and macrokinetics.

According to [82], mechanisms of primary photobiological processes (photosynthesis, visual
reception), enzyme catalysis in the enzyme active center, and ion transfer through membrane
channels are governed by similar physical principles. Therefore, the ideal solution is to combine
catalysis, photo-induced charge carrier transfer and photo-electrophysical reception that ensure
various links of the kinetics of photo-induced processes on a single structure so that their combination
is equifinal and emergently coupled. Since in theoretical biophysics generalized kinetic and physical
models of interactions allow to describe different biological phenomena, for the early stages we can
postulate “cross-kinetic schemes” and the possibility of implementing the same physical and kinetic
mechanisms in the framework of processes that are now identified as independent phases (and
sometimes as independent processes), that diverged at later stages of chemical evolution.

5.3.1. Protophotosynthetic catalysis should be photoredox catalysis.

Since any photosynthetic complex contains several components, each of which can be presented
in oxidized and reduced forms, and schemes of the states and their transitions for a photosynthetic
complex usually include dozens of states, biomimetic catalysis that simulates acts of the
photosynthetic process, including the acts of protophotosynthetic catalysis, should, firstly, be a redox
catalysis, and, secondly, based on the definition, a photoredox catalysis or a process equivalent to it
(with energy pumping in a certain spectral range).

5.3.2. Protophotosynthetic catalysis should be membrane / membrane mimetic catalysis.

Since the main participants of photosynthetic electron transport are embedded in the bilayer
lipid membrane (multienzyme complexes) (otherwise they could not provide the path for directed
electron transport across the membrane), it is expedient to incorporate photocatalysts / photoredox
catalysts of protophotosynthesis into membrane-mimetic surfaces (surface immobilization of the
catalyst [87]), for the purpose of interface charge separation, or to use the integration of their own
photocatalytic and membrane mimetic properties.

5.3.3. The need for charge separation and reversible charging-discharging cycles in protomenranes.

Since the photo-redox functions and the functions of bioelectrogenesis in this case are related,
similarly to photosynthesis models (for example, the scheme of catalytic cycle of photosystem II
includes states of the photosystem II complex, which is determined by the redox states of the involved
electron carriers), it is logical to take into account the photoelectrochemical states of the catalyst and
the double electric layer on its surface / the surface of the integrating layer as a driver of reverse
charge-discharge processes and, at the same time, electrochemical / photoelectrochemical oxidation-
reduction, and, on the other hand, as a stabilizing buffer capacity, accumulating energy and
providing "homeostasis of the periodic steady-states” in the system. This is consistent with modern
photosynthesis models, where rapid charge separation in primary photochemical pairs, electron
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transport from the inner to the outer membrane surfaces, and the following quasi-stabilization of the
separated charges at opposite membrane sides correspond to capacitor membrane properties.

5.3.4. Photoelectrocatalytic acceleration of processes in early photosynthesis.

On the other hand, the cyclic discharge of a double layer “capacitor” is, from the standpoint of
nonlinear dynamics, an analog model of some oscillatory / self-oscillatory processes inherent in
biological processes (according to [82] self-oscillatory biological systems include oscillating metabolic
systems and periodic photosynthesis processes), being at the same time, an element of the equivalent
circuit for these processes. Thus, if such kinetic phenomena of discharge or gating are observed in an
electrochemical or electrocatalytic double layer system, this system is, at the same time, a special case
of an oscillatory process, and an equivalent circuit of analog modeling of an “isokinetic” process from
any field of nonlinear wave representations and self-oscillating kinetics. Obviously, for the
photoelectrochemical system, which is protophotosynthesis, the chemical implementation and its
electrochemical equivalent circuit, with high probability, could coincide. Since the rate constants at
the electron transfer inside the photosynthetic reaction center are influenced by the electric field [83],
the assumption about the integration of catalysis and electrophysical acceleration of processes in
early photosynthesis seems quite convincing.

5.3.5. Indifference to the charge carrier nature, similarity of equivalent circuits and the presence of
reversible non-covalent interactions.

Since, from the point of view of formal kinetics, the chemistry of reacting substances when they
are introduced into the systems of equations does not matter (moreover, the reactions of enzymatic
kinetics and ecological schemes describing the coexistence of species are described by equivalent
schemes), any ions and charge carriers can participate, depending on environmental conditions. The
same “ionic pluralism of vectorial chemistry” led to the evolution of not only the proton pump, but
also the schemes involving sodium transport (“sodium world” in the classical [88,89] - see Figure 4 -
and modern molecular interpretation [90,91]) at the later stages of the evolutionary process and
geochemical selection. It is essential that reversible non-covalent interactions characteristic of
enzyme-substrate complexes and enzyme-mimetic complexes were present in the medium. The
kinetic feasibility of existence of such complexes is obvious almost ab initio, since the reaction rate
equations (for example, classical ones, derived by Henry, Michaelis, Menten, etc. [92-94]) were
derived on the basis of the postulates about the existence of an enzyme-substrate complex and the
rapid establishment of equilibrium between substrates and the latter, in accordance with the law of
masses.

Figure 4. Na*- and H*motive respiratory chain phosphorylations (a "minimal" scheme). (1) Na*-
motive NADH-quinone reductase. (2) H*-motive redox reaction(s) in the middle and/or terminal
segments of the respiratory chain. (3) Na* (H*)-driven ATP-synthase which translocates Na* or H* at
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high or low [Na*]o/[H*]o ratios, respectively [88]. Reproduced with permission from [88] published by
Springer Nature BV.

5.3.6. The search for enzyme-mimetic catalytic pathways for prebiological photocatalysis.

The situation is simplified (or complicated) by the fact that, according to [82], the reaction centers
of photosynthesis can be compared to a special photoactive enzyme, where prosthetic groups of the
reaction center carriers play the role of components of the active center. To develop the comparison
further, according to [82], the usual low-molecular enzyme substrate here is light quanta, the
absorption of which “triggers” the functioning of the reaction center of photosynthesis. Furthermore,
the experimental data accumulated recently prove explicitly the principle of conjugation of electron
transfers and conformational rearrangements. Indeed, in real enzymes, initial changes in the
electronic state of the active center also take very short periods of time (which give an “impetus” to
conformational rearrangements in the enzyme protein globule that vary in scale and time). Therefore,
light quanta can be introduced into the kinetic scheme as a substrate, which allows us to consider as
energy storage in primary photosynthetic systems not only chemical forms of light quanta that are
provided by electron transfer and the formation of chemical bonds, but also more direct elementary
physical methods of its accumulation, including consumption of the photoelectric effect energy.
Indeed, in the case of models of photosynthetic electron transport, which specifically deal with
electron transfer in a multienzyme complex, electron transport processes are the basis of the primary
photosynthetic light stage where the transformation of solar energy into the energy of chemical bonds
takes place.

Therefore, given that the kinetic models of photosynthetic electron transfer between components
within multienzyme complexes evolutionally are the most advanced, it is rational to look for less
complex functionally equivalent catalytic transfer ways for simplified implementation in conditions
of the prebiological physics. This is not surprising, since enzyme mimetics / protein mimetics are used
in artificial photosynthesis, in particular, replacing the functions of protein components of antenna
structures [95] with their spectrochemical properties, and the possibility of modeling enzymatic
catalysis on the simplified (especially inorganic) substances that began precisely with the
evolutionary formulation of the question “what existed before the enzymes?” [96], have been under
consideration since the 1960s. [97,98].

5.3.7. The need to reproduce the kinetics of multienzyme complexes in models of complex
photosynthetic and protophotosynthetic systems.

Due to the fact that modern photosynthesis consider functioning of not single enzymes, but
multienzyme complexes as well as electron paths, where electron transport occurs via mobile carriers,
it is logical to immediately simulate not a single enzyme-catalytic unit, but an entire multi-enzyme
system. This follows not only from the structural similarity (similar power of the multitude of agents),
but also from the functional representations. Indeed, the enzyme-mimetic catalysis is increasingly
focused on reproducing multi-enzyme systems [99], starting with triple-enzyme mimetic models
[100,101] (see Figure 5), as well as on introducing polynuclear complexes [102]. It can be accurately
proved that mimetic simulation of enzyme catalysis [103], in some cases, is conceptually associated
with the phase of chemical coupling [104], which ensures (similar to cross-catalytic mechanisms with
developed feedback loops) the transition of catalysis to a higher stage of evolutionary development.
According to the last cited work, this can be directly used in the analysis of biomimetic chemical
systems (as close as possible to the conditions of the living systems, since coupled reactions are the
basis of biochemical reactions). However, from the point of view of biological expediency, the
chemical coupling of reactions in the system is the most effective in the case of colocalization of
enzymes and cofactors upon compartmentalization.
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Figure 5. Schematic presentation of triple-enzyme mimetic activity on an inorganic substrate [101].
Reproduced with permission from [101] published by the American Chemical Society.

Therefore, cytomimetic modeling of chemical coupling in enzymatically-mediated
photosynthesis processes implies the application of immobilization of the enzymes (or enzymes and
cofactors, or coenzymes, especially in the case of multienzyme complexes with cofactors [105,106] /
coenzymes [107,108]; see Figure 6) on a planar carrier imitating biological membranes with the
intercalated agents of the indicated type [109,110], which will also ensure the kinetic consistency of
the model and its biological prototype [111,112]. The highest form of the model implementation with
the participation of immobilized multienzyme complexes is, by definition, a biomimetic scheme
based on “artificial cells” with a membrane [113-115]. Consequently, the next step in analyzing the
criteria of a photosynthesis model with an enzymatic or enzyme-mimetic link should be the
consideration of membrane or membrane-mimetic systems (and the processes they implement),

respectively.
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Figure 6. "Two enzyme scheme (a) and three enzyme scheme (b) of bioctalyst immobilization in
artificial cells". Elementary and earliest (1978) examples of multienzyme scheme immobiliztion in
artificial cells [106]. Reproduced with permission from [106] published by Springer Nature.

~_ _—

5.4. Membrane processes.

According to [82], “in more detailed models, we must take into account all processes proceeding
in the photosynthetic membrane: for example, ... proton transmembrane transfer, transfer of other
ions, generation of electric and electrochemical potentials and their effects on electron flows” (the
following ATP-synthase activity; the role of buffer groups in the luminal and stromal thylakoid space
is not relevant for the stages in which ATP-synthase and the luminal and stromal thylakoid space
were absent).

5.4.1. The need for phase separation and compartmentalization for matching the kinetic model of
primary photosynthetic processes.
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First, any system that simulates photosynthesis completely must have a compartmentalizing
interface / membrane to provide the buildup of electric and electrochemical potentials,
transmembrane proton fluxes / ion fluxes across the membrane to match the generalized kinetic
model of primary photosynthetic processes.

5.4.2. Double electric layer is necessary for reversible charging-discharging and electrochemical /
photoelectrochemical oxidation-reduction processes.

Secondly, in the case of dependence of the rate constants on transmembrane electric potential in
the model circuit, photosynthetic membrane can be considered as a special capacitor (transmembrane
electron and ion transport is accompanied by the formation of a transmembrane electric potential,
which in turn affects electron and ion fluxes). In other words, a double electric layer (see Frig. 1) must
exist in the structure to ensure reverse charge-discharge and, at the same time, electrochemical /
photoelectrochemical oxidation-reduction, as in photosynthesis models, where rapid charge
separation in photochemical pairs, electron transport from the inner to the outer membrane surfaces
correspond to capacitor membrane properties.

5.4.3. Accounting for the kinetics of membrane processes.

Thirdly, the redox kinetics of photosynthesis should be taken into account - the model structure
must inevitably simulate the changes in the redox states of electron carriers, as well as the changes in
electric / electrochemical potential values in the photosynthetic membrane.

5.4.4. Accounting for the membrane geometry and diffusion limitations.

Fourth, since it is known that subcellular energy-transforming redox reactions occur in the
limited space between membranes of complex geometry, the model should take into account the size
effects and the geometry of membrane-mimetic or functionally adequate protobiological structures,
at least if we are talking about the processes of restricted diffusion of the mobile electron carriers in
photosynthetic membrane, in particular, during regulation of the photosynthetic electron transport
by transmembrane electrochemical potential.

5.4.5. The need for a reaction-diffusion approach to the emergence of photosynthesis.

Fifth, since using only differential equations it is difficult to take into account the spatial
heterogeneity and complex geometry of interacting macromolecules, as well as the interior of the
photosynthetic membrane where these interactions occur, a reaction-diffusion approach is also
needed to describe the processes of morphology varying ("morphogenesis") of structures under
irradiation, or N-agent, multiparticle analysis (indifferent to the chemical aspect of their organization,
provided that a kinetic similarity of the qualitative solutions is ensured). Since photosynthesis in the
boundary conditions created by membranes with different shapes and specific surface is connected
with the variability of the geometry, ion strength, pH, and transmembrane proton transfer in the
direction opposite that of the concentration gradient is coupled to the electron transport, it seems
necessary to use a reaction with diffusion for its modeling, at least for gradient fractionation, which
is necessary for functioning of the photochemioosmotic coupling mechanisms observed on the
membranes.

5.4.6. Accounting for the chemiosmotic coupling.

Sixth, according to the principle of chemiosmotic coupling (Figure 7), electron transport is
coupled with the formation of a transmembrane difference of electrochemical potentials for protons
(and the process of proton transport in a photosynthetic system includes at least three proton transfer
mechanisms: release of protons, lateral diffusion and passive leakage of protons), while diffusion and
electrostatics determine the overall dynamics of the processes. It is well known that transmembrane
proton transport / transmembrane transport of other ions, providing the formation of an
electrochemical potential, is an important stage of energy transformation in the primary processes of
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photosynthesis, while spatiotemporal evolution of electrochemical potential AyH +in photosynthetic
membrane implies integration of electrogenic ion processes and morphogenesis / reaction-diffusion
processes involving these ions in the membranes. Mitchell, who applied the principles of
chemosmotic coupling to photosynthetic phosphorylation, as well as some of his supporters and
opponents, made a decisive contribution to the identification of these mechanisms [116-119].
However, in that period no one studied the dependence or correlation between the redox parameters
in the system, reaction-diffusion processes and bioelectrogenesis with the reaction volume and the
boundary conditions (membranes).
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Figure 7. Earliest (1966) Mitchell's schematic presentations for the proton-translocating respiratory
chain in mitochondria (a) and for the proton-translocating light-driven oxido-reduction systems for
photophosphorylation for noncyclic light-driven oxido-reduction in chloroplasts (b) [116].
Reproduced with permission from [116] published by John Wiley and Sons.

5.4.7. Accounting for the kinetics of the membrane potential formation.

However, the direct modeling of the cyclic electron transport demonstrates that the
experimentally observed redox kinetics of the electron carriers is determined not only by
concentrations, redox states, and conformations of the proteins, but also by the spatial distribution of
the mobile carriers and the configuration of the reaction volume. It is well known that electrogenic
changes in the physiological state leading to different pH and salt concentrations result in changes in
the geometry of the system, while changes in the geometrical size change the reaction rate greatly,
and thus serve in photosynthetic systems as an effective regulatory mechanism. Moreover, the
observed rate constant of the reaction is known to depend on the geometrical size of the reaction
volume. At the same time, osmochemistry and the problems with volume regulation in modern cells
are coupled through signaling and the electrochemical membrane potential [120-122] (including, for
the free volume of the membrane in which pores appear [123]), the importance of which in the early
photosynthesis was mentioned above, and which makes the model self-consistent.

5.5. Chemical synthesiss.

In the primary photosynthetic processes in subcellular systems the absorbed light energy is
transformed into the free energy of chemical bonds. If we talk about the complete reproduction of
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photosynthesis, it is necessary to take into account its ultimate stages preceding the indirect
physiological effect: generation of primary photoproducts — formation of the primary stable
chemical compounds [83]. Modern photosynthesis results in formation of numerous secondary
(indirect) products, such as amino acids [124], proteins [125], and lipids [126] in addition to the main
(primary) product — carbohydrates due to the developed ultrastructure and molecular machinery of
the cell [127]. At the same time the absence of complex metabolic pathways and cycles in the early
photosystems that preceded modern forms of photosynthesis resulted in synthesis of a wide vaiety
of the primary photoproducts on the semiconductor mineral surface with the electron donors
depending on the plausible geochemical conditions. However, in this work we do not focus on the
particular products of photochemical reactions occurring during protophotosynthesis, since it is the
subject of our forthcoming papers.

