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Abstract: Despite more than one hundred years of work on organosilicon chemistry, the basis for the
plausibility of silicon-based life has never been systematically addressed nor objectively reviewed.
We provide a comprehensive assessment of the possibility of silicon-based biochemistry, based on a
review of what is known and what has been modeled, even including speculative work. We assess
whether or not silicon chemistry meets the requirements for chemical diversity and reactivity
as compared to carbon. To expand the possibility of plausible silicon biochemistry, we explore
silicon’s chemical complexity in diverse solvents found in planetary environments, including water,
cryosolvents, and sulfuric acid. In no environment is a life based primarily around silicon chemistry
a plausible option. We find that in a water-rich environment silicon’s chemical capacity is highly
limited due to ubiquitous silica formation; silicon can likely only be used as a rare and specialized
heteroatom. Cryosolvents (e.g., liquid Ny) provide extremely low solubility of all molecules, including
organosilicons. Sulfuric acid, surprisingly, appears to be able to support a much larger diversity of
organosilicon chemistry than water.
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1. Introduction

Life in environments very different from Earth’s could have a biochemistry that is very distinct
from Earth’s life [1-6]. A persistent contender as an alternative elemental basis for life is silicon,
mainly due to the chemical analogies between silicon and carbon. The idea that life could be based on
silicon rather than carbon was first proposed in 1891 by the German astrophysicist Julius Scheiner [7].
Silicon shares many similarities with carbon and is, in the form of various silicates in rocks, the second
most abundant element (after oxygen) in Earth’s crust [8]. However, despite its abundance, terrestrial
life only uses silicon as silicic acid and silica (see Appendix A). There are no known examples of life
using any other type of silicon chemistry. When people speak of “silicon-based life”, they are usually
referring to the diverse organosilicon chemistry, and specifically chemistry in which carbon in organic
molecules is replaced by silicon. So why is life’s use of silicon so restricted, and could a wider silicon
chemistry be used in other biochemistries?

The possibility of silicon-based life is usually either accepted as plausible (e.g., [1]) or dismissed out
of hand (e.g., Carl Sagan famously called himself a “carbon chauvinist” [9]). However, despite a century
of speculation and experimental work on organosilicon chemistry, the plausibility of silicon-based
life has never been systematically addressed nor objectively reviewed. This paper seeks to fill this
gap. We review what is known, modeled, or speculated about silicon as a basis of life, and provide a
comprehensive assessment of the opportunities for silicon in a non-terrestrial biochemistry, with a
detailed discussion of the arguments for and against silicon as a building block of biochemistry.
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We start with the discussion of the general requirements for the chemistry of life, no matter its
chemical basis (Section 2). We next provide the overview of silicon chemistry (Section 3.1), including
discussion of the diversity of silicon chemistry (Section 3.2) and thermodynamics of formation of
silicon compounds (Section 3.3). We then discuss how silicon chemistry meets the requirements for the
chemistry of life, focusing on the classes of environments in which life using silicon as a component
of biochemistry could occur (Section 4). We conclude first that in water or ammonia silicon cannot
be the main building block for life but might be used as a rare heteroatom, second that cryosolvents
are poor environments for any biochemistry, and third that in sulfuric acid silicon could be used
much more widely by life (Section 5). We relegate discussion of the details of how terrestrial life uses
silicon to Appendix A, and more detailed background on silicon chemistry and speculations on silicon
biochemistry to Appendices B-D.

2. General Requirements for the Chemistry of Life

We begin by describing the general requirements that any biochemistry must fulfil. The general
characteristics that have to be met by any chemical basis for life can be condensed to three essential
requirements: sufficient chemical diversity (Section 2.1); stability and reactivity (Section 2.2); and the
presence of a solvent (Section 2.3) (reviewed in [10]). Although chemical diversity, reactivity, and solvent
requirements are linked, we discuss them separately below. If silicon chemistry is to be a component
of any biochemistry, then it must fulfil these requirements.

2.1. Chemical Diversity

Life needs a diverse set of chemicals with different functions. On Earth, the diverse set of chemicals
are amino acids (to make proteins), sugars, and nitrogenous bases (to make nucleic acids), hydroxyl and
keto acids (as core metabolic intermediates), lipids (to make membranes), and more. To build a diverse
set of chemicals, life needs a set of elements capable of building molecules composed of many atoms
that will provide sufficient biological functionality.