6. A unified geochemical basis of prebiotic photo- and chemosynthesis: The possible native
mineral constituents of protophotosynthesis.

Let us consider the formation of the above mentioned functions from the standpoint of
geochemical evolution and take into account the stages preceding the emergence of
protophotosynthetic processes. Indeed, to analyze genesis of photosynthetic processes from the level
that already requires their implementation for metabolic purposes is tantamount to tailoring a
solution to the question “What for?” in biology, but failing to provide the answer about the
geochemical prerequisites for the emergence of these processes (that is, to answer the question “Why
such a substitution of functions occurred in evolutionary chemistry?”)

In connection with the well-known catalytic role of mineral structures in the process of abiogenic
synthesis of organic substances at prebiological stages [128,129], it is logical to start by considering
models of the energy supply of primary metabolic processes involving these structures.
Consequently, it is necessary to consider the prototypes of both photoautotrophic (using mineral
components as photocatalysts, and using light as the primary energy source), and chemoautotrophic
systems (using mineral structures as sources of free chemical energy and as redox catalysts). A
mineral substance itself without an external light source is the basis for chemotrophy
(chemoautotrophy), so this primordial mechanism of the energy supply for the earliest
protometabolic processes will be considered first.

G. Wichtershduser, the originator of the chemoautotrophic hypothesis of life origin, which
subsequently formed the basis of the “FeS-world” concept, suggested that enzyme-free synthesis of
organic substances during CO:z reduction could occur in cyclic redox reactions on the surface of
catalytically active sulfide minerals widespread on the early Earth (FeS / NiS) [130-132]. The energy
source for the above redox processes is the reaction of pyrite formation during the interaction of FeS
with H2S in volcanic systems or deep-sea geothermal vents [133]. As a result of these processes, a
layer of chemisorbed (mainly due to electrostatic interaction) organic molecules is formed on the
mineral substrate, which can participate in the “surface metabolism” [134], forming autocatalytic
reaction cycles similar to the reverse Krebs cycle observed in the currently living ancient organisms
(Figure 8). Being good ligands, these organic compounds could form complexes with Fe?* ions, which
possess higher catalytic activity compared to the mineral surfaces [135]. This facilitated transition
from the surface two-dimensional mineral template-dependent catalysis to the three-dimensional
redox catalysis with the participation of transition metal complexes.
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Figure 8. Schematic representation of protometabolism on the FeS mineral surface (a) and hypothetic
mineral-catalyzed reaction pathway with an autocatalytic feedback [132]. Reproduced with
permission from [132] published by the Royal Society.

At the same time, certain “structural motifs” of the active centers of ancient redox catalysts could
be “inherited” by living organisms from their mineral predecessors. An example of such "ancient
traces" in modern biochemical systems are Fe-S clusters - cofactors of ferredoxin electron transport
proteins that are similar in structure to iron-sulfur minerals such as greigite (FesSs) and mackinawite.
Since the active centers of some other ancient redox enzymes have a similar structure, M. Russell and
colleagues suggested that such minerals could play a leading role in the formation of protometabolic
redox processes on the early Earth [136]. It should be noted that the mineral greigite (FesS4) is a close
structural analogue of magnetite (FesOs) with a reverse spinel structure and also possesses
ferrimagnetic and semiconductor properties [137] (in fact, analogous to magnetite in a reducing
atmosphere).

However, even the most detailed scheme of the emergence and development of
protometabolism cannot pretend to be a complete model of abiogenesis without the associated
mechanism of coevolution of protocellular structures, since the effective maintenance of the
concentration gradients and metabolic pathways, by definition, requires compartmentalization of the
system. M. Russell et al. proposed a scheme for the emergence of the simplest protocell in microscopic
cellular mineral structures based on sedimentary colloidal membranes [138,139]. These “cells”,
coated with a layer of iron sulfide, could simultaneously ensure the occurrence of the most important
protometabolic reactions and create a local environment for autocatalytic cycles involving the above
reactions [140] (Figure 9). According to Russell’s hypothesis, serpentinization process (hydration of
ultrabasic rocks under the influence of hydrothermal solutions at high temperature), accompanied
by the formation of magnetite due to the partial oxidation of Fe?* ions and the release of free electrons,
could serve as a source of energy and electrons for the reduction of carbon dioxide to biologically-
relevant organic substances. (“Serpentinization of ultramafic crust would have continuously
supplied hydrogen, methane, ammonia, as well as transition metal ions”[141]). Under the conditions
of the early Earth, underwater alkaline hydrothermal vents provided the spontaneous formation of
a geochemical proton gradient over dynamic mineral membranes formed at the interface between
the solutions with different acidity [142]. These membranes consisted predominantly of iron and
nickel sulfides and also could contain catalytically active regions, allowing the possibility of reducing
the water-dissolved CO: on their surface, leading to the synthesis of more complex organic substances
[143,144]. At the interface of two solutions with different acidity, capable of interacting and forming
colloidal membranes from insoluble sediments, a potential gradient appears and ensures directed
proton transfer to create conditions for redox processes on the membrane surface (similar to the
chemiosmotic mechanism in Mitchell's theory) [145]. The subsequent sorption and coordination
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fixation of the organics obtained resulted in the enhancement of the catalytic activity of
protometalloenzymes in the redox reactions of the primary metabolism. This hypothesis is also
supported by the significant similarity in the structure of some iron-sulfur minerals and the structure
of active centers of the ancient metalloenzymes containing iron-sulfur clusters.

Cooler, more oxidized, more acid Hadean ocean <20°C, pH =6

CH,COOH

HPO,2- &l i CH;COOH + H,0

Temperature, redox and pH gradient

Ocean

Crust

Hot, reduced, alkaline hydrothermal solution ~100°C, pH =10

Figure 9. Schematic representation of the natural prebiotic hydrothermal reactor with catalytically-
active inorganic membranes operating under the thermal, redox and pH gradients [144]. Reproduced
with permission from [144] published by Elsevier.

The advantages of this hypothesis include the non-equilibrium nature of the processes occurring
on dynamic inorganic membranes (from solid state physics to soft matter physics), as well as the
presence of compartmentalization in the system of the coupled protometabolic processes, which
limits diffusion of reagents and products and increases their local concentration to create optimal
conditions for the development of the autocatalytic cycles. However, this model is limited by the use
of hydrothermal heat as an energy source and describes only the likely mechanism for the emergence
of thermophilic chemoautotrophy, despite the fact that most of the minerals involved in the
submarine alkaline hydrothermal vent hypothesis possess semiconductor properties, and hence, are
capable of photocatalytic performance when exposed to the sunlight. In recent works by M. Russell
the crucial role of another redox-active mineral fougerite (a hydrated layered double Fe?/Fe¥
hydroxide) in the emergence of life is suggested [146,147]. Considering that this naturally occurring
mineral is also a semiconductor, it could participate both in catalytic and photocatalytic redox
reactions providing the chemical basis for the prebiotic metabolic pathways.

Another example of abiogenically relevant colloidal systems is inorganic coacervates based on
mineral deposits that contain semiconductors. In sedimentary rocks and coals, framboidal pyrite is
quite common as the spherical mineral structures 10-50 um in diameter [148,149] formed by the tiny
pyrite crystals 0.5-1.5 pm in size (Figure 10 ¢,d) . Such structures are believed to be pseudomorphs
of ancient microorganisms, although there is still no convincing evidence of their biogenic origin
[150,151]. Another hypothesis considers these structures as the products of physicochemical
processes on the early Earth. In particular, in the works of L. Minaeva and L. Kizilshtein [148,149] it
was experimentally demonstrated that similar structures could be formed as a result of diffusion of
H:S into coacervate droplets of Fe(OH): (Figure 10 a,b). Such colloidal particles [152] are formed in
an aqueous solution of Fe>* at pH above 5.5 and at low values of Eh (reducing medium) favoring the
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formation of the colloidal precipitate Fe(OH)2. At the same time, in the presence of natural stabilizers
(potentially, abiogenically synthesized organic substances), which impede the rapid deposition of
colloidal particles; the suspension can be stabilized at the stage of coacervate droplets. Similar
processes could occur in hydrothermal vents rich in iron salts and hydrogen sulfide [153].
Semipermeable pyrite-based inorganic membrane (at the first stage composed of hydrotroilite -
FeSnH:0) could likely combine the functions of sorption, catalysis, and energy or electron source for
the protometabolic processes.

Figure 10. Inorganic coacervate droplets composed of ferrous hydroxyde / oxohydroxyde (a) and the
same droplets substituted with hydrotroilite (b); framboidal pyrite (c-d) [148]. Reproduced with
permission from [148] published by Nauka.

Despite the geochemical plausibility of the above hypotheses, they do not provide the possibility
for participation of semiconductor iron-containing minerals in the processes of photocatalytic
conversion of the solar energy. Meanwhile, the second possible option for the energy supply at the
early stages of protocell development is photoautotrophy, which is, in fact, a precursor of
photosynthesis.

One of the earliest models of photosynthesis is photovoltaic mineral cell, proposed by S. Granick
in 1957 [154] and illustrating the possible mechanisms of processes related to respiration and
photosynthesis, based on the simple mineral compounds abundant on the early Earth. This model is
based on the interaction of simple mineral or organic components of the primordial soup and
catalytically active mineral substrates, in particular magnetite (FesOs) with impurities of sulfur atoms.
The structure of its spinel-type crystal lattice, consisting of iron atoms with varying degree of
oxidation, allows it to function both as an electron donor and acceptor, while its semiconductor
properties and photosensitivity at the near-UV region provide the possibility of photoinduced charge
generation on the mineral surface. If the oxidized forms of compounds are adsorbed on a magnetite
surface, they can be photoreduced, and in that case of adsorption of the reduced species, they can
readily undergo photooxidation. According to the author, such physicochemical system could well
serve as an energy supplier at an early stage in the development of life and could ensure the ordered
operation of the redox processes in primary metabolism [155] (see Figure 11).
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Figure 11. Comparison of the principal schemes of natural photosynthesis (left) and its simple
photovoltaic model based on the catalytically active magnetite substrate [156]. Reproduced with
permission from [156] published by Springer Nature.

Obviously, this primitive model of abiogenic photosynthesis, instead of water, could use a more
accessible electron donor, and instead of magnetite, any other abiogenically relevant semiconductor
mineral (ZnS, FeS, etc.). It should be noted that the abundant critique of the Granick’s model in
modern literature, in fact, does not refer to his photovoltaic semiconductor cell, but to his general
theory about the recapitulation of the stages of the evolutionary development in pigment systems via
pigment biosynthesis [155,156]. And if we ignore specific chemistry, then in prebiological conditions
at the stage when different photochemical systems were developing ways to convert solar energy,
this model seems quite plausible.

Another model of the photochemical conversion of the solar energy with the participation of the
simplest mineral compounds was developed by S. Schnoll. He proposed a model inorganic system
of the coupled photochemical redox reactions involving Fe(Il) and Fe(Ill) compounds that occur in a
bicarbonate buffer solution and provide storage of light energy in the form of buffer capacity [157].
The author claims that such a system of energy conversion reproduces the individual stages of
photosynthesis, namely, water photosplitting to form oxygen and reduction of the hydrogen
acceptors (Figure 12).

<hvy,
4Fe®"+12CU 2H,0 +0,

a

4cU 4Na2C o5+
aH® +2H,0

Na,COs \ 4cC 2H 0, 4 40H™ 4NaHCO3+
+<4NaCl
4NaHCO3+4NaCL+2H ol “Fe’ +8CL N ,0+20,
02

4hv2

b hv

6H,0 + 2A 4H" + 40H™ + 2AH, +0,


https://doi.org/10.20944/preprints202310.0887.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2023 doi:10.20944/preprints202310.0887.v1

25

Figure 12. A simplified scheme of the coupled photochemical redox reactions involving ferrous and
ferric ions in a bicarbonate buffer solution providing solar energy conversion (a) and its autocatalytic
water splitting unit with a unified hydrogen acceptor A (b) [157]. Reproduced with permission from
[157] published by Nauka Press.

This model is a simplified “biomimetic” scheme that does not pretend to meet the conditions
and requirements of abiogenetic modeling. However, in spite of the simplified model nature and
non-optimal source of electrons for the early stages of abiotic photosynthesis, it demonstrates the
importance of the kinetic coupling between the redox and ion reactions in reversible metabolic cycles,
as well as the need for the feedback loops to regulate the processes of energy conversion in the system.
A significant drawback of this model is its completely homogeneous nature, which does not provide
for the spatial separation of the coupled redox processes and the emergence of concentration
gradients between individual compartments. In this regard, it is logical to extrapolate the described
mechanisms of primitive photochemical redox transformations in the buffer solution (taking into
account the availability of the corresponding electron donor) to heterophase, in particular,
microheterogeneous colloidal systems.

7. Mineral photosensitive catalytic semiconductors as the basic actors and components of abiotic
protophotosynthesis.

It is known that inorganic semiconductors, like organic dye molecules, are capable to absorb
light and photosensitize redox reactions [158]. The absorption of photons with energies exceeding
the semiconductor band gap leads to the generation of electron-hole pairs capable of participating in
redox reactions with components of the medium. Holes formed in the semiconductor valence band
oxidize exogenous electron donors, and electrons generated in the conduction band reduce electron
acceptors adsorbed on the semiconductor surface. Moreover, the smaller the particles or the thinner
the semiconductor layer, the easier it is for charge carriers to reach the surface of the mineral and
provide a high yield of heterophase heterogeneous photocatalytic reactions. Particle size also affects
the semiconductor band gap and determines its photosensitivity region: the smaller the particle size,
the greater the band gap and, as a consequence, from the standpoint of physics of size effects, there
is a possibility to shift the spectral parameters that can adapt the system to radiation of a wide spectral
range (and in the presence of particles of different sizes, this can lead to the presence of spectral
selection of particles according to their efficiency in converting light of certain wavelengths) [159].
Conductivity of semiconductors depends on temperature and illumination in a certain spectral range,
as well as on the presence of impurities, which makes their position in the evolution of solids highly
diversified under various geophysical and geochemical conditions. In fact, even when geochemical
catalysis by the metal micro- / nanoparticles occurs, as a rule, semiconductor particles / coatings also
participate. According to F. Vol'kenshtein, one of the founders of photoelectrochemistry of
semiconductors, “most catalysts are semiconductors” [160], moreover, “even in cases when metal is
used as a catalyst, the process actually occurs on the surface of semiconductor ... because most metals
are covered with a semiconductor coating; and (ibid.): "the electrons and holes of the semiconductor,
controlling the electrical, magnetic, optical properties, are at the same time ... the main actors in
catalysis." Given the combination of these factors, abiogenic photocatalytic processes should most
efficiently proceed on dispersed particles of semiconductors.

Heterogeneous photocatalysis on dispersed semiconductors could be the main mechanism of
abiogenic synthesis of organic compounds both in interstellar space and on the surface of the cosmic
bodies, in particular, on primitive Earth [161]. Photochemical redox processes involving dispersed
photocatalysts could occur in atmosphere of the primitive Earth [162] and on the surface of natural
colloidal particles of semiconductor minerals [163], facilitating abiogenic synthesis of organic
compounds on their surface and providing conditions for the emergence and development of the
early metabolic pathways (Figure 13). In the above cited works of V.N. Parmon it is pointed out that
such photocatalytic processes could play an extremely important role in prebiotic evolution.
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Figure 13. A principle scheme of a photocatalytic reaction on a semiconductor particle (a) and a
possible scheme of the surface photosensitization of the metal oxides (b) [162]. Reproduced with
permission from [162] published by Springer Nature.

Under prebiological conditions, undoubtedly, there existed semiconductor minerals capable of
photocatalysis, including visible-light-driven photocatalysis [164]. Dispersed inorganic
semiconductors of biogenic origin are also known to exhibit photochemical activity in biological
systems [165]. Thus, for instance, microparticles of hydrated iron oxide with the structure of
ferrihydrite mineral, which are a part of the ferritin protein, can act as a catalyst in redox reactions
and provide photosensitized reduction or oxidation of various organic substrates [166]. In addition,
the direct photoinduced electron transfer from semiconductor CdS [167] and TiO:[168] nanoparticles
to individual enzymes (hydrogenases), as well as to Clostridium butyricum bacterial cells, with
hydrogen being evolved as a result of intra- and extracellular activity of hydrogenases [169], is
possible. Integration of the template functions (sorption, local concentration and orientation of the
reagents in the adsorption layer), catalysis (spatial colocalization and activation of the reagents on
the surface), and the energy source (electron donation) provides dispersed semiconductor particles
with a key role in the early development of metabolic pathways.

Iron, zinc and titanium compounds possessing semiconductor properties, as well as their
mixtures (i.e. paragenesis) obtained in the form of microparticles and consecutive nanolayers,
functioning as semiconductor heterostructures, can be used as photocatalytic mineral carriers [170].
Classical examples of photocatalytic semiconductor mineral structures based on iron compounds are
magnetite [171,172] (often coupled with ZnS [173-175]), ZnO [176-178], SiO2 [179], and TiO: [180-
182] (in particular, within osmotic membranes [183]). ZnS and ZnO nanoparticles are also used as
photocatalysts, both individually and together [184-186]. Apart from the potential of pure sulfide
mineral semiconductors, it was also shown that mixed heterostructures based on ZnS and ZnO may
be formed at high temperatures in an anoxic and weakly reduced atmosphere of the early Earth, and
would possess a higher abiogenic photocatalytic activity in the COz reduction [187]. Pyrites [188,189]
are another example of mineral structures with semiconductor and photocatalytic properties
(including non-iron compounds - cattierite CoS2[190,191], vaesit NiSz [192,193] and others, often
localized in paragenesis, in contact with autochthonous metals in the deposit [194,195]). Pyrite and
its structural analogs, semiconductors, are known to form heterostructures with natural minerals
with which they exist in paragenesis. This mechanism of interaction is reproduced in the chemical
synthesis of multilayer particles and simple nanoheterostructures (such as FeS: / Fe20s, Co:FeS:z /
CoSz2, NiS:@MoS:, etc. [196-199]).The contact between pyrite-like semiconductors with other
catalytically-active semiconductors, such as TiO2, also results in photocatalytic structures. This has
been convincingly shown for FeS: [200,201], NiSz [202], CoS:z [203,204], as well as for a number of
naturally enriched mineral structures with impurities / admixtures [205].
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It is possible that the interactions between many microelements and ultramicroelements in a
modern cell are a consequence of their coexistence in geochemical, in particular, in paragenetic
conditions of the origin of the corresponding structures and the location of substrates with the
corresponding composition, that is, “emitters” of the certain ions. Their chemical coupling is in fact
the coupling of their physicochemical functions in the cell, and the separation of roles represents their
specific physicochemical roles at the divergence stage: one substrate could perform functions that
another could not, for example, assimilation of the light energy using one “heir” of a mineral
semiconductor substrate could be coupled with the electron transfer mediated by the “heir” of
another mineral substrate.

To date, the most complete and consistent concept of autotrophic life origin, describing the
possibility of inorganic photosynthesis based on semiconductor minerals, was proposed by A.
Mulkidjanian [206,207]. In this concept, the key role is assigned to the porous mineral sediments with
semiconductor properties (zinc and manganese sulfides) that serve as abiogenic photocatalysts for
COzreduction in the synthesis of primary organic compounds (Figure 14). In addition to this function,
ZnS and MnS films deposited on a clay / zeolite matrix could protect organic substances from
photodissociation under the influence of harmful UV radiation, and also serve as the templates
during their polycondensation. Despite the fact that colloidal suspensions of mineral semiconductors,
including ZnS, are known to produce reactive oxygen species under illumination, particularly
hydroxyl radicals and peroxides, which are powerful oxidizing agents for most organic compounds
(this is commonly used in disinfection and wastewater treatment [208-212]), the absence of oxygen
in the early Archean atmosphere prevented prebiotic organic compounds from catalytic

photooxidation.
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Figure 14. a) Energy diagrams for different metal sulfides as potential photo-excited electron donors
and for the biologically relevant electron acceptors; b) Comparison of the energy diagrams for a single
ZnS nanoparticle (left) and a bacterial photochemical reaction center (right) [207].

Apart from layers, zinc and manganese sulfides could be deposited in the form of colloidal
particles of photocatalysts with a large specific surface area. Such ZnS-enriched sediments could be
formed near continental geothermal vents, where the water enriched with transition metal cations
(Zn?, Mn*, etc.) was in contact with hydrogen sulfide, which simultaneously formed poorly soluble
sulfides and allowed to compensate the electron deficiency during photooxidation of the
semiconductor [213,214]. An additional argument in favor of this concept is the widespread
occurrence of zinc ions in the structure of the most evolutionary ancient proteins [215]. The
effectiveness of dispersed ZnS as a photocatalyst for prebiologically relevant syntheses has been
confirmed by numerous experimental works [216-219]. In particular, it has been shown that single
stages of the ancient reverse Krebs cycle which provides synthesis of organic metabolites from carbon
dioxide, could readily proceed under illumination in the absence of specific enzymes with the
participation of colloidal ZnS as a photocatalyst [220-223]. The likely presence of semiconducting
colloidal particles in the oceans of the prebiotic Earth suggests that photochemical reactions on their
surfaces could have played a significant role in the synthesis of organic molecules [224,225]. Doping
of ZnS with copper ions makes it possible to shift its absorption band to the lower energies and
significantly increase light utilization efficiency of the photocatalyst [225,226].
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The absence of similar experimental studies with iron sulfides as photocatalysts in the literature
is apparently due not so much to their limited photochemical activity as to the impossibility of its
manifestation in modern oxygen-rich atmosphere due to the rapid redox transformation of the
photocatalyst. However, on the early Earth, photochemical processes with iron sulfides could
undoubtedly proceed by analogy with the heterogeneous photocatalytic syntheses considered above.
Combination of photosensitivity and redox activity for these minerals could significantly expand
their catalytic properties and ensure coevolution of the photodependent and dark redox processes of
the early metabolism. In this case, the difference in the band gap for zinc and iron sulfides, which
ensures absorption in different spectral regions, made it possible for both types of semiconductors to
coexist as a part of a common “mineral community”. Thus, different minerals in a primary
“semiconductor world” could simultaneously carry out abiogenic photosynthesis and redox catalysis
with the further divergence upon specialization to the corresponding functions.

8. Geochemical consistency and "semiconductor worlds" in abiogenesis.

Thus, it is obvious that colloidal semiconductor particles could perform photochemical (pre-
photosynthetic) functions within the simplest prebiological or other compartmentalized (pre-
membrane) nonequilibrium systems, providing them with active reducing agents, that is,
photocatalytic reactions on the surfaces of dispersed semiconductors with adsorbed proto-enzymes
could form the basis of protometabolism [165]. In this regard, it is logical to compare their capabilities
with the list of requirements for the photosynthetic systems [82,83] described in Section 5.

Strictly speaking, below we discuss not only geochemical consistency, but rather a more specific
photogeochemical consistency [227]. The latter includes not only the presence of certain carriers and
photostability of the medium under irradiation, but also the ability to perform photocatalysis, or
photoredox behavior under given environmental conditions, as well as the ability to provide
photochemical coupling [104] of the reactions between various adsorbates. The final aim of such
formulation of the problem, including correlating with the particular criteria for “photosynthetic”
processes, phenomena and mechanisms, is a logical transition from light to life [228]. According to
the last cited work, the subject of this transition is evolution of the structural motifs responsible for
redox reactions (the biological “transistors”) across the tree of life, and the photogeochemical
reactions on minerals that ultimately came to be the driving force for these biological reactions.

At the same time, the bottom up and top down approaches are equally well suited as arguments
for this kind of problem statement. Bottom up concepts often come from the photochemistry of the
simple compounds (starting from the earliest and most classical works from the 1930s [229,230] and
further [231], since this area has been exhaustively explored over the past 80 years) involving mineral
surfaces. This approach answers the question “how photochemical and geothermal energy produces
electron donors and acceptors through geophysical processes / photogeochemical reactions, if
allowed to persist over geological time scale” [232]). The top down approach proceeds from the paths
of electronic transport in modern microorganisms, which inevitably comply with the principles of
geochemical and evolutionary consistency. Because of this, the evolutionary development of electron
transport pathways in a natural geochemical environment is now considered as the contribution of
electron transfer in the coevolution of the biosphere and geosphere [233]. The top down approach
also is known to appeal to the “bottom up prototypes” on the basis of validation / verification logic.
It is often noted (see the last cited work) that “photogeochemical, abiotic formation of high-energy
chemical products is sacrificial rather than catalytic” and “however, these reactions potentially
provided prebiotic substrates for the subsequent evolution of biological catalysis.”

When analyzing primary photosynthetic organisms that did not have complex
biomacromolecular systems for converting solar energy into the energy of chemical bonds, it is logical
to start from the most primitive photosensitive agents widely available in the environment that can
ensure photoinduced redox processes. One of the most likely candidates for the role of such agents
in conditions of the early Earth are minerals with semiconductor properties. These include, first of
all, sulfide minerals such as FeS: (pyrite), ZnS (sphalerite), Fe1xS (pyrrhotite), MnS (alabandite), MoS:
(molybdenite), PbS (galena), Cu:S (chalcocyte), CuS (covellite), CuFeS: (chalcopyrite), FeAsS
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(arsenopyrite) and some others, as well as, under more oxidizing conditions, such oxide minerals as
FesOs (magnetite), a-Fe20s (hematite), MnO: (pyrolusite), TiOz ( rutile), ZnO (zincite), Cu20 (cuprite),
CuO (tenorite), SnO: (cassiterite), etc. [234]. The advantage of inorganic semiconductors in
comparison with m-conjugated organic molecules is higher stability and the possibility of multi-
electron photoprocesses.

Under native conditions the existence of absolutely pure minerals of a single stoichiometric
composition is an exception rather than a rule. The naturally forming surfaces most often have a
mixed composition (especially manifested in the case of layer-by-layer deposition under unstable
natural conditions characterized by nonequilibrium in the distribution of chemical agents).
Formation of pure semiconductor photocatalytic particles of uniform composition in primary
conditions was unlikely. The problem of the essence of the mineral species for such structures still
remains unsolved [235,236]. At earlier stages in the development of life on Earth (up to the so-called
“oxygen explosion”) in a neutral atmosphere and in the presence of hydrogen sulfide as a product of
volcanic activity, the transition metal compounds most likely occurred in the form of sulfide minerals.
Among them, iron sulfides were one of the most common salts.

Pure pyrite (FeSz) is a promising earth-abundant semiconductor for thin-film inorganic solar
cells and photocatalytic applications. It has a relatively large absorption coefficient of ot > 105 cm™! for
photon energies larger than about 1.3 eV, such that a thin layer of less than 1 A should effectively
absorb the visible part of the solar spectrum. The bandgap of pyrite of 0.95 eV is on the borderline of
what might still be considered acceptable for a high-efficiency single-junction device, it shows both
n- and p-type conduction [237,238]. It is actively used to create inorganic photovoltaic devices [239-
242] and nanodispersed heterogeneous photocatalysts [243-245]. It is well known that pyrite crystals,
along with crystals of other mineral semiconductors, were used in the design of the simplest detector
radio receiver as a detector diode, due to the property of the pyrite-metal contact, the current can be
transmitted mainly in one direction. Prior to pyrite, galena, another semiconductor with a small band
gap of 0.4 eV, was used for similar purposes [246-250]. The electrogenic properties of pyrite as a high-
energy material are evident from its ability to produce sparks upon impact, which explains the Greek
name “pyrite”. The electrical conductivity of pyrite is largely determined by the presence of
impurities [251] and the chemical composition of the surface [252], which is easily oxidized in a
modern oxygen atmosphere. Nevertheless, it is physically obvious that in conditions of the early
Earth, a non-oxidizing atmosphere ensured the resistance of thin films and colloidal dispersions of
pyrite to oxidation. This fact allows us to consider them as abiogenically relevant potential
photocatalysts in prebiotic syntheses. In addition to the photocatalytic reduction of CO, the ability
to abiogenically fix atmospheric nitrogen under irradiation to form ammonium salts may be
characteristic of pyrite in the early Earth atmospheric conditions. This process could be essential for
the synthesis of nitrogen-containing organic substances, including amino acids and nitrogenous
bases, under abiogenic conditions in the absence of specialized enzymatic systems for nitrogen
fixation and could be a predecestor of the nitrogen fixation system [253].

Among iron oxides, hematite, wustite, maghemite and magnetite are also semiconductors,
which are characterized by emergence of photoconductivity upon generation of electron-hole pairs
with subsequent separation of charges or their recombination [254,255]. An important condition for
this process is contact with an electrolyte solution, so photoinduced redox reactions could occur only
on the surface of mineral particles wetted by the waters of the Primary Ocean or land saltwater
reservoirs. The presence of impurity ions changes the band gap and the type of conductivity of the
semiconductor; therefore, the presence of natural impurities in mineral structures significantly
expands their spectral sensitivity range and possible redox potentials as compared to the ideal
crystals of pure laboratory-grown substances.

All of the above minerals, both in pure form and in paragenesis with each other and with other
ore-forming minerals, can be natural sources of electrons for photoinduced redox processes occurring
on their surface (in the adsorption layer). At the same time, the film thickness of the semiconductor
mineral, optimal for photoinduced processes, is quite small (50-100 nm) and is limited by the depth
of radiation penetration [240]. Therefore, surface photosensitive layers may form due to the


https://doi.org/10.20944/preprints202310.0887.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2023 doi:10.20944/preprints202310.0887.v1

30

interaction of bulk mineral rocks with components of the atmosphere and hydrosphere (an oxide film
in a modern atmosphere and a sulfide film in the case of a reducing atmosphere on the early Earth
enriched with volcanic gas components).

In addition to changes in the chemical composition of the surface of the initial minerals under
the influence of environmental factors, photosensitive layers or films based on inorganic
semiconductors can easily be obtained by precipitation of sulfide minerals from a solution rich in
transition metal salts when interacting with water-dissolved sulfides (similar to semipermeable
dynamic colloidal membranes in chemobrionics or the so-called "chemical gardens") [256,257]. Such
laboratory models have indicative prototypes in the geological nature (Figure 15).

F_ . 4

Figure 15. Natural iron sulfide garden (Tynagh mine, Ireland), now composed of pyrite embedded in
barite, produced as a somewhat acidic, iron(Ill)-bearing buoyant hydrothermal solution invaded a
mildly alkaline sulfanide (bisulfide)-bearing brine occupying a void below the carboniferous seafloor
~350 million years ago; (b, c) hollow pyrite botryoids produced as for (a) but perhaps more slowly;
(d) reverse gardens found at Navan, also in Ireland, whereby a dense sulfanide-bearing surface brine
seeped down into an open horizontal joint occupied by iron-bearing mineralizing solution ~350
million years ago (full image box from [257]).

Light sensitivity and semiconductor properties are also typical of organic semiconductors of
natural geochemical origin. Thus, polycyclic aromatic hydrocarbons (PAHs), widely distributed in
the Universe and found in many astronomical bodies [258,259], as well as a number of other m-
conjugated organic compounds, in particular tetrapyrroles, exhibit semiconductor properties under
the influence of radiation. Unlike inorganic semiconductors with a band gap of 1-2 eV, molecular
crystals or amorphous films of organic semiconductors have a wider bandgap of 2-4 eV and acquire
electronic or hole conductivity when irradiated with visible light. In this case, initially photoexcitation
of molecules leads to the generation of Frenkel excitons, which then decay to form free charge
carriers. Polycyclic aromatic hydrocarbons (PAHs) with an expanded m-electronic system (tetracene,
pentacene and their isomers and structural analogues) in the crystalline state are typical organic
semiconductors [260-262] and have a high absorption coefficient in the UV spectral range. On their
basis, OFETs are often made in the form of a thin surface film on quartz glass [263-266], which leads
to comparisons with template phenomena in the evolution of abiogenic organic matter on quartz
substrates [266-268].