Sufficient chemical diversity needed to build a molecular repertoire suitable for life can only be
achieved by a scaffolding element bonded with heteroatom elements. The scaffold atom is one that can
join in chains and clusters to construct the skeleton or shape of a molecule, and the heteroatoms provide
chemical activity in a molecule. Scaffolds provide the ability to make large molecules, and hence a large
number of different molecules (compare the number of stable molecules of the type X,Hp, that can be
formed with X=Nitrogen (three-NH3, NoHy4, NoHj) and with X=Carbon (an essentially infinite number
of hydrocarbons)). Scaffold elements and heteroatoms tend to be different atoms. The scaffold needs to
be relatively stable and unreactive, while at the same time bonding to functional atoms (heteroatoms)
that provide chemical functionality and distinctiveness to each molecule (Figure 1).

On Earth, carbon forms the major scaffold element (hence the term “carbon-based life”). Several
other non-metal elements could be viable scaffold alternatives to carbon in that regard [1-4]. Sulfur,
boron and, in particular, silicon, are capable of forming covalent compounds in which many atoms of the
same type are bound together to form large molecules, and therefore could, in principle, be considered
as “scaffolding elements” [10] (Figure 2). Sulfur-based polymers, e.g., amphiphilic polythionates [11],
are, however, limited to linear chains, which severely restricts the diversity of possible shapes in
sulfur-based systems. Boron, on the other hand, forms polymeric structures that are clusters of atoms
rather than smaller, isolated molecules, e.g., decaborane (14), B1gHj4, which, while stoichiometrically a
boron analogue of the hydrocarbon decane, is in structure more similar to a diamond nanoparticle [12].
Among these alternatives, silicon seems to be the most promising choice as a substituent for carbon in
biochemistry (Figure 2).
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Figure 1. Scaffolding elements and heteroatoms build biochemicals. Scaffolding elements are responsible
for creating the overall structure and shape of molecules, while heteroatoms enable necessary chemical
diversity, reactivity and directional bonding. For example, in heme (a crucial molecule used by virtually
all life on Earth), carbon is a scaffolding element and O and N elements are heteroatoms that allow for
the necessary reactivity and directional bonding required for coordination of catalytically important
iron ion (Fe2*). Heteroatoms and bonds to them are colored red, scaffold elements (carbon) and bonds
are colored black.

Because the scaffolding of carbon (and hydrogen) alone provides only the very limited chemical
function required for metabolism, heteroatoms are needed to provide chemical reactivity. Heteroatoms
can form covalent bonds to carbon (or other scaffolding elements) but are more electropositive or
electronegative. This difference in electronegativity provides the reactivity of molecules (see Section 2.2).
Heteroatom reactivity is responsible for the great majority of the metabolic reactions occurring in
Earth’s organisms [13]. Life on Earth uses several heteroatoms (e.g., O, N, S and P) that form covalent
bonds with the carbon scaffold of biomolecules and with each other.

Heteroatoms can conveniently be divided into common heteroatoms and rare heteroatoms
(although this is for convenience and does not represent any absolute class of abundance, which in any
case will vary from organism to organism). Common heteroatoms (e.g., nitrogen or oxygen in terrestrial
life) are used in many different molecules in biochemistry. On Earth, oxygen dominates among the
heteroatoms used by life. In fact, the oxygen heteroatom is so ubiquitous that Earth biochemistry has
been described as the “chemistry of carbonyl groups” [4]. By contrast, rare heteroatoms are used in
a small number of specific contexts. Examples in terrestrial life include selenium and fluorine. It is
plausible that these elements are difficult for life to use widely but confer specific advantage in the
rare molecules in which they are found. For example, the thermodynamics of fluorine make it hard to
incorporate into organic molecules, but the toxicity of the resulting molecules makes fluorine valuable
in plant defense chemicals [14].

We note that the chemical diversity in small molecules implies a potential chemical diversity in
polymers. Proteins are enormously diverse because they can be made from a chemically diverse set of
amino acid monomers.

Together, scaffolds and heteroatoms provide the chemical diversity and reactivity required for life.
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Figure 2. Comparison of four (sulfur, boron, silicon and carbon) scaffolding elements and their pros and
cons as main building blocks of biochemistry. Sulfur (e.g., amphiphilic polythionates [11]) forms chains
with itself, and in an alternation with carbon, nitrogen, or oxygen (heteroatoms), but has a very limited
branched structure, which severely limits the diversity of possible shapes in sulfur-based molecules.
Boron (e.g., decaborane [12]) forms chains with itself, and in an alternation with carbon, nitrogen,
or oxygen (heteroatoms), but forms clusters of atoms rather than smaller isolated molecules (a problem
which is opposite to sulfur). Carbon (e.g., decane isomer) and silicon (e.g., decasilane isomer [15]),
on the other hand, form chains with themselves, form chains in alternation with various heteroatoms,
and can form diverse linear or branched structures. Out of the possible alternative scaffolding elements,
silicon appears to be the most promising choice as a substituent for carbon in biochemistry.

2.2. Chemical Stability and Reactivity

Chemical stability and reactivity are the second general requirement of the chemistry of life.
There must be a balance between biochemicals” stability and reactivity in their solvent. Biochemicals
must be stable to reaction both with the solvent and with each other, over whatever timescale is required
for their biological function. Thus, for example, sugars cannot be a component of a biochemistry that
uses concentrated sulfuric acid as a solvent, because sugars are dehydrated to amorphous carbon in
under a minute in sulfuric acid conditions [16]. However, biochemicals have to be reactive in their
solvent to some extent, in order to be able to perform their required biological functions.

Aprotic solvents (those that cannot donate protons) tend to be less reactive than water, ammonia,
and sulfuric acid. Furthermore, reactivity is highly reduced at low temperatures so almost any
chemistry is stable in liquid methane or liquid nitrogen. We would therefore expect very stable
chemicals not to be components of life in cold, aprotic solvents, as they would not be reactive enough.

Stability and reactivity are therefore a function of the solvent as well as the chemistry itself.
We discuss the solvent requirement next.

2.3. Solvent

Chemical life has to operate in a medium that allows molecules to move (as do liquids and gases)
but is dense enough to stop large molecules from simply falling out as aggregates (as are solids and
liquids). This means that the chemistry of life has to operate in a dense fluid solvent, most plausibly a
liquid. Water is widely considered the ideal, possibly the only, solvent for life [17]. Water actively assists
in the self-organization of membranes and polymers of life, therefore assisting in compartmentalization,
a phenomenon that is likely to be a general requirement for life [18]. On Earth, liquid water also plays
an active role in life’s metabolic processes.

Although water is a good solvent for Earth’s carbon-based life, many other solvents have been
proposed as well suited for alternative biochemistries (e.g., sulfuric acid, carbon dioxide, hydrogen
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cyanide, propane, ammonia, hydrogen sulfide, ethane and methane, nitrogen, and even neon and
argon) [1,3,4,19-22]. These liquids broadly fall into the protic solvents (solvents that, like water, can
donate or accept protons from chemicals dissolved in them, such as H,SO,, H,S, NH3), and aprotic
solvents (such as liquid hydrocarbons or nitrogen). In general, protic solvents are chemically aggressive,
and their aggressiveness limits the chemistry that can stably dissolve in them. In contrast to protic
solvents, aprotic solvents are generally less reactive and stably dissolve a wider range of chemicals
than protic solvents.

Solubility of solids in any solvent generally increases with temperature, so cosmically common
aprotic solvents such as liquid methane and nitrogen are poor solvents because they are liquid only at
very low temperatures. Thus, the nature and temperature of the solvent in which life operates affects
both what scaffolds are viable and what heteroatom chemistry is stable in that solvent.

3. Overview of Silicon Chemistry

We start the assessment of silicon as a building block of biochemistry by presenting an overview of
the basic physico-chemical properties of silicon chemistry compared to carbon (Section 3.1), followed
by the discussion of the chemical diversity of silicon chemistry as compared to carbon (Section 3.2).
We then address the thermodynamics of formation of silicon chemicals, with a comparison to carbon
equivalents, and discuss the thermodynamic barriers in the synthesis of complex silicon molecules.
We present new findings on the possible diversity of silicon chemistry based on thermodynamic
limitations (Section 3.3).

3.1. Silicon Chemistry Overview in Comparison to Carbon

Silicon is the closest analogue of carbon. Both silicon and carbon are tetravalent atoms that form
primarily covalent (non-ionic) compounds. However, there is surprisingly little similarity between
them that goes beyond the statement that both elements “can form four covalent bonds”. In this section,
we summarize the similarities and differences of silicon and carbon and discuss the consequences of
their different reactivities and chemical properties on the formation of complex chemistry.