Based on the PAHs / aromatic world hypothesis [269,270], these compounds could be not only
structural precursors (in particular, the initial form of organic matter for RNA synthesis and
assembly), but also functional precursors of photosensitive pigments and, along with tetrapyrroles,
they could support primary processes of solar energy conversion on the early Earth. In this case, the
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ionizing radiation of the Sun could initiate gradual hydrophilization of RAH molecules by replacing
some hydrogen atoms by hydroxy and other functional groups. Such hydrophilization increases their
solubility in water, and also gives the original molecule amphiphilic properties, the ability to self-
assemble in a polar aqueous medium, to form supramolecular assemblies (micellar systems, vesicles
and bilayers) [271] and to be incorporated into simple membrane structures. This process also led to
a gradual shift of the absorption maxima of the compounds to the visible region of the spectrum,
which made it possible to significantly expand the range of radiation effectively absorbed by the
photosensitizing molecules.

In other words, firstly, the mineral semiconductors in conditions of the early Earth were
abundant, and secondly, the classical inorganic substances of many “worlds” fully correspond to
these semiconductors or their natural geochemical derivatives produced under the existing
environmental conditions with high probability (in some cases - almost inevitably).

The question of how they should have been organized (not only topographically, but also from
the standpoint of their structural kinetics) in order to integrate into biological functions during
abiogenesis, must be solved with the "reverse engineering" of the products of evolution - processes
and topographic forms of compartmentalization of the early and modern types of photosynthesis,
sensu lato. This is needed to provide comparative analysis between the basic criteria of the latter
(according to the above list of papers [82,83]) and the physicochemical capabilities for their
development and reproduction (in particular, laboratory modeling) based on semiconductors.

9. Self-organization in “semiconductor worlds” under the solar energy pumping: Energy supply
for the processes of protophotosynthesis and abiogenesis.

The problem of the emergence of primary photosynthesis, or the appearance of the first
mechanisms of energy consumption necessary for the operation of prebiological systems, cannot be
considered in isolation from the problem of the energy supply of abiogenesis on natural surfaces that
absorb light energy. Therefore, we can say that, by modeling processes in natural
protophotosynthetic structures during the initial formation of their function, we can answer some
questions about self-organization of autotrophic protobionts as such. Since many attempts at artificial
synthesis of protocells have failed without arriving at a functional result (necessary and sufficient -
sensu stricto), it is advisable to give nature the opportunity to reproduce in laboratory conditions its
own typical forms and functional systems, according to the principles of physical chemistry or
chemical physics independent of the researcher, by ensuring energy input in the form used by nature
for self-organization (photochemistry) and / or for lowering the barrier to certain chemical reactions
(catalysis). The quantum self-assembly of functional protocell models based on PNA and
photosensitizer [75-77] (Figure 16) allows us to hope that this is possible. At the same time, from the
point of view of reconstruction of the first stages of photosynthesis based on recapitulation by the
metabolism of its origin [272], it is desirable to reproduce its origin from those self-assembly
mechanisms that directly follow from the physics and chemistry of this “nonequilibrium process with
optical pumping”.
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Figure 16. A full life cycle of the proto-organism (proposed by S. Rasmussen), for which the quantum
self-assembly models have been developed. 1, 2: Self-assembly of the proto-organism components—
lipids, PNA, and the sensitizer molecules. 3: Feeding the proto-organism with PNA and lipid
precursors and more photosentisizer molecules. The proto-organism swells up in particular as it is
loaded with many precursor lipids. 4: As light is provided, the phenyl group is first fragmented from
the precursor PNA, forming PNA oligomers that can ligate, once they are aligned by the template. 5:
As the precursor lipids are turned into lipids (surfactants), the large aggregate becomes unstable and
starts breaking up. A thermodynamic balance between hybridized and non-hybridized (double- and
single-stranded) PN A has to be established to allow a reasonable partition of the proto-genes between
the two aggregates. 6: The life cycle is complete, as the proto-organism has generated a copy of itself.
The overall rate limiting steps are believed to be the PNA template directed ligation process and the
balanced lipid-PNA and PNA hybridization kinetics [71]. Reproduced with permission from [71]
published by MIT press.

It is well known that in “artificial photosynthesis” the principles of self-organization or self-
assembly [273-275], as well as catalytic assemblies of nanodispersed carriers (vesicles and micells -
see Figure 17), which under natural conditions (due to size effects) are usually formed by self-
assembly [276], are widely used. Deviation from the biological prototype often leads to the focus on
fashionable nanostructures that did not participate in the native photosynthesis [277]. However, it is
obvious from the first principles (ab initio) that nothing prevents the use of this principle in an
emergent and evolutionary context. It means that only one step remains before the validation of the
recapitulation / emergent mechanism using this principle to prove its consistency (when the principle
of "assembly and photoactivation recapitulate evolution" [278] is interpolated to the early stages of
the photosynthesis origin). In this case, we will need many manifestations of self-organization and
self-assembly of substances, considered as probable primary executors of the protophotosynthetic
function (or the preceding photocatalytic processes), in particular, semiconductors.
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Figure 17. Representations of a) a vesicle formed from cylindrically shaped amphiphiles and b) a
micelle (spatially comparable with Chen-Rasmussen’s "minimal cell” model - see. Figure 2) formed
from conical surfactants applicable in model / artificial photosynthesis at dynamic self-assembled

interfaces in water [274]. Reproduced with permission from [274] published by John Wiley and Sons.

Self-organization will be considered a correct model of the structure formation only in the case
of equifinality - the similarity of the resulting and photosynthetic structures (the same forms of self-
organization that are used for semiconductors in artificial photosynthesis are too sophisticated and
often cannot be correlated with a natural prototype - photosynthesis [279,280]). Since we are talking
about the photoinduced processes, both photochemical and photophysical approaches to the energy
pumping seem to be quite rational. In the case of semiconductors, it is logical to analyze energy
pumping and self-organization in semiconductor systems. Based on these provisions, we will begin
a comparative analysis of the above requirements for the processes of elementary photosynthesis
with the conditions and the possibility of their reproduction on mineral (photo)semiconductors. In
this case, it will become possible to establish correspondence between the protophotosynthetic
processes occuring on mineral semiconductors with the processes of natural photosynthesis listed in
Section 5, according to [82,83].

10. From semiconductor-based artificial photosynthesis to abiotic photosynthesis /
protophotosynthesis modeling.

The first biophysically necessary characteristics of photosynthesis, according to [82,83], is the
ability to absorb light and to transform light quanta into the energy of separated and stabilized
charges. The ability of semiconductors to implement primary photoprocesses in the chain
“absorption of a light quantum ... and generation of electronic excited states — transfer of electronic
excitation energy — ... generation of primary photoproducts” (sensu lato), as a rule, does not raise
objections. Artificial photosynthesis, starting with the first research by M. Graetzel [281], has been
associated with semiconductors, providing light energy harvesting and conversion (or by spectral
sensitization, when dyes were used to mediate the process). This process usually occurs on
semiconductor - liquid interfaces and junctions [282], and ensures interaction with the natural
environment (necessary in the case of reproduction of the stages: “generation of primary
photoproducts — formation of primary stable chemical compounds”) including, often, the reaction-
diffusion nature of the process. Thus, the following processes are performed on semiconductors:
water splitting [283,284] and carbon dioxide reduction / photoelectrochemical conversion [285,286],
as well as photocatalytic fixation of COz to afford higher organic compounds [287].

The above processes are photochemical, and not only photophysical in nature, although the
early concepts on the initial stages of photosynthesis considered only the physical - electronic /
semiconductor aspect [288]. For this reason the simplified models of artificial photosynthesis
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followed along the same path. Meanwhile, there is a direct connection between the photophysical
and photochemical sides of the issue. It is well known that even in the early works of Graetzel on
artificial photosynthesis [289], the analysis moves from purely photophysical processes (such as,
light-induced charge carrier generation and further charge separation) to their coupling with
photochemical processes (photoredox reactions involving suitable electron donor / acceptor chemical
transformation), that close the energy conversion cycle in thesystems simulating photosynthetic
processes within the framework of microheterogeneous photochemistry and redox catalysis (see
Figure 18, Figure 19). M. Graetzel et al. proposed to use mineral colloidal semiconductor particles as
light absorbing units, in particular, Fe2Os particles in [290,291], and in other works - various
combinations of ZnO [292-295] or ZnS [296] particles. Thus, this is directly related to semiconductor
mineral media corresponding to the conditions of the primary forms of abiogenic photosynthesis
indicated above.

Cut + FelCN)™ ———> Cu™ .+ FelCN)\Y

Figure 18. Light-induced charge separation in functional micelles [289]. This scheme is similar to that
of light-induced charge separation in primary "membrane mimetic" systems, corresponding in size to
Rasmussen-Tamulis minimal cell models (Fig, 2). If we ignore the specific chemical substrate
indicated in [289], one can speak about the participation of such light-induced charge separation
schemes in protobiological and prebiological analogues (or prototypes) of the photosynthetic process.
Reproduced with permission from [289] published by the American Chemical Society.
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Figure 19. Schematic illustration of the light-harvesting units used in photochemical water splitting
devices [289]. A scheme based on dispersed semiconductors that may have occurred in geological
systems in the prebiological era is a good geochemical precursor to more complex light-harvesting
and photochemical water splitting schemes involving micelles / surfactant /membrane. It seems to be
an evolutionarily plausible prototype of photosynthesis, since it does not require organic matter.
Reproduced with permission from [289] published by the American Chemical Society.

On the other hand, the biomimetic nature of the early works of M. Graetzel, directly associated
with artificial photosynthesis, clearly correlates with the evolutionary development of primary
photoprocesses (for example, compare Figure 18, Figure 19). and selection (not in a strict modern
biological interpretation of this term, but in a broader interpretation, probably characteristic of the
early prebiological evolutionary stage [297], despite the inconsistency of these simplified
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constructions for the biological evolution of the modern type [298,299]), since the final stage of
development is the modern forms of photosynthesis using metalloporphyrins.

The primary idea underlying the work on artificial Graetzel-style photosynthesis was the bionic
reproduction of photobioelectrogenesis using chlorophyll in the late 1960s and early 1970s [300,301].
Initially, the bottom up biomimetic approach in these studies coexisted with the top down approach
(when chlorophyll isolated from biological objects such as spinach was used). Currently, this
approach is generally preserved, but porphyrins [302] are used instead (including zinc-containing
metalloporphyrins [303-307]), especially popular in the 1980s, and phthalocyanines (including zinc-
containing ones [308-311]) more popular in the 21st century, including those applied to
photoelectrodes from substrates of the above-mentioned mineral composition.

In this case, observing both the geochemical sequence (bottom up) and the evolutionary (top
down) biomimetic strategy allows us to consider this approach as highly relevant for reproducing
primary photoprocesses.

11. Photoinduced redox processes and chemical gradients in the coevolution of protorespiration
and prothotosynthesis: Is it possible to model redox catalysis in photosynthesis without
multienzyme complexes?

The second biophysically necessary property of photosynthesis pointed out in Section 5,
according to the criteria listed in [82,83], is redox processes localized on the (proto)membrane, leading
to the emergence of a charge gradient as a bioenergetic prerequisite.

The photoinduced redox mechanism, which has the illumination of the system at the beginning
and, at the end, the rearrangement of gradients at the system-media interface (with its special case:
the final stage of membrane depolarization in photosynthesis), can be implemented on the gradients
of the charge-carrier concentration using membrane-like structures and redox-catalytic agent that
replaces the functions of multienzyme complexes in photosynthetic electron transport.

In accordance with the well-known consistency criterion for co-evolution of respiration and
photosynthesis [312,313], we must proceed, firstly, from the fact that the water splitting system of the
ordinary photosynthesis makes it possible to use water as an electron donor — a compound with a
high redox potential that is not prone to act in the role of a reducing agent, and secondly, from the
"polyphyletic" origin of many photosystems that make it possible to use compounds with lower
redox potential (including hydrogen, sulfides, hydrogen sulfide, sulfur, ferrous ions, nitrites) as an
electron donor or the cyclic electron flow around the photosystem.

In other words, unlike engineering biomimetics, which comes, as a rule, from the most efficient
modern systems, we should not be tied to the concrete implementation of the principles of
photosynthesis and high-efficiency redox catalysis, but we can consider the “strictly physical” aspect
of redox processes, that is the presence of universal electron donors and their transfer paths in one or
another protosystem. In electron transport, an agent with a more negative redox potential serves as
a reducing agent (electron donor), and with a more positive redox potential, it serves as an oxidizing
agent (electron acceptor).

The presence of a catalytic agent, required in Section 5.2.1, can be achieved using redox catalysis
on semiconductors, in particular, photoredox catalysis [314-319]. When modeling the catalytic
functions of multi-enzyme complexes using semiconductors coexisting with other mineral media that
are relevant to mineral photosynthesis (for example, in the processes of mineral self-organization of
iron ores [320]), especially, during the initial compartmentalization of processes and the presence of
newly-forming physicochemical gradients in the system [321], it is possible to predict the presence of
exotic forms of catalytic kinetics (including heterogeneous catalytic kinetics) in such systems,
including indirect cross-catalysis and a huge range of feedback loops - not only of a purely reaction
type, but also of reaction-diffusion type (characteristic of distributed systems with self-organization
of complex forms of charge transfer [322,323]).

Modern physical approaches allow for not only combined biomimetic enzymatic catalysis and
photocatalysis in photoinduced synthesis of organic substances and in carbon dioxide conversion
[324,325] (including using artificial enzymes and artificial-enzyme-based structures [326,327], which
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is equivalent not to photocatalyst — enzyme coupled artificial photosynthesis [328], but to biomimetic
photocatalysis / biomimetic redox-catalysis [329,330] or enzyme-mimetic catalysis [331]), but also for
“protobiomimetic / proto-enzyme mimetic” catalysis using mineral carriers both to contact with
several enzymes and to form a peculiar multi-enzymatic complex, and to independently perform
“enzymatic” functions (for example, MoS: [332] as a peroxidase enzyme and visible-light-induced
photocatalyst).

The progress of this industry is moving from the simplest techniques requiring the use of
biogenic enzymes [333] to biomimetic catalysis with a growing role of non-enzymatic components,
which are increasingly moving away from the bionic prototype. (From molecularly imprinted
polymeric carriers [334] to functional inorganic ones and, as a rule, having mineral prototypes, to
systems that often perform a number of complementary functions, such as photoconductor
sensitivity and magnetic charge deflection [335], photoinjection of which under prebiological
conditions could be achieved by the photoeffect [336], without any developed biochemical
machinery). Thus, the development trend in this industry recapitulates the top down direction of
photocatalytic / photosynthetic systems along the evolutionary route. At the same time, as indicated
above, at the initial stage there are no restrictions on specialization, which justifies the divergent
development of those processes that later transform into conjugated catalytic chains, starting with
the most elementary forms of the catalytic process on semiconductors that are not identical in
composition, due to natural conditions of their formation.

The need for bioelectrochemical redox coupling mechanisms, the dependence of the rate
parameters on the transmembrane electric field and the emphasis on electrostatic interactions for
effective electron transfer, which may even lead to electrostatic (non-covalent) interaction, in this case
has direct parallels, provided by energy or entropy configurations of supramolecular systems
interacting with the medium, like enzymes, as well as with semiconductor matrices, which in this
case are of equal importance as actors in the catalytic process, not limited to enzymatic catalysis. This
is manifested in well-known, and, in many cases, generally accepted interpretations of integral
semiconductor and enzymatic catalysis as a bioelectrochemical and electrocatalytic process with the
participation of an active center [337] proceeding at the interfaces, that is, heterojunctions at the
photocatalyst / photoenzyme boundary [338].

It is worth noting that organomineral interfaces are used as the most energy-efficient common
heterojunctions, including compositions known as media components where mineral photosynthesis
could potentially develop. The very fact of photoinduced prebiological organic synthesis and early
chemical evolution on such surfaces can be considered as photosynthesis sensu lato (taking into
account the synthesis of various primary and secondary organic products - see Section 1 of this article,
where the definitions of photosynthesis are considered). The latter could comprise metal compounds
found in the natural environment, such as Fe20s [339], ZnS and ZnO (this property is used in
ChemFET / EnzymeFET [340]), and TiO: (relevant not only for abiogenesis on the Earth, but also for
other astronomical bodies, for example, Mars [341-343]). From the point of view of further evolution
of the enzyme-free (or pre-enzymatic) synthesis, it is worth noting that porphyrins, which were
considered earlier during the analysis of Graetzel's works as the next step in the evolution of
biomimetic photosynthesis and photoelectric conversion, are used as components of the energy-
efficient heterojunctions in the enzyme-free (in fact, enzyme-asymmetric) coordination substrate. The
same principle is used in the non-enzymatic sensing of some biomacromolecules (although the use
of more stable phthalocyanines [344] is more effective in this case), and the photosensitivity and
photoactivity at the contact - heterojunction - are of vital importance. Interfacial phenomena at
heterojunctions during molecular evolution could provide combination of photocatalysis,
photoinduced charge carrier transfer, and the emergence of a gradient on mineral "protomembranes".