The covalent radius of a silicon atom is larger than that of carbon which results in generally
longer bond lengths and different bond angles. Different bond lengths and angles have especially
large effects in ring structures containing silicon atoms, resulting in distinct ring conformations and
ring reactivity as compared to their carbon-containing counterparts (see for e.g., sila-venlafaxine (9) in
Section 3.2.2 below).

The bonding preferences of silicon are also different than carbon, mainly due to the availability of
low-lying 3d orbitals that allow silicon to form compounds that have five- or six-coordinated silicon
atoms. Especially, penta-coordinated silicon compounds are readily formed, which allows for many
more reaction paths between tetra-coordinate silicon compounds than are available to carbon [23,24].
Stable penta- and hexa-coordinate silicon compounds are “super-chiral”.

Silicon is more electropositive as compared to C, N, O, and H. The higher electropositivity of
Si creates an electron-deficient center in silicon and results, e.g., in a stronger bond polarization as
compared to analogous carbon bonds, or in a reversed bond polarization of the C-H and Si-H bonds
(Table 1). As a result of those differences, most bonds that silicon forms with non-metals are more
strongly polarized than their carbon counterparts and thus more susceptible to electrophilic and
nucleophilic attack. Even bonds that are considered to be very stable, like Si—C, have higher reactivity
as compared to their carbon analogues. For example, silicon tetrachloride (containing Si—Cl bonds)
is hydrolyzed almost instantly in water, whereas carbon tetrachloride (containing analogous C-Cl
bonds), which is also thermodynamically unstable to hydrolysis, is stable for years in the presence of
water. Silanes (SiHy, SipHjg etc.) are stable as pure chemicals for many years but are very sensitive
to water in the presence of trace alkali, unlike alkanes. Reactions of both disilane (SiHg) and ethane
(CyHg) with oxygen are clearly exothermic, but ethane may be mixed with oxygen at 200 °C without
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reacting, whereas disilane spontaneously combusts in air at 0 °C [25]. We discuss the implications of
such differences in reactivity in Section 3.2.2.

The differences between bond energies for carbon- and silicon-containing chemical bonds are
also reflected by the disparities in the reactivity of silicon and carbon-containing compounds (Table 1).
The strength of a C—C bond is a little bit greater than of a C-O bond, while the analogous Si-O bond is
much stronger than the Si-Si bond [26], although the exact bond energy depends on the substituents
on the C or Si. As a result of these differences in individual bond strengths, the chemistry of organic
carbon molecules is dominated by C—C polymerization (catenation, the formation of long chains of
covalently linked carbon atoms, e.g., in hydrocarbons). Even though silicon is capable of formation of
Si-Si catenated structures (e.g., in silanes), they are much more reactive than their C-C counterparts
(especially in water). As a consequence of the greater reactivity of the Si-Si bond, the most common
stable polymers of silicon are built from Si-O chains, as the Si—O bond is disproportionately stronger
than any other Si-containing bond (Table 1). Moreover, the polymerization of silicon often leads to a
meshwork of Si-O chains and not linear polymers like for carbon—recall that the formation of long
linear polymers is often cited as an absolute, general characteristic of any biochemistry [27]. As a
result, Si chemistry in oxygen-rich environments (e.g., water) ultimately leads to silica (5iO;) (which is
a refractory solid rather than a gas, with no double bonds to oxygen as in its carbon equivalent CO,)
(Figure 3).
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Figure 3. Polymerization of silicon in oxygen-rich aqueous environments leads to a meshwork of 5i-O
chains (e.g., “illustrative structure” of amorphous silica) and not linear polymers like silanes (e.g.,
n-decasilane (SijgHpp)). As a result, Si chemistry in oxygen-rich environments (e.g., water) ultimately
leads to silica (SiO;), a refractory solid.

3.2. Diversity of Silicon Chemistry

In this section, we explore the potential diversity of silicon chemistry from three viewpoints: the
theoretical diversity of organosilicon chemistry; the observed functional diversity of silicon molecules;
and the potential diversity of silicon-based polymers. We conclude with a new assessment that there is,
in theory, sufficient potential diversity in silicon chemistry to build biochemistry.
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Table 1. An overview of the basic physico-chemical properties of carbon and silicon, including their

respective bond and common functional group reactivity. Data based on values collected in [26,28,29].

*SMILES description of multiple bonds is used throughout the paper [30]. For example, C=C is a double

carbon—carbon bond; C:C is an aromatic carbon—carbon system; C#C is a triple carbon—carbon bond.

For more details on the chemistry of organosilicon compounds and examples of some exceptionally

exotic chemistry that silicon atoms can participate in, see Appendix C.

Feature Carbon Silicon
Electronic Configuration C=1s? 25% 2p? Si=1s? 2s? 2p® 3s? 3p?
Covalent Radius 77 pm 117 pm
Coordination Numbers for 1234 3,456

Stable Compounds
Pauling Scale Electronegativity

Bond Energies (D) and Lengths
of Biologically Important Bonds
and Their Si Equivalents

2.50 [C3-—H?®*]

C—C: 346 kJ/mol; 154 pm
C-0: 358 kJ/mol; 143 pm
C-N: 305 kJ/mol; 147 pm
C-5: 272 kJ/mol; 182 pm
C-H: 411 kJ/mol; 109 pm

1.8 [Si®* —H?"]

Si-Si: 222 kJ/mol; 233 pm
Si—O: 452 kJ/mol; 163 pm
Si-N: 355 kJ/mol;

Si-S: 293 KkJ/mol; 200 pm
Si-H: 318 kJ/mol; 148 pm

C-Si: 318 kJ/mol; 185 pm (longer and slightly weaker than C-C)

Bonding Geometry
Lipophilicity

Chemical Properties of Selected
Functional Groups

e.g., N(CH3)3; pyramidal
Log P of PhCMejs: 4.0

C-H; stable in aqueous solution

e.g., N(SiH3)3; planar

Log P of PhSiMej3: 4.7

Si-H; susceptible to hydrolysis,
especially under basic conditions
(rate strongly dependent on
substituents on Si and pH)

Si-C; stable in aqueous solution; useful pharmacological properties

C-O-C; stable in aqueous solution

C-OH,; stable towards
condensation, lower acidity

C-N; stable in aqueous solution

C-S; stable in aqueous solution

Si-O-C; susceptible to hydrolysis
(rate strongly dependent on
substituents on Si and pH)
Si—OH; stable, but liable to
condensation (rate strongly
dependent on substituents on Si
and pH), higher acidity

Si-N; susceptible to hydrolysis,
especially under acidic conditions
(rate strongly dependent on
substituents on Si and pH)

Si-S; susceptible to hydrolysis

Multiple Bonds *

C=C, C#C, C:C; stable in aqueous
solution

Si=Si, Si#5i; few examples of Si=Si
and Si#Si known, highly reactive
and unstable in aqueous solution;
Si:Si; only one hexasilicone system
with dismutational aromaticity is
known. Remarkably it is relatively
air- and thermostable (<200 °C).

Si=C and Si#C bonds are known, although Si=C bonds are very unstable
under almost all conditions; very few Si:C silabenzene systems are stable

Penta- and Hexacoordinate
Systems

Unstable

Well known and stable (in some
cases even in aqueous solution) as
charged and uncharged species

3.2.1. Theoretical Diversity of Silicon Chemistry

Silicon can form stable covalent bonds with the same crucial elemental building blocks as carbon.
It can covalently bind itself, carbon, nitrogen, oxygen, sulfur, phosphorus, and the halogens, as well as
semi-metals like germanium. Silicon can also form covalent bonds with many metals [31,32]. On top
of the versatile binding to many other elements in its most common tetra-coordinate state, Si can
also form stable penta- and hexa-coordinate compounds with crucial biogenic elements like nitrogen,
carbon or oxygen, with or without overall charge on the molecule (see Table 1 for detailed description
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of the physico-chemical properties of Si). Moreover, the coordination numbers of silicon (3, 4, 5, 6)
are different than that of carbon (1, 2, 3, 4). Such differences often result in the formation of silicon
chemicals that do not have direct carbon analogues, emphasizing that the potential chemical flexibility
of silicon (although achieved through different means) could be as great as that of carbon.

There are two types of measure of chemical diversity: structural and functional. Hydrocarbons
show a staggering structural diversity but are chemically monotonous. As noted in Section 2.1, there
are only three stable Ny Hp, compounds, but they show more divergent chemical behavior than all the
hydrocarbons. In this section, we address the structural diversity of organosilicons; in the following
section (Section 3.2.2), we discuss the functional diversity of silicon.