12. Inseparable complex of photoinduced phenomena on a semiconductor protophotosynthetic
interface as a set of reaction-diffusion processes.

It is well known that the emergent combination of catalysis, photoinduced transport of the
charge carriers and photoelectrophysical reception, providing various kinetics of photoinduced
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processes on a single microscopic structure, was an evolutionary prerequisite at the stage when
functions that subsequently formed modern photosynthesis were under development. (Since in the
absence of integration and spatial coupling between them, photosynthesis could not become a
coordinated network of processes both in space and in time, but would evolve similar to
autonomously evolved single processes that preceded it). In this case, the kinetics and catalysis at the
early stages of the developing precursor photosynthesis must be interpreted based on the possibility
of different processes with a single physical basis (including conflicting and spatially separated,
reversible and influencing each other indirectly through feedback loops) developing on a single
precursor structure — up to the evolutionary separation of the functions of synthesis, photosensitivity
and transfer (of charge, particles and mass transfer in the framework of the reaction-diffusion
photosynthesis [345,346] - including its early forms [347]). Based on the above, let us consider the
requirements to photocatalysis.

The fact that biomimetic catalysis, which models single stages of protophotosynthetic catalysis,
should serve as redox catalysis, photo-redox catalysis (with photo-pumping), which has been
demonstrated in Section 5.3. This imposes obvious electrochemical / photoelectrochemical
requirements on the substance of these catalytic mechanisms in order to reproduce the phenomena
of photosynthesis on semiconductors and to satisfy, by definition, the IUPAC terminological
recommendations on photoelectrochemical energy conversion and semiconductor electrochemistry
[348].

According to the above mentioned recommendations, in photoelectrochemical structures one
should take into account the energy states and their densities in electrolytes containing redox
systems, as well as diffusion length and mobility of electrons and holes in semiconductor, that is, the
redox conditions are obviously set to satisfy the reaction-diffusion dynamics of the charge carrier
transport, involved in their formation. At the same time, changes in the redox potential of the
electrolyte are identified with Fermi levels (the equivalent of the chemical potential of a system in its
basic state at the absolute zero), and for the concentration of nonequilibrium charge carriers - with
the quasi Fermi level. During semiconductor illumination for photoelectrochemical energy
conversion quasi Fermi levels should be considered, since the quasilevels of electrons and holes do
not coincide under such conditions, and the concentrations of nonequilibrium charge carriers in the
semiconductor under illumination are non-stationary. These changes can, in general, be measured by
the standard voltmetric equipment for electrochemical measurements, revealing complex kinetics
(up to autowaves and chemical self-oscillations), since potentiometric methods reveal the Fermi level
difference, known as electrochemical potential, rather than pure electric potential (known in
electrophysics as Galvani potential). Changes in Fermi level differences in space and time on
compartmentalized interfaces where charge and ion fluxes are separated (which also occurs in
membrane protocells) being deviations from equilibrium as the overpotential, are definitively
correlated with changes in redox potential (regardless of the specific carrier or the presence / absence
of bioorganic, in particular bilipid membranes, which are usually associated with the emergence of
differently charged ionic gradients and redox gradients at the cell membrane or a protocell / artificial
cell boundary). During light excitation the minor carrier density is strongly increased compared to
its equilibrium value [348], therefore, at different distances from the semiconductor interface, the
activity of photocatalysis and the manifestation of its charge effects, associated with a particular type
of carrier, will be different. However, here the regulation of the photo-redox effect as a correlate of
the distance dependence of the quasi-Fermi level as a whole is determined by the diffusion length
and the penetration depth of light.

Firstly, within the framework of such approach to photoelectrochemical energy conversion,
photocatalysis is a photoinduced reaction-diffusion process (speaking about diffusion of the charge
carrier of a specific chemical nature). It can be added that in a distributed system this process is
position-sensitive (since with any form of the light distribution, the uniform distribution of diffusion
lengths and quasi-Fermi levels in all axes cannot be achieved). This affects an analogue or a physical
evolutionary prototype of the kinetic integration of photosynthesis and photomorphogenesis in
autotrophic organisms (this has been known in plants since the 1970s, and is associated with redox
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states, cell enzyme activity, bioenergetics, specific endogenous rhythms or oscillations, mediated
mainly by the redox enzymatic machinery [349,350]).

Secondly, the entire micro- / nanoenvironment gets involved in the redox processes,
corresponding to the effective length of the distance dependence of the quasi-Fermi level. This allows
to reconstruct pre-photosynthetic photoredox processes on catalytic semiconductor structures, as
well as to talk about the optimal implementation in the boundary conditions determined by the space
charge layer, with the separation of the contribution of surface electron density and volume density
of the energy states. Redox regulation in modern biochemical pathways significantly contributes to
the catalytic processes, including those realized in photosystems, using macroheterocyclic
compounds similar to those used in photosynthesis pathways [351-354], which allows us to speak
about the biomimetic nature of the modeling approach. The criterion for the presence of a space
charge layer and charge separation directly appeals to the well-known mechanisms of redox
regulation of membrane transport processes [355-357] (including processes implemented in the
modern photosynthesis machinery by various agents, such as plastoquinone, cytochrome P450,
chloroplast membrane proteins, etc. [358-362]), and implies the transition to the next step of
evolutionary biomimesis — incorporation of the photosensitizer into the interface.

The idea to incorporate photocatalysts / photo-redox catalysts of protophotosynthesis into
membrane-mimetic surfaces for interface charge separation, or to use the integration of their own
photocatalytic and membrane-mimetic properties, directly follows from the bionic prototype
reproduced in the applied artificial photosynthesis systems [363] (much closer to the bionic target,
than the homogeneous modifications [364]). Such a way of complexation of the photosynthetic
structure with a simultaneous improvement in functionality could be used during the transition from
purely geological photocatalysis and ancestral forms of abiotic photosynthesis on mineral surfaces to
the early forms of photosynthetic protobionts (Figure 20). The incorporation of (photo)redox
machinery in the soft matter interface originates in “direct biomimetics”, which operates with direct
equivalents of natural compounds and often synthesizes them using nature-mimicking synthetic
pathways. (This is one of the oldest ways of chemical biomimetics [365-367], unlike many others, that
does not raise either doubts in biosimilarity criteria or negative assessments of the similarity between
the prototype and the model due to their equivalence). Thus, in the simplest adequate models of
biological photophysical and photochemical processes based on chlorophyll and carotenoids (as
components of “artificial photosynthesis”) the latter were immobilized into micellar surfactant and
vesicular systems [368] with micron and submicron sizes. At a later time, discussions were held on
the prospects of using nanostructured forms of interfaces for water splitting and water oxidation in
artificial photosynthesis [369]. But, from a physical point of view, chemical composition is not the
determining criterion for similarity when it comes to phase separation and interface transfer. Thus,
separation of charges, as well as ensuring biomimetic kinetic effects (not excluding the facts that are
usually associated with charge-chemical selectivity), are also proceed at interfaces of simpler
composition, and many authors highlight the correspondence of the structure to physicochemical
requirements, which, in the reductionist approach, are limited by the requirements of soft mater
physics, which includes colloids, polymers, liquid crystals and mesophases [370-373].
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Figure 20. "Semi-artificial photoanodes" based on photosystem II (a) and on cyanobacterium (b) as
light-absorbing and catalytic components of water oxidation photoanodes. Modes of interfacing
between the inorganic and biological components vary depending on complexity of the system, with
PSII charge transfer pathways.. Ambiguity regarding charge and energy flow increases
correspondingly with increasing levels of hierarchical organization within the biological unit [363]. .
Reproduced with permission from [363] published by Springer Nature.

From the point of view of physics, the boundary conditions can be arbitrary without prejudice
to the final biomimetic effect. Therefore, the idea of using supramolecular porous microspheres [374]
and mesoporous spheres [375] in artificial photosynthesis, and even the earlier versions base on solid-
state structures, if they are capable to functionally simulating heterogeneous-catalytic and selective-
diffusion functions, do not cause general discussion.

The aforementioned nature of the interphase contact - heterojunction - helps different
photocatalysts / photoconductors on this interface to interact, to simulate functions of not one but
several enzyme mimetics or, more accurately, to describe the physics of the phenomenon in terms of
the photosynthetic prototype, multienzyme complex modeling. This makes sense not only in the
aspect of the similarity of the physical result (which is quite sufficient for technical bionics, but not
enough for the evolutionary trend in biomimetics emerging from geological semiconductor catalytic
prototypes [376]), but also in the aspect of the early evolutionary mechanisms when the contact with
a mineral surface was a natural necessity, and the phases of the substance, formed at the contact with
the semiconductor catalyst, as a result of the particle integration by heteroepitaxy mechanisms, often
remained in adhesion with the catalytic substrate and were forced to function together with it, being
selected as a whole. It should be noted that inorganic chemobryonic membranes shown in Figures 8,
11, 16 could readily act as inorganic active surfaces or protomembranes, since they are good
prototypes for geomimetic catalysis (see Figure 21). (Perhaps the scenario resembled the one for
multienzyme complexes at a later stage, taking into account the microenvironment or, if we are
speaking of the above membrane scenario, it proceeded in a single "multicatalytic"
compartmentalization, ensuring that the processes occurring with its various components were
inseparable [377,378]).
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Figure 21. Examples of the native mineral structured catalysts - prototypes of geomimetic catalysts
from the paper [376]: SEM images of (a) the surface of the red volcanic rock after the reaction; (c) TEM
images of geologica nanotubes produced from the red stone. Such structures are very similar to
geological chemical gardens — the subject of chemobryonics (see Figure 10, Figure 15). There are
similar mineral structures with photocatalytic functions, which in ancient geological (prebiological)
conditions could be not only geomimetic but also (proto)biomimetic and protophotosynthetic. .
Reproduced with permission from [376] published by Elsevier.

13. Towards the formation of precursors of the photosensitive systems and photoenzymes at
mineral heterojunctions: From membrane mimetic interfaces in “semiconductor worlds” to
“heteroepitaxial worlds”.

Phase interfaces between semiconductors of various compositions [379] are an area of joint
implementation of processes that would be impossible within the bulk phase of any one of them. (For
example, adaptation of the photoconverting properties of structures, whose components are not
sensitive in the accessible spectral range, by controlling the band gap at the boundaries of
heterojunctions or mobility and effective masses of charge carriers on them). We can assume that in
the prebiological evolution of photosynthesis, adaptation to the spectral properties of the accessible
radiation proceeded by similar heterojunction-like mechanisms. This is in good agreement with the
requirement for the integration of photoredox functions and electrogenesis functions modulating the
photoelectrochemical states of the protophotosynthetic catalyst and the electric double layer on its
surface, following from similar requirements for photosynthesis [82,83] (Sections 5.3.3, 5.4.2).

Since the 1970s, we have known about the contribution of the double electric layer to the
modulation, adsorption and scattering of radiation on membranes / films (membrane-mimetic
materials) and other surfaces [380-383] (which is the basis for dynamic light scattering / methods of
photon correlation spectroscopy [384,385]), including the spectrum shift (for example, the
electrochromic shift [386], which also occurs in chloroplasts [387,388], in photosynthetic pigment
systems [389,390]) and not only for the target structure, but also for the molecules adsorbed on it
[391]. Thus, in the case of specific sorption, the spectrochemical “effect of the sorbent on the sorbate”
will be identical to the spectral shift effects observed in particularcases of templating, partly involved
in Cairns-Smith’s “crystals as genes” mechanisms [392] (reducing it to the level of fitting the geometry
of bonds and effective atomic / ionic radii, mutually comparable in terms of conformational and
spectrochemical properties, similar to the known physical metaphor [393], which is not associated
with genes or the nature of substance). That is, regardless of how the modern mechanisms of
inheritance formed, such mechanisms could participate in the prebiological adaptation of
microsystems sensitive to the particular spectral ranges, due to the shift of the spectroelectrochemical
characteristics mediated by the charge mechanisms.

In the subsequent evolutionary history of modern photosynthesis, this is recapitulated on a more
complex biochemical base as an adaptation to natural light conditions in catalytic efficiency of
photoenzymes. (It should be noted that these adaptation mechanisms aroused a discussion a few
years ago [394-396] and some issues have not as yet been resolved, if we set aside discussions about
model experiments that illustrate the arguments of the warring parties adaptation than proving
anything).

Meanwhile, the formation of precursor photosensitive systems and photoenzymes on mineral
heterojunctions could be very plausible and energetically justified, given modern studies of
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photocatalyst / enzyme heterojunctions fabricated for high-efficiency photoenzyme synergic actions
in water media [338,397] (Figure 22) and multielectron redox catalysis based on artificial
photoenzymes for abiotic oxidase reaction cascades [398]. (The multielectron redox catalysis,
described in the last cited work, can be coupled with multielectron transfer in heterojunctions, well
known in electrochemical and radiochemical solid state physics [399]). An electric double layer plays
a decisive role in the interaction between the enzyme (in the laboratory conditions - an enzyme
mimetic or enzyme model) and the interface of the substrate that controls the photoelectrochemical
and spectrochemical behavior of the photoenzyme, as well as in the interaction between the enzyme

and the electrolyte medium.
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Figure 22. A possible photoenzyme synergic catalytic mechanism based on photocatalyst-enzyme
heterojunction in water. Reproduced with permission from [338] published by Elsevier.

If we consider a control electrochemical substrate with photoinjection of a charge (a mineral
precursor of the photosynthetic apparatus), in accordance with the rules of electrochemistry, as an
electrode, then in the photocatalytic and photoenzymatic case the interpretation of electrostatic
interactions between an enzyme (or precursor / enzyme-mimetic catalysts) and electrode will be
equally adequate as a direct electron transfer-type bioelectrocatalysis in the electric double layer
[400,401].

From the position of plasmonics, it is logical to expand the boundaries of the interpretation of
the double layer as the driving force of the photo (electro) chemical or spectrochemical evolution of
protophotocatalytic units and in the case of templating on microparticles of natural metal-bearing
rocks, since the double electric layer shifts the spectral bands of surface plasmons at the boundaries
of metals and electrolytes [402]. Moreover, as in the case of the “bare” layer considered above, in most
cases, such shift can be implemented by changing the redox potential or ionic strength of the medium
(as a bathochromic or hypsochrome shift in the case of semisynthetic photoenzymes with tetrapyrrole
fragments [403]). This means that in the presence of light-color regulation of redox potentials, the
foundations are established for chromoselective photocatalysis [404], which preceded photoenzymes
and modern spectrozonal forms of photosynthesis during the propagation / catalytic progress for
simpler products of prebiological synthesis of organic matter reversibly adsorbed on the mineral
substrates.

14. Similarity between the dynamics of processes in the electric double layer of membrane
mimetic semiconductor surfaces and photoinduced membrane potential oscillations in
biological cells.

In electrochemistry, the sorption effect on the structure of the catalytic double layer and
electrochemical / electrocatalytic kinetics has been the subject of experimental research since the time
of A. Frumkin [405,406] and has been well studied during the past 70 years. However, the
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investigation was limited only to forced modes with galvanostatic or potentiostatic for polarographic
or other analytical and chemical purposes, in particular, on installations for the study of half-waves
of oxidation-reduction. However, in reality, the kinetics of the double electric layer as a capacitor
under native conditions “automatically” implies oscillations or pulsations of the charging-
discharging (in the presence of sources of constant charge injection, in particular photo-injection,
sources and sinks) [407].

Photoinduced processes (polarization-depolarization) in the dynamics of the double electric
layer are well studied. The studies demonstrated not only the effect of the double layer on the transfer
of particles, in particular, electrons (including photoinjected ones), through membranes and model
membrane-mimetic films and layers (such as Langmuir films in various modifications [408]), but also
the ability to control layer oscillations by means of laser radiation, including optically polarized
radiation [409,410] (Figure 23). The experiments with dispersed semiconductor particles - quantum
dots - demonstrated the presence of a photoinduced nonlinear electrical response [411]. Thus, there
is a fairly large pool of data on the photoinduced and photosynchronized dynamics of the double
layer, on its use in photocatalysis on surfaces that simulate biological membrane surfaces (for which
non-equilibrium mechanics works well — non-equilibrium statistical mechanics gives adequate
results of calculating the surface conductivity of the double layer of the living cells [412]) and
enzymatic surfaces, including those directly related to photocatalysis (which, ab initio, is
demonstrated not only for photoenzymes, but also for photoabzymes [413]) [414].