To illustrate the scale of possible structural diversity in organosilicon chemistry as compared to
carbon, we generated a set of possible chemical structures that are composed of up to seven atoms
selected from S, P, O, N, F and Cl as heteroatoms, (with as many additional H atoms as was required to
satisfy valence rules), using an algorithm derived from that described in the work of [33,34]. In short,
the algorithm takes a set of topological structures defined as alkanes and substitutes heteroatoms into
them according to bonding rules. Starting structures and bonding rules are defined to reflect stability
and reactivity in different solvents (see Appendix E.1 for more details on the calculations of the silicon
chemical space).

We generated sets of structures likely to be stable in water, sulfuric acid or in a hypothetical
aprotic cryosolvent (we did not consider solubility in cryosolvents for the chemical diversity estimation;
see Section 4.4 for discussion of the solubility limitation of cryosolvents), generated with or without
silicon atoms. These calculations do not include penta- and hexacoordinate systems, which are
under-represented in small molecules (by definition, there are no 5-atom molecules in which a silicon
atom is bonded to five other atoms).

From our combinatorics study, we find that adding silicon to the repertoire of the chemistry
possible in water adds little additional structural chemical diversity (Figure 4). Such a very modest
increase in chemical diversity is due to the fact that almost all Si-X bonds, including Si-5Si bonds,
are readily attacked and hydrolyzed in water (Table 1). In contrast, we find that adding silicon to the
repertoire of structures stable in sulfuric acid has a greater positive impact on the available chemical
diversity. In aprotic solvents, where neither attack by H* or OH is possible, the increase in chemical
diversity is greater still. However, our calculations suggest that, overall, silicon does not have a major
impact on the structural chemical diversity available to life (as compared to carbon). This is because
carbon can readily form double and triple bonds with C, N, O and S, whereas silicon double bonds are
strongly disfavored (although see Appendix C for an overview of exceptions to this generalization
about silicon chemistry). Such limitations of silicon chemistry are further exemplified by the efforts to
make silicon analogues of terrestrial biochemicals, which have only revealed how different silicon and
carbon really are [35]. We discuss the observed functional diversity of silicon chemistry next.

We conclude with a few points. First, the vast potential theoretical space of silicon chemistry is
almost entirely unstable in water, and hence not available to a biochemistry based on water as a solvent
(see also Section 4.1). This major point has been implied from several examples (e.g., [1,3]) but never
fully emphasized. Second, the presence of Si adds a greater diversity of molecules—perhaps enough
to contribute as a heteroatom component of biochemistry—to the available chemistry of hypothetical
life based in sulfuric acid (see also Section 4.3). Third, the majority of the chemical space of silicon
chemistry is available in aprotic solvents such as dry liquid hydrocarbons or liquid nitrogen.
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Figure 4. Theoretical chemical diversity of silicon chemistry. (a) Relative size of the chemical space with
silicon included in SPONCH + F + Cl chemistry, compared to the chemical space without silicon. Y axis:
size of the chemical space of chemical structures with up to six non-hydrogen atoms predicted to be
stable in respective solvents generated by including silicon chemistry. The relative size of the chemical
space is calculated as S/N, where S is the number of molecules in the chemical space with silicon
and N is the number without silicon. See main text and Appendix E.1 for details. (b) Silicon single
bonds generally stable in H,O, H,SO,4 and aprotic cryosolvent (a qualitative assessment, based on
the chemical reactivity of silicon compounds discussed in detail in Section 4). Very few Si-containing
chemical bonds are stable in water. Note that, while some Si—O bonds are generally stable to hydrolysis
in water (e.g., in the context of C-Si bonds, like C-Si-OH), many Si-O-bond-containing functional
groups are not (e.g., O-5i-O-C), further limiting the scope of Si chemistry available for life in water.
Sulfuric acid can support larger number of Si-containing bonds, and, as a consequence, more diverse
silicon chemistry. Virtually all chemistry is stable in aprotic cryosolvents.
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3.2.2. Observed Functional Diversity of Silicon Chemistry

The functional diversity of silicon chemistry is demonstrated by the wide range of compounds
that have been created in the lab, and by their very varied chemical properties, including even some
biological uses. We can only provide a brief overview of the diversity of molecules containing silicon
(either as a scaffolding element or as a major heteroatom) that are available to silicon chemistry. Such an
overview will serve as an illustration of a proof of principle for the chemical diversity of synthetic
organosilicon molecules. We discuss several such examples below.