Moreover, a dynamic non-equilibrium double layer (as defined by the Encyclopedia of Surface
and Colloid Science [415]) is associated with the aggregative stability of biocolloids and geocolloids,
including those capable of aggregation with the heterointerface formation during the emergence and
evolution of photosynthesis and photocatalytic semiconductor heterojunction-assisted phenomena
[416]. The last argument is supported, in particular, by the fact that the interaction of metal particles
and ions with bacterial cells is satisfactorily interpreted and approximated using non-equilibrium
thermodynamic surface models with electric double layer [417], being a particular case of this set of
non-equilibrium thermodynamic models [418]. The above case also includes other phenomena of
electrochemical kinetics, aggregation equilibrium shift in dispersed systems and limitation of their
particle size by zeta-potential values determined by the electric double layer [419-421]).
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Figure 23. The structure of a heterogeneous membrane mimetic Langmuir-Blodgett film and the
electrical double layer (EDL) created between the monolayers. (a) Side view of the heterogeneous
membrane mimetic Langmuir-Blodgett film on the mineral surface (quartz plate), (b) schematic
diagram of the electrical double layer (EDL) created in the S/AFc pair with counter cation


https://doi.org/10.20944/preprints202310.0887.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2023 doi:10.20944/preprints202310.0887.v1

43

representation; and (c) EDL in the S/CFc pair with counter anion representation. The contribution of
counter cations and counter anions, as well as the corresponding contribution of the substrate to the
structure of the photoactivated electric double layer is obvious. Reproduced with permission from
[408] published by Elsevier.

A non-equilibrium electric double layer makes a significant contribution to the ion adsorption
dynamics and to charge injection and transport in redox polymer films / membrane mimetic media
[422,423]. Obviously, this also applies to the creation of ion gradients and transmembrane transport
of charge carriers / ions, which is fundamental for modeling the evolution of photosynthesis. In this
regard, it is advisable to point out the contribution of a non-equilibrium electric double layer to the
mechanism of electroosmosis and ion-exchange processes on membranes [424,425]. Modeling of the
reverse osmotic processes implies methods based on the analysis of electrostatic double layer
interaction [426] are commonly used. Attractive osmotic pressure in the double layer is characteristic
of polyelectrolytes (which include many biological compounds [427,428]) [429] and near-membrane
layers, or the microenvironment of surfactant bilayers of membrane-mimetic structures [430].
Modern continuum models allow to analyze the osmotic pressure taking into account the ionic
composition of the medium [431], which differentiates them from the theoretical concepts of the
1940s-1950s. [432,433]. In this regard, a qualitatively new approach to the integration of the transfer
effects of the specific ions / charge carriers in reaction-diffusion osmotic systems, characterized by the
propagation of the ion flows in space under the action of an external field (for example, in
electroosmosis [434,435]), seems justified.

The above approach is sufficient to describe transient processes in the double layer leading to
electrochemical oscillations or pulsations controlled by an external field (see e.g. [436]), as well as
electroosmotic waves in a nonlinear double layer flowing in space [437], such as solitons and some
forms of oscillations in chemical self-oscillating systems, similar to the Belousov-Zhabotinsky
reaction and self-oscillating biological processes. Some of these processes are observed at different
time scales in photosynthesis [438,439], characterizing carbon assimilation and oxygen emission
[440,441], charge separation and transfer [442], compartment-interdependent pH changes, regulated
by the electron flows [443], ion sorption, biochemical effects and cytotoxicity of differently charged
ions [444], phosphate turnover regulated by the membrane electrophysiology-assisted bioenergetic
pathways [445], etc.), including those caused by photobiological machinery [446,447].

The ultimate evolutionary-specific case of a prototype for modeling double-layer photoinduced
electrophysical phenomena in nature is photosynthesis itself, which has been known since the second
half of the 20th century. [448,449]. Unfortunately, there are few studies focused on the analysis of the
double layer on photocatalytic semiconductor particles and its contribution to the quantum yield and
the photoelectrochemical kinetics [450,451], which, along with significantly different
physicochemical focus of these works, often prevents their comparative analysis and integration.
Therefore, we are forced to “sketch a picture in broad strokes”, describing only qualitatively possible
paths, and not quantitative models of phenomena that can be implemented only if formulated as a
“multiphysical” (photoelectrochemical / photoenzymological / photoelectrophysiological or
photomembranological [452,453]) multiparametric task [454-456].

However, from the biomimetic point of view, it is clear that it is the electric double layer that can
cause photoelectrogenic reaction-diffusion processes that reproduce the redistribution of mass (mass
transfer) during photomorphogenesis modeled in photobionic systems, since consolidation and
aggregation on a surface with a double layer [457,458], as well as hydrodynamic instabilities, and
capillary (more precisely, for such a case, electrocapillary [459-462]) waves [463,464], leading to the
formation of chemo-hydrodynamic patterns [465], as well as the accompanying Derjaguin non-
equilibrium electrokinetic phenomena [466], are due to the presence of a double (usually non-
equilibrium) layer and cannot proceed in its absence.

Thus, we can say that in this system a charging-discharging electric double layer plays a
pacemaker or synchronizer role, not only by spreading excitation when an optical "signal" is applied,
but also by organizing mass transfer and adaptive (in accordance with the excitation parameters)
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formation of chemo-hydrodynamic / reaction-diffusion patterns, similar to morphogenesis in
biomembranes or physical systems modeling them [467,468].

15. Similarity between the equivalent circuits of semiconductor protophotosynthetic
photocatalytic interfaces and photosynthetic membranes.

In accordance with the criteria of Section 5.3.4, “...if such kinetic phenomena of discharge or
gating are observed in an electrochemical or electrocatalytic system with a double layer, this system
is ... an analog equivalent circuit of the ‘isokinetic’ process” [82,83].

If we consider, in the framework of nonlinear analysis, electric double layer of the surfaces or
membranes involved in the occurrence of protometabolic processes, as a capacitor (where the
discharge can act as a synchronizing pulse for equivalent circuits of various biomimetic processes at
the surface interface) [469,470], then we can construct an equivalent electrochemical transfer circuit
for any surface or complex nanostructure involved in pattern formation. Note that finding formal
mathematical models is possible for any geometry of the systems containing electric double layer
(such as double-layer cylinders [471,472], two parallel plates [473], etc.) including porous ones
[474,475]. In this case, both for biochemical membrane carriers of the electric double layer, and for
their mineral predecessors, it is possible to find out how the capacity and efficiency of electrokinetic
transfer depend on the adsorption of differently charged ions on their surface [476,477].

This allows us to speak about the control role of sorption in synchronization / desynchronization
of "electrophysiological processes" in the prototypes of biological membranes in photosynthetic
systems at the stage of their functional formation. This mechanism undoubtedly influenced both the
reaction-diffusion morphogenesis (through absorption controlled diffusive processes, according to
the Landauer equation [478,479]) and catalytic processes (for example, during adsorption-controlled
diffusion in catalytic redox-processes [480], from simple inorganic carrier-assisted ones to
biopolymer-assisted ones, such as adsorption-controlled redox activity based on nonspecific
electrostatic sorption of proteins or aminoacids on inorganic electrode-like surfaces [481,482]). The
influence of adsorption is also seen for heterogeneous catalysis [483], photocatalysis (for example,
adsorption-controlled selective photocatalytic transformations on semiconductor mineral surfaces
[484]) and for the mobility of protocellular structures when they assimilate the mechanisms of surface
sorption control / determination of physiological processes (both for coacervate droplet-like
structures and surfactant-bearing protocell-like drops with membrane-like surfaces [485,486]). It is
possible to consider such complex regulation in a natural electrolyte environment as a consequence
of the operation of the electyric double layers on the semiconductor-electrolyte-semiconductor
heterojunctions [487]. Even for the most elementary semiconductors of geomineral origin, this
statement agrees well with their photovoltaic function, which may precede photosynthesis, since
heterojunction interface double layers are typical even for photovoltaic cells based on ZnS-containing
structures [488].

It would be extremely attractive (though inaccurate) and simple to conclude that all wave
phenomena can be associated with the same oscillation mechanism in the electric double layer,
thereby reducing the entire variety of processes to one elementary photosynthetic equivalent circuit
(and then to provide adaptive frequency sampling with different oscillation hierarchies, but not to
rearrange the whole scheme [489]). For example, for simplicity” sake, it would be possible to reduce
the entire variety of oscillations to models of catalytic oscillations, for which the elementary
Langmuir-type kinetics [490] are described in the isothermal version (since the Michaelis-Menten
kinetics is derived from the Langmuir-Hinshelwood kinetics). However, according to well-known
later works that caused a discussion in Physical Review E [491-493], this approach is too simplistic.
In fact, during heterogeneous catalysis the initial reaction surface of the catalyst is not retained, and
its passivation is not a gradual uniform process, but is characterized by a stage of chaos, after which
the local electrochemical properties of the surface (hence, equivalent circuits of the corresponding
regions) change, invariably depending on the adsorbate-induced surface restructuring [494] (see
Figure 24). In the case of dispersed particles, for example, an oxide layer formation [495-497] is
observed, which “automatically” transforms the metal particles into semiconductor ones,
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transferring the reaction mechanism from catalysis on metals to catalysis on semiconductors. At the
same time, since there is no strict regularity of (self-)oscillations in heterogeneous catalytic reactions,
surface restructuring is also not homogeneous [498]. This results in the integral surface of the
oscillating catalytic structure being a perturbed pseudo-stochastic set of points that alternately
participate in the opposite electrochemical processes. Thus, in self-oscillatory protobiological
catalytic processes there is a number of oscillation scales that differ from the typical spatial and
temporal scales of pulsations of the electric double layer on the single photocatalytic particles.

On the other hand, the sorption regulation of oscillatory processes associated with the electric
double layer indicates the possible role of adsorbed ions in the overall (more specifically,
electrochemical) kinetics of the process. The effect of oscillations of adsorptive concentrations in
adsorbent grain surfaces on the adsorption process in mixed kinetics [499] is well-known. At the same
time, locally existing random thermodynamic disturbances on the surface (as a rule, in the classical
adsorption-kinetic experiment, thermally induced, or sometimes photo-induced) can affect
adsorption kinetics [500]. Thus, one more set of feedback / regulation loops can be distinguished,
which must correspond to separate sets of kinetic modes (and oscillation frequencies of the
corresponding parameters), stable and metastable states. This assumption is well confirmed
experimentally in dozens of works, which showed a variety of differences in oscillations and
sequences of dynamical states caused by anion adsorption in the redox-electrochemical processes
[501]. In some cases, similar sequences of dynamical states may correspond to the models of
multistable (bistable in the simple case of a minimum of interacting agents / attainable states) and
multimodal periodic regimes of oscillations in chemical kinetics [502,503], which introduced similar
concepts into biochemical (as a rule, enzymatic) kinetics [504,505].
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Figure 24. Example of dissipative structure formation (a,b) and kinetic oscillations (c) in
heterogeneous catalytic reactions with the surface restructuring [491]. Example of the oscillatory
reaction kinetics can be compared with Lotka-Volterra (predator—prey) models well-known in
biophysics or with classical biochemical oscillators with first-order phase transitions and trsnsitions
through the metastable state. The results were obtained on the lattice with periodic boundary
conditions. Reproduced with permission from [491] published by Springer Nature.
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An inexperienced evolutionist, may use the "evolutionary enzymological" or "evolutionary
biophysical / kinetic" paradigm to compare simplified ab initio models of some kinetic and
adsorption processes with the action models of elementary enzymes and conclude that some
chemical prototype found in geochemical conditions could be the predecessor of a particular enzyme
in its function, based on just catalimetry and kinetic similarity. However, this conclusion, in any case,
would be a simplification, since from the point of view of chemical kinetics, many processes can be
derived from the same precursor, which are kinetically similar to the processes observed in biology,
but adequate to biological structures with different functions and different characteristic periods or
frequencies.

When modeling the photosynthesis phenomena on membrane-mimetic prebiological carriers,
using only kinetic similarity and frequency separation, it is impossible to accurately assert which
function is an "evolutionary predecessor" of which group of oscillations with a known spectral
composition, since it is impossible to achieve effective separation of these functions within the
frequency domain. In fact, this is also typical for biology where the need for synchronization and
capture / assimilation of frequencies has led to the fact that though it is possible to conduct separate
analysis of frequency-domain enzyme kinetics [506] for specific ionic oscillations such as calcium
waves and frequency domain studies of gating currents for ion channels of membranes that
contribute to these oscillations (or, in other cases, pulsations) [507], a clear selection and identification
/ attribution of oscillations of specific roles, without taking into account the mechanisms of their
occurrence, is impossible or extremely difficult. Moreover, in most cases there are also oscillations of
a smaller scale, which together provide energy supply or pumping of oscillations of a more general
scale (as the activity of ion channels ensures the emergence of a membrane potential, so is the
regularity and power spectrum density of electrophysiological burstings made up of the additive
action potentials), due to which it is impossible to eliminate some frequencies without prejudice to
others generated by them, just as it is impossible to ignore the contribution of the former to the overall
energy and kinetics of the process.

So, it is necessary to exercise caution when identifying all oscillations in protophotosynthetic
systems with one type of oscillations in a semiconductor medium or caused by charging-discharging
of an electric double layer. One should keep in mind that double layers of different origin may display
oscillations of a more fundamental level than additive and even cooperative oscillations of the double
layer as a continuum, for example, spatiotemporal oscillations of the electron density [508,509] or
Friedel oscillations [510,511] that result from screening of the charged impurities (including
chemisorbed impurities) in nonspherical symmetries determined by the symmetry of the point group
of a given crystal (which can be different from point to point if samples of natural origin exhibit non-
stoichiometric composition and contain natural polymorphic modifications). Obviously, during
redox reactions or adsorption mediated by an electric double layer (transformed from physical
sorption to chemisorption) on an inorganic mineral (membrane-mimetic or protophotosynthetic)
surface, the emergence of impurities and changes in symmetry, and even in the coordination
parameters of the substrate is usually observed, which makes Friedel oscillations inevitable. The
minimum requirement then is to distinguish between the inducing and induced oscillations: for
example, photoredox processes can, depending on the electrochemical nature of their products, lead
to the accumulation of charge or discharge from the double layer (thus, controlling it). Alternatively,
the kinetics of the electric double layer at the membrane mimetic interface can synchronize
electrochemical redox processes on semiconductor particles (by controlling them) [512,513]. Thus, in
terms of control theory and regulation theory, there is a rearrangement of the feedback system during
the reaction or reaction-diffusion processes, which corresponds to the rearrangement of the
equivalent circuits (at least, due to the doping that changes with the changing electrochemical
conditions of sorption, and thus affects the function of the element formed).

The last statement forces us to interpret consequent-antecedent chains in Markovian chain
macrokinetic models not as a predetermination of diffusion-controlled reactions and adsorption
processes in the system, but as a dependence of its arbitrary next state on the previous trajectory
[514], which can push it to another pathway (by changing flow tracing in equivalent circuits or by
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changing the nature of elements in them). This approach suggests a comparison with decoding
metabolic pathways (especially in evolutionary biochemistry), when by the end of the 20th century,
instead of a harmonious and deterministic set of "averaged normal metabolism" lines, a complicated
network of processes emerged that was flexibly rearranged from one biochemical pathway to
another, as in physiological processes (from permanent adaptation to impulse and trigger
rearrangements as a result of cellular signaling), as well as with external physical and chemical
signals in a form mediated by the physiological mechanisms. Accordingly, there are no fundamental
obstacles to comparing transitions between linear, graph and network (including three-dimensional)
kinetic models of biochemical oscillations [515,516] and similar transitions between linear, graph,
network (including three-dimensional) kinetic models of other (non-biochemical and, as a rule,
preceding and more general in relation to biophysical models [517,518]) kinetic oscillations.

16. The independence of formal kinetics of oscillations from the substrate as a prerequisite of the
possible evolutionary transition from mineral semiconductor kinetics / dynamics to
photosynthetic kinetics / dynamics.

Considering oscillations in the system as kinetic ones (in particular, kinetic physicochemical
oscillations, including dependence on many factors [519], ignored by the simple, minimal kinetic
models [520]), we are justified in viewing the isomorphism of processes as a necessary, and in some
cases necessary and sufficient, condition to consider them as model systems for biological prototypes
(i.e. biomimetic systems). For this reason, we are not limited by the substrate restrictions, but consider
physically defined and equivalently mathematically approximated processes with the known
interrelationship between them, modeling or replacing the same processes (related in a similar way)
in a simulated biological object. Therefore, ab initio, we can choose an equivalent to most types of the
wave phenomena in biological kinetics - both kinetic and diffusion-limited and diffusion-controlled
[521-525].

The emergence of most oscillations of this kind is determined exclusively by nonlinearity and
can initially occur even near equilibrium [526], which allows one to speak about the genesis of the
corresponding processes (evolutionarily arising from them as from a natural geological prototype)
that are subsequently implemented in biological systems, since the precursor conditions for the
emergence of such systems in the natural mineral environment did not always deviate significantly
from equilibrium. Nonlinear chemical kinetics in such cases explains instabilities and associated
oscillations, but cannot clarify the origin of thermodynamic conditions for them [527] (although in
the same systems the conditions can be selected where both the kinetic and thermodynamic aspects
coexist and act co-directionally [528]).

In nonlinear physics, variables involved in modeling are usually of minor importance: same
equations can describe processes in completely different areas - from plasma physics and mechanics
to population dynamics. As it is accurately indicated in the preface to the book [529], it is possible “to
demonstrate a real physical analogue of practically any physical process from another area of
physics”. Therefore, there is no point in considering the specific chemical basis of
protophotosynthetic processes sensu stricto, if the observed nonlinear oscillatory dynamics is physical
and common not for the chemistry of carriers of a certain composition, but for the variety of processes
described by the similar equations. Such systems may explain, from a chemical point of view, the
absurd introduction of light quanta as a substrate into the kinetic scheme of (proto-)photosynthesis,
following from the reasoning of Riznichenko and Rubin [82,83]. This becomes possible due to the
presence of particles and quasiparticles (for example, "holes") in the kinetic scheme.

Generally speaking, reactions as such are replaced there by reaction-diffusion generation-
recombination processes in semiconductors, leading to nonlinear regular oscillatory and chaotic
dynamics, as is brilliantly demonstrated by E. Scholl [530-532] (Figure 25). In his early works this
author has theoretically proved that threshold switching in such systems can be interpreted as
generation-recombination induced non-equilibrium phase transition [531,532], and the formation of
dissipative structures in semiconductor systems can be associated with recombination instability
[533,534].
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Obviously, for photosensitive semiconductor structures involved in protophotosynthesis, it is
advisable to consider photoinduced generation-recombination processes (well known since the 1960s
[535] and that lead to the creation of efficient semiconductor photodetectors, including those beyond
the visible spectral range [536-538]), which also reproduce some oscillation modes in (bio)chemical
systems, including those related to photosynthesis and the corresponding transfer processes. Such
processes were investigated for both native photosynthesis and for “subcellular explants” in vitro
since 1980s in different forms [539-547], not only in tissues of the higher plants but also in purple
photosynthetic bacteria pigmented with bacteriochlorophyll a or b, together with various carotenoids,
for obtaining the light energy for photosynthesis [548,549]). Developed since the late 1960s, the ideas
on kinetic oscillations in semiconductors [550-552] agree well with the equivalent concepts for
photosynthesis developed in the last quarter of the twentieth century. Currently, the hierarchy of
oscillatory processes in semiconductors has been analyzed - from self-sustained and self-regulated
current oscillations in the kinetic theory of semiconductor superlattices [553] (lattice oscillations
associated with the transport of charge carriers have been known since the 1960s [554]) to additive
oscillations of photoconductivity in relaxation kinetics of amorphous semiconductors and thin
semiconductor films (for example, semiconductor amorphous hydrogenated silicon used for design
of thin-film solar cells and thin-film transistors [555]) and kinetic oscillations in transistors and
resistors under the influence of high currents [556]. Various hierarchically interpreted levels of
oscillations in semiconductors can be compared with oscillations in models of photosynthesis, which
differ both in scale and in the method of registration - from oscillations at the level of charge carriers
and fluorescence oscillations to additive membrane current oscillations and cooperative oscillations
of ion transport in a plant or plant’s part in general [557-567].
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Figure 25. Examples of the phase spaces of the charge carrier densities in semiconductors including a
model with dielectric relaxation [530]. They are given for comparison with the phase spaces known
in nonlinear dynamics of biochemical oscillations observed in enzymatic kinetics, membrane
potential oscillations, photosynthesis, etc. Considering the concepts indicated below about the role of
quasiparticles in biological photosynthesis and the corresponding transfer processes, the possibility
of comparing them with the kinetics of the charge carriers or quasiparticles becomes a very important
element of the concept argumentation. Reproduced with permission from [530] published by Springer
Nature.
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17. From the formal kinetics of elementary excitations in semiconductors to quasiparticle-
assisted biophysics of the primary forms of (proto)photosynthesis.

As follows from the above, to discuss the probable prothotosynthesis mechanismes, it is necessary
to descend beyond the atomic level of biophysical kinetics associated with the chemical composition
[568], namely, to the level of the kinetics of excitation transfer in the system, which includes the
transfer of energy by quasiparticles, independent of the chemical composition. Indeed, the concepts
of energy transfer by quasiparticles in photosynthesis date back to the early 1960s, when first the
electron-hole representations [569] and then exciton representations [570] were assimilated from the
solid state physics and during the 1970s - 1980s were compared with experimental data [571-574].
All this gradually led to the prevailing theoretical understanding of the role of excitons in
photosynthesis. Fast computerization (and the consequent automation of data collection) in the 1990s
accelerated the adoption of concepts that the overwhelming majority of researchers could verify
empirically and calculate using high-speed clusters and supercomputers in remote access (compare
the works of the 1990s in the progression [575-580]. Therefore, the XXI century physics of
photosynthesis can be justifiably called "biophysics of quasiparticles" and, in particular, "excitonic
biophysics": this fact is confirmed by the significant increase in the technically and methodologically
superb articles published in leading scientific journals [581-587].

It is known that energy transfer in photosynthetic complexes includes excitons and many
quasiparticles differing in their role: polarons [588-591], polaritons [592-595], phonons [596—600] and
even such specific (for electron transfer in bacterial photosynthesis) quasi-particles, as hystons [601-
603]. In compartmentalized systems it is necessary to take into account other forms of excitation or
quenching of excitation, which, in particular, depend on the microenvironment parameters and its
realistic reproduction / consideration in the particular experiment conditions [604]. Therefore, it is
not surprising that experiments in the field of artificial photosynthesis, including those with
semiconductor structures, rely on the same quasiparticle-based concepts or even the same
quasiparticles as in natural photosynthesis: excitons [605-608], polarons (even on “fashionable”
LiNbOs and hybrid perovskite systems although they little correlate with the biological source of the
name "photosynthesis") [609—614], polaritons [615], phonons (also without reference to the biological
prototype, which is logical, since quasiparticle-based concepts were introduced from physics, but not
from biology) [616-619]. In some cases, plasmonic / nanoplasmonic concepts are added to create
"plasmonic photosynthesis” [620-624], "plasmon-induced”, "plasmon-assisted" or "plasmon-
enhanced" artificial photosynthesis [625-627]. However, such synthetic processes are interpreted
sensu lato, since no structures supporting plasmonics have been discovered in the phytoanatomy of
photosynthesis. Nevertheless, if we discount the “vociferous” extreme radical approaches, then it is
clear from the above that practically all energy transfer processes in photosynthesis, and, accordingly,
in protophotosynthesis and its model (in particular, semiconductor-based) reconstructions, can be
translated into the language of quasiparticle kinetics, well developed for solid state and
semiconductor physics by the early 1980s [628-631]. In other words, it is proposed to model
protophotosynthesis (as well as earlier for the design of artificial photosynthesis [632,633]) based on
the kinetics of charge transfer and carrier mobility, by analyzing interactions between particles /
quasiparticles, regardless of the chemical composition. This thesis can be indirectly confirmed from
the standpoint of bioenergetics: if we consider the photosynthetic reaction center as a quantum heat
engine, then it is quite obvious that, like the Carnot heat engine, no (bio)chemical requirements can
be imposed on “fuel” [634]. This logic well accommodates mathematical concepts of Rubin and
Riznichennko [82,83] about light quanta as a reaction substrate at the light stage of photosynthesis.

However, when considering catalysis with the participation of a light inductor or a substrate, it
is essential that the above listed concepts fit the logic of the catalytic act on a semiconductor / mineral
surface simulating protophotosynthesis. First of all, one should turn to the physics of catalysis, in
particular, solid-state catalysis, to identify the role and interplay of quasiparticles.

In the 1970s-1980s. one of the leading researchers in the field of physical and chemical
heterogeneous catalysis, A.M. Dobrotvorskii, (co-author of the monograph of the same name [635],
who for the first time formulated the problem of prediction / analysis of heterogeneous catalysis
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mechanisms by pattern recognition methods [636] as it is still implemented in chemoinformatics)
proposed a quasi-fermion approach to electronic structure (and dynamics) of solids in the
chemisorption and heterogeneous catalysis [637,638], which correlates well with the mechanisms of
interatomic interactions in solids. In the 1980s the theoretical foundations of the influence of
excitations of the electronic and phonon subsystems of semiconductors on adsorption and catalytic
processes on them were laid [639]. Later, the book "Electronic phenomena in adsorption and catalysis
on semiconductors and dielectrics” [640] was published (which has not lost its relevance until now
and was reprinted in 2012), where, in addition to the sections on "Electron processes in semiconductor
adsorbents and catalysts", we find Chapter 8 on "The phonon and shock mechanisms of charge-carrier
capture in adsorption and catalysis”, with detailed development of this concept. At this moment in
the development of chemical physics and, in particular, "catalytic physics", extending in historical
development from the solid state physics (metals, semiconductors) and surface physics [641-643] to
physics-based enzyme design (based on QSAR / QSPR similarity criteria) and from self-catalytic
colloids to living cells [644,645] (which, obviously, becomes fully possible also with the help of QSAR
/ QSPR similarity criteria), it becomes possible to integrate qualitatively different ideas about
particular cases of catalytic acts and associated energy transfer using quasiparticles in the framework
of generalized concepts of physics of quasiparticles in condensed (but not necessarily solid state)
matter [646]. Indeed, soft matter processes involve mostly the same quasiparticles as in
semiconductors and, in particular, in catalytic artificial photosynthesis: phonons [647], polarons [648],
polaritons [649] or plasmon-polaritons, as well as plasmons [650,651] (as in "plasmonic
photosynthesis"). At the same time, soft matter physics is characterized by the same forces and scales
as enzymatic catalysis and its models (the same Van der Waals forces and non-covalent interactions
that are involved in the processes of coordination / supramolecular fixation), including those in
amphiphilic polymers and polyelectrolytes [652,653]. This makes it possible to draw an evolutionary
line from the mineral solid media that participated in prebiological catalysis / photocatalysis to the
formation of biopolymer structures (in particular, protocells) with the most optimal mechanisms for
the implementation of photosynthetic and, in particular, catalytic processes in biopolymer soft matter
conditions. At the same time, the main arena for the developing catalysis and charge transfer events
continues to be the interphase boundary - interface (membrane precursor, biomembrane, or
membrane-mimetic material simulating it in the experiment) / active surface, along which excitation
propagates and through which it energetically amplifies (in particular, with the help of quasiparticles,
for example, plasmons, as in SERS - Surface-Enhanced Raman Spectroscopy [654,655] and in methods
based on the SPR principle - Surface Plasmon Resonance [656—658]). Most functions of surfaces and
interfaces in modern photosynthesis are delegated to membranes and catalytic active centers.

18. A fundamental role of the phase boundaries / interfaces in the evolution of
protophotosynthesis (charge carrier transport, surface reaction kinetics, etc.)

Before discussing membranes, it is necessary to justify the need for phase separation and the
presence of active surfaces. We have to comply with the requirements of evolutionary and emergent
consistency asserting that spontaneous synthesis and survivability of structures are impossible if in
no way related to environmental conditions and not leading, according to the results of their
evolutionary (biophysical and physiological) functionality, to the adaptation of their inherent
physical mechanisms under (proto)biological functions. We are therefore forced to look for
“evolutionarily selected” functions and functional mechanisms of prebiological active surfaces as
“precursors” of the late and more evolutionary progressive functions realized in membrane
cytological / ultrastructural systems of modern photosynthesis. The list of basic requirements for
model and reductionist evolutionary-chemical prototypes of photosynthesis, according to Rubin and
Riznichenko [82,83] (Section 5.4), indicates that the role of membrane structures in these prototypes
is reduced to transfer of charge carriers (including ions), to generation of electric and electrochemical
potentials and their effects on the charge carrier flow (partly - electron flows). Accordingly, the active
membrane model should include sources and sinks, as well as mechanisms for accumulating charge
(capacitor-containing circuit). In addition, due to membrane localization of the catalysis, which
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involves the use of functionally different enzymes in chloroplasts or in the whole cells of
photosynthetic organisms [659-663], it is necessary to ensure that the design of the active surface
simulating the membrane is compatible with the requirements for the implementation of the catalytic
act corresponding to the same act of its living prototype (in the case of artificial photosynthesis it
should be photocatalysis). Therefore, in the definitions of "active surfaces" and "active interfaces" we
can choose precisely those descriptors and criteria that favor their functional activation in a form that
supports the physiological and biophysical progress of photosynthesis (coupled membrane
functions) and accompanying biocatalysis or biophotocatalysis (which, despite the differences in
methods, is almost synonymous [664-667], although not all forms of biophotocatalysis /
photobiocatalysis can occur in native biological systems and become the products of biological
evolution).

The principles of the models of photosynthesis listed in the works of Rubin and Riznichenko
[82,83], obviously, determine the following requirements to the surfaces where photosynthesis
occurs:

18.1. Photophysical and photochemical activity of surfaces and interfaces

Examples can be given both for pure and dye-doped semiconductor surfaces or interfaces [668—
671]. In a number of such cases, the question about the mechanism of light-induced charge transfer
using dyes in active interfaces inevitably arises: is “photoredox interaction or semiconductor
junction” the cause of the observed effect? By virtue of the previously outlined principle of feedbacks
on photochemical effects in protophotosynthesis on the active surfaces, the reversible and oscillating
effects of irradiation on wetting and other surface properties of such systems, in particular,
photoinduced high hydrophilicity / high hydrophobicity [672], should also be taken into account.
Thus, irradiation performs the function similar to photolithography in catalytic nanotechnologies,
when, as a result of irradiation (and etching), active surfaces are created [673]. In other cases,
photocatalytically active surfaces favor the interaction with organic matter, including bioorganic
systems such as enzymes (even those that regulate genetic functions [674]).

18.2. Electrophysical and electrochemical activity

Electroactive surfaces and interfaces can be implemented on semiconductors with defects
[675,676] associated simultaneously with phase boundaries and with quasiparticles. The latter
produce electrical instabilities (both in inorganic metal oxide and organic semiconductors [677-679],
including under optical pumping [680,681]), interphase transport and redox passivation [682,683]
(reversible or irreversible, if reversible, then in some cases - oscillatory). However, in other cases,
electronically active interfaces can be based on qualitatively different structures, such as metal-
organic framework films [684], which satisfies well the requirements of reproducing biophysics of
photosynthesis, since metal-organic frameworks (mainly redox-active ones) are capable of carrying
out processes of collecting solar energy in artificial photosynthesis combined with electrocatalytic
functions [685-687]. Nevertheless, no precedents of using classical semiconductor structures
associated with early prebiological photosynthesis have been found in the list of such surfaces. The
response of semiconducting metal oxides to water as a result of chemical transformations on
catalytically active surfaces [688] and roles of active interfaces in the electrochemical water splitting
reactions [689] are well studied. Nonlinear electrical responses have not been investigated for ZnS
due to the technical futility of the material; however, in the related ZnO used in varistors (the
resistance of which varies nonlinearly as the applied voltage changes) electrically active interfaces
have been studied repeatedly [690-693]. Recently, it has become popular to integrate
electrochemically active surfaces and electric capacitors [694] in a single structure, which maximally
likens such systems to active biological membranes capable of storing and conducting excitation
resulting from a set of bioelectrochemical acts.

18.3. (Chemi-)sorption and catalytic activity.
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The emergence of catalytic activity is always associated with chemisorption on catalytically
active surfaces [695]; and many methods for determining catalytically active surfaces are based on
the principles of chemisorption (starting with the classical works of Roginsky and others [696-698]).
Enthalpies of adsorption on catalytically active surfaces have been determined [699]. There are many
methods to characterize catalytically active surfaces, including operando-spectroscopy of electron
paramagnetic resonance and in situ electron microscopy (both were introduced in the 1970s-1980s of
the XX century [700,701]). At present, methods of molecular design of the active surfaces of catalysts
are known that optimize their chemical and biochemical reactivity [702-704] both for solid-state
active surfaces and for soft matter ones. Starting with the classic works of the first half of the twentieth
century (Lewis and others), the correlation between the catalytic and electrophysical properties of
active surfaces is indisputable [705,706], which automatically equates the sets of “catalytically active”
and “electrically / electrophysically / electronically active surfaces”.

18.4. Surface kinetic activity, in particular, catalytic chemical oscillations.

This principle logically follows from the previous one. Active surfaces in semiconductor
structures capable of supporting chemical oscillations are poorly studied (except for kinetic, but not
chemical-catalytic oscillations during generation-recombination processes described in the above
cited work of Scholl [532]). However, if we limit ourselves to the requirement of similarity within the
kinetic scheme, then, to illustrate this thesis, we can consider a system very well studied in the
framework of catalytically active surfaces: CO oxidation on Pt surface [707-709], on which, since the
1980s, chemical self-oscillations that are not inferior in clarity and identification of the components of
kinetic regimes to the chemical oscillations observed in Belousov-Zhabotinsky reaction, were
repeatedly reported [710-713].

18.5. Redox activity.

The above examples of redox activity do not explain the transition from solid-state structures to
soft matter in the evolutionary context. Therefore, it is necessary to provide examples (which do not
change, in general, the essence of the mechanisms of mediated electron transfer at redox active
surfaces [714]), demonstrating the role of redox-active surfaces in polymer, membrane-mimetic
systems [715-717]. As can be seen from the references cited, micellar redox-active structures with
biomimetic and model protobiological properties can be obtained, considered as protocells and
artificial cell models [718,719].

18.6. Reaction-diffusion activity.

Surface reactions and chemical transport in conductive systems with electrochemically-active
surfaces are well-known [720], but such results are not applicable for semiconductors due to the
multiplicity of carriers in the active surfaces of semiconductors. As a result, most of the works on
transport in active surfaces are limited to the liquid-phase and gas-phase substances and aerosols for
chemical engineering, as well as on soft matter [721-725]. At the same time, the reaction-diffusion
activity is characteristic of semiconductor surfaces in various forms [726-729]. Moreover, in different
atmospheres, the response of interfaces will be different [730,731] (which is used for the development
of gas sensors). By varying the defect structures on semiconductor active surfaces, it is possible to
achieve qualitatively different chemical results [732]. This confirms that atmospheric or liquid
conversion of the medium (as in photosynthesis) with energy pumping on the defect structures (as a
rule, photochemical or corpuscular one [733-735]) can be implemented. Since the concepts of reaction
with diffusion and self-organization are correlated, we can formulate the last requirement to the
surface activity - non-equilibrium processes and self-organization.

18.7. Structure-forming surface activity.

Self-organized shape kinetics and dynamics of the active surfaces [736] and self-organization
processes at the active interfaces [737] (see Figure 26) are well-known phenomena. Reactions on the
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self-organizing surface produce kinetic roughening [738] (in accordance with the Kardar-Parisi-
Zhang equation), which can promote cross-catalytic processes. Such self-organization can be
considered as “natural nanotechnology”, which replaces artificial methods of designing an active
surface by adapting it to the conditions of the environment (either liquid or gaseous) [739,740].
Feedbacks help to regulate self-organization of active surfaces, due to which self-organization and
utilization of the medium components occur synergistically. Only in this context one can describe
self-organization on the surface as morphogenesis, that is, a reaction-diffusion process involving an
activator and an inhibitor [741]. The reversible nature of structure formation in the system is
associated with its functions and is the main criterion of its reactivity, that is, self-organization of the
active surface dependent on the environmental conditions is also a tool for functionalization of its
activity. Design of the active interfaces using responsive molecular components leads to the synthesis
of responsive interfaces that demonstrate a reversible change in physical properties in response to
the external stimuli [742].
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Figure 26. Towards self-organization processes at active interfaces and membrane-structure
templating: Evolution of the membrane-bound fraction (a), radius of the domain (b) and growing
velocity of the domain (c) for three simulations with different initial conditions (d—f). Reproduced
with permission from [737] published by Springer Nature.

At this point the discussion is no longer limited to the physically active surface, but extends to
potentially prebiological or biomimetic interpretation of the active surface. At the same time,
although strictly biomimetic and membrane-mimetic surfaces are associated with soft matter (from
biomimetic chromatophores compatible with photosynthesis on soft active surfaces [743] to
electrochemically active surfaces for creating membrane models, as well as active surfaces for
engineering of templated artificial cells [744,745]), their evolutionary properties begin to manifest
themselves long before the moment when a sufficient set of functions for realization of prebiological
activity is accumulated. Therefore, the only way to study the mechanisms of transition from mineral
active surfaces to biologically relevant ones is to analyze the activity of these surfaces in an
evolutionary context, taking into account the geochemical conditions of their operation.

19. Evolution of the active surface as a way of transition from chemical to biological evolution.

The fundamental issue is the evolution of the active surface, i.e. how from a mineral inorganic
surface, which can be considered within the competence of solid state physics, a transition was made
to an active (according to the same functional requirements for developing photosynthesis with a
membrane) surface, which can be described in terms of soft matter physics. We should proceed from
what these two systems have in common and consider this set of features not as a way of reducing
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more complex biochemical realizations to simpler physicochemical models. (The works of
Komissarov et al. can serve as an example of incorrect modeling that extrapolates technically accurate
solutions of simplified applied problems to biological mechanisms and evolutionary trends. Due to
the above methodological error they equalized the conditions of natural photosynthesis and many
incompatible photochemical processes on glasses, polymers, crystals, etc. Such false analogies lead
to "new ideas about the evolution of the Earth's atmosphere and photosynthesis”, which postulated
that the source of oxygen in modern photosynthesis is not water, but exo- and endogenous hydrogen
peroxide, which decomposes as a result of photoelectrochemical and thermal decomposition during
heating of the chloroplast - reactor [746-749]).

In evolutionary biology, phylogenetic analysis is conducted by searching for the most ancient
common ancestor. Therefore, an accurate analysis of physicochemical evolution must proceed ab
initio from the first principles common to the product of evolution and its abiogenetic predecessor.
In future it will be possible to "screen" the intersection areas of multiple descriptors in order to
implement data driven mathematical identification [750] of the first-principle models [751] of
prebiological physical and biophysical processes (evolved from physical processes) [752] including
nonlinear dynamic systems [753], prerequisitely approximable / qualitatively analyzed using
differential equations / partial differential equations [754,755] (such as photosynthesis itself
[82,83,756,757]). Here we outline the ways to implement this approach. Considering that
photochemical and electrochemical systems were studied using data-driven identification (including
oscillatory systems that meet the requirements of the Voltera series approach) [758,759], the proposed
approach to identification of protophotosynthetic and membrane-electrochemical processes based on
the same principles seems logically correct. At the same time evolution of the kinetics of
photosynthesis and other fundamental physiological processes in accordance with the changing
environmental conditions led to the substitution of the mechanisms of the corresponding kinetic
processes with conservation of their physical nature and formal approximation. However, the
approximability of the certain processes with the same equations as the assumed kinetic prototype
can indicate only kinetic similarity, but not the similarity in the physical or chemical nature of the
acting agents. The opposite, in the case of photosynthesis, leads to physically absurd errors,
reminiscent of the notion that the analysis of non-linear Arrhenius plots in photosynthesis (the rates
of photosynthesis have temperature dependences characterized by curved Arrhenius plots, for which
the logarithm of the activation energy is a linear function of temperature) establishes its similarity
with many processes in animal cells and qualitatively different inorganic and polymer materials -
from ferromagnetic materials and semiconductors to ferroelectrics [760-762]. In this regard, in spite
of the existence of the particular aspects of the reductionist similarity between biological and physical
systems, in order to incorporate them into protobiological / evolutionary biophysical models, it is
necessary to take into account at least the following considerations:

a) which variable or which physiological agent demonstrates this or that kinetic curve (it is
inadmissible to identify mechanisms with the equivalent kinetics of different variables or objects
that do not correspond to each other);

b) is a function / kinetics-preserving transition possible between the carriers of two formally close
kinetic curves (it is obvious that if in one case we are talking about magnetic hysteresis, in the
other case - about phenomena specific to ferroelectrics, in the third case - about the physics of
semiconductors, and in the fourth case - about photosynthesis, as in a number of just cited works
[760-762], it is impossible to draw a line of substitution between them);

c) what evolutionary reasons cause the introduction of this or that structure (or one or another
member of the equation or an agent formally involved in kinetics) into photosynthesis or another
physiological process: if physical introduction does not result in the assimilation, or is rejected
by natural selection or is not inherited as “ exotic new acquisition”, physically unsupported by
the environment, then it is hardly rational to talk about its interpretation in the framework of
evolutionary (proto)biology.

In spite of existence of the universal approaches for active interfaces, the common between active
interfaces is revealed only at the general physical level. According to [763], “The principle of
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universality, according to which large scales and long times screen a system intimate details, provides
a mean to systematise such knowledge: many growing interfaces, for instance, are described by the
same equation - the Kardar-Parisi-Zhang (KPZ) equation”. At the specific / local level, differences
inevitably come to light. With the blurring of boundaries and criteria of similarity, statements about
the role of surfaces, in particular, active ones, in self-organization and evolution of
protophotosynthetic or protobiocatalytic systems as a whole are, rather, intuitive a posteriori
categories borrowed from experience, than formalized physical statements. Even in the liquid phase
at the gas-liquid interface total polarization vanishes, provided that there is no net flux through the
boundaries, and at any planar wall polarization is determined by the magnitude of the bulk current
and total interface polarization is rigorously determined by the current difference, that precludes the
influence of the total interface polarization on the active bulk coexistence and questions the proposed
coupling of the interface to the bulk [764]. Therefore, categories that do not specify the physical
requirements for an object (in this case, a surface) may turn out to be non-constructive, even if
mathematically accurate.

In fact, although ‘active surface’ and ‘heterogeneous surface’ are, from the standpoint of
energetic concepts, intuitively close terms, and statistical (KPZ) models predicts the shapes of cellular
membranes by accounting for the active feedbacks between the membranes and attached proteins
(including catalytic-active enzymes) [765], concretization of the activity of specific sites within the
framework of the Kardar-Parisi-Zhang equation cannot be obtained for reasons correlating with the
universality of this concept, as noted by many authors [766—770]. Universality is the observation that
there are properties for a large class of systems that are independent of the dynamical details: systems
display universality in a scaling limit; universality class is a manifold of mathematical models which
share a single scale invariant limit under the process of renormalization group flow. Thus, Kardar-
Parisi-Zhang equation, within the framework of the above considered requirements to
protomembranes characterized by kinetic surface roughening and dynamic texturing [771,772], self-
organization and patter formation [773,774], can postulate the role of diffusion [775,776], but cannot
specify the requirements to diffusants; can indicate the role of the formation medium (its noise or
turbulence [777,778]), but cannot characterize and predict the emergent contribution of
microroughness and the medium noise that generates it to the activity of the resulting surface or its
section; can describe growth and development of the surface [779], but cannot limit the class of
materials in which they are generated - neither by charge nor by chemical principles (including
polymers [780,781] and crystals [782], solids [783] and liquids, as well as liquid crystals [784-786],
both semiconductors and metals [787,788] into the field of applicability); can explain wave processes
during the interface growth [789] and synchronization of processes [790], but cannot select processes
that are inherent to the above carriers, or provide synchronization that directs the process to some
specific state of surface activity with a given nature of the substrate [791].

20. The inevitability of the membrane participation in the development of protophotosynthesis.

It is obvious that membranes are necessary for the functioning of biosystems and biogeochemical
cycling and exchange processes (if we consider the membranes of organisms participating in
geochemical exchange, as the active interfaces between biosphere and “geochemical exchange
reservoir”, from which they are formed and into which they release biomass during postmortal
fossilization and mineralization, different from the vital biomineralization, due to the lack of its
regulation / mediation by the membrane mechanisms [792]). The transition from protocells to LUCA
would not have been feasible if there were no physicochemical mechanisms which, during the period
before the formation of complex molecular biological membranes, enabled the substance transport in
protocells, transmembrane transport and separation of components (from ions up to fractionation of
isotopes [793], observed in the “geochemical time scale” and well confirmed by mass spectrometry,
in vivo or in situ, both on the cells and on a number of model protocells, which do not always contain
full-fledged ion channels [794-796]; for example, see Figure 27). Membranes in prothotosynthesis, as
well as in artificial photosynthesis (conductive bipolar membrane interfaces, capable of initiating
water disassociation within the interfacial region, which can perform water splitting for renewable
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energy in the presence of a pH gradient possible under the electric field conditions [797]), are
necessarily associated with the charge separation and charge transfer, therefore, solving the problems
of the evolutionary genesis of photosynthesis is always inevitably associated with the problem of the
genesis and evolution of the corresponding membranes, and hence, the formation of a concentration
gradient and charge transfer / carrier migration. Therefore, the ways of conjugation of the above
functions were intuitively outlined even back in the 1980s.
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Figure 27. How the analysis of ion transport functions in various cells helps to reconstruct the possible
ion transport pathways in protocells and in minimal cells: a) scheme of the membrane transport of
ions in cells of archaea Halobacterium; b) transport processes in the model Diatom algae cell; c)
analogically modeled / reconstructed scheme of the ion transport in a possible "minimal cell".
Reproduced with permission from [793] published by Elsevier.

For instance, in 1986 Hyman Hartmann (co-author of A.G. Cairns-Smith in the book “Clay
Minerals and the Origins of Life”, co-editor of the well-known collections “Search for the Universal
Ancestors”, “The Origin and Evolution of the Cell”) in the paper “Speculations on the Origin and
Evolution of Photosynthesis and the membrane” integrated the approaches of membranologists and
photosynthetists to the formation of the simplest inorganic precursor of photosynthesis [798]. In this
paper “proposal for the origin and evolution of photosynthesis is postulated which involves carbon
dioxide, nitrogen, sulfur and self-replicating iron-rich clays”, and “formation of Fe2S2 and FesSs cores”
resulting in the reduction of nitrogen by MoFeS compounds which led to the formation of pyrrole,
flavin, nicotinamide, phycobilins (tetrapyrroles), heme and chlorophyll. The above list suggests that
development of the redox functions under mineral conditions during the evolution of
protometabolism did not proceed only in the direction of photosynthesis, but implied divergent
evolution and selection for different (photochemical and non-photochemical) conditions of the
emerging chemical processes. The key thesis of this hypothesis is the idea that “the electron transport
chain evolved from ferrous ion through the Fe2S: and FesS4 cores to the hemes”. Indeed, the origin of
photosynthesis (as a physicochemical process combining the light quanta absorption and energy
storage in the form of an electrochemical H* gradient on biomembranes, mediated by the ETC
[Electron Transport Chain], and associated with the transfer of protons against the gradient of the
electrochemical potential), should be “topographically” associated with the formation of the
pathways for photoinduced electron transport, transport of protons or other charge carriers against
the potential gradient. That is why the prototypes of this phenomenon should have operated long
before the formation of the modern photosynthetic membranes.
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This statement is in good agreement with our “semiconductor world” concept. Therefore, in the
next articles of this series, we will consider the formation of protomembranes, from inorganic
semiconductor surfaces to the conventional phospholipid membranes typical for most types of the
protocell models [799,800].

Acknowledgments: The authors are grateful to Dr. Mikhail Nikulichev for translation of the paper.
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