Silanes (silicon analogues of hydrocarbons), both branched and unbranched [15], and diverse
cyclosilanes (e.g., cyclohexasilane) are commonly known silicon analogues of hydrocarbons [36].
Polymeric siloxenes (cyclosilane rings with attached -OH groups) have no direct carbon analogue,
but are reminiscent of functionalized graphenes [37]. The linked siloxene ring structures have structural
and electronic similarities to the porphyrin units of heme and chlorophyll [37] (see Appendix C for
the discussion of hypothetical, analogous solutions of silicon to the common biological functions).
Many complex cage systems, composed of multiple connected ringed systems, are also known.
One example is silsesquioxanes, containing Si-O-bond-rich “core” structures that can be modified with
other groups that allow for a precise spatial orientation of the entire molecule, therefore opening the
possibility for the complex regulation of the chemical accessibility of the core structure [38—41].

Mere structural diversity in general is insufficient to support a biochemistry (Section 3.2.1).
The chemistry of life must support chemical functional diversity as well. Silicon provides the basis for
diverse chemical function when combined with other atoms (other than carbon). Several examples
include Si-S-bond-containing silicon analogues of thiols (thiosilanes) [42—-44] and Si-N-bond-containing
a-sila-amino acids [45]. Dynamic, highly polarized silicon systems, where rapid, reversible chemistry
occurs, are also known [46]. Silicon can also provide electron conduction down an Si-Si silane
chain [47,48].

Diverse silicon chemicals that have organic carbon scaffolds around the silicon atom (i.e., where
silicon is acting as a heteroatom, not a scaffold element) are also known, although many react very
rapidly with water. Examples of such chemicals include zwitterionic silicon compounds [49]; a range
of organosilicon molecules with negatively charged silicon centers [50-52]; positively charged silicium
(tricoordinate silicon [53]); and pentacoordinate silicons [54,55], some of which have silicon bonded
to five different atoms at once [23], that can have useful catalytic properties in carbon—carbon bond
formation [56].

Silicon can form stable structures inaccessible to carbon, such as stable gem diols, which have
been shown to both be stable in water and to be pharmacologically promising [57] (see also Section 4.1).
Silyl fluorides have also shown specific biological effects [58], as have other, more exotic, molecules
like hexa-coordinate silicon (10) [59].

When silicon is incorporated into an organic compound, the chemical and physical differences
contributed by the silyl group can provide such compounds with unique chemical properties, which can
lead to subtle biological function different from carbon. These new unique properties lead to useful
pharmacological and medicinal applications of organosilicon molecules and open new avenues
for unique specific interactions between organosilicon molecules and biological macromolecules.
Good examples of such new biologically and pharmacologically relevant properties were shown for
sila-venlafaxine (9), where the introduction of silicon into the ring structure provides a conformation
that is not accessible with the corresponding carbon analogue [58].

One of the persistent myths about silicon chemistry is that it is “monotonous”, and this is in
part because many of the key analogous functional groups in carbon-based biochemistry cannot exist
in silicon chemistry. Thus, despite decades of effort, no-one has succeeded in making a compound
with a -H and an -OH group attached to the same silicon atom (Reinhold Tacke, per comm). Thus,
direct silicon analogues of primary alcohols or sugars are impossible. Similarly, silicon doubly bonded
to oxygen is not stable under Earth surface conditions even in the absence of water or molecular
oxygen, so silicon analogues of aldehydes, ketones and carboxylic acids are impossible. However, this
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is not the point at issue. The question is whether silicon can provide diverse function, and, as we
argue on the examples presented above, it can. Silicon does so, however, through different chemistry
than carbon. We discuss the capability of silicon for complex, diverse chemical functionality (on the
example of polymer chemistry) next.

3.2.3. Observed Structural Diversity of Complex Silicon Polymer Chemistry

As a subset of observed silicon chemical diversity, we turn to silicon polymer chemistry. Functional
chemical diversity provided by silicon is only useful to life if silicon can form polymers. Virtually
every biological process uses polymers. While the specific long polymers used by life on Earth, like
proteins, DNA or RNA, do not have to be universal for all life, it is likely that the utilization of
some form of polymers is one of the required general characteristics of all life, no matter its chemical
composition [2,13,27]. It is therefore prudent to ask if silicon can provide sufficient chemical diversity,
beyond small molecules, as a building block of complex polymers for biochemistry.

The capability of silicon polymer chemistry to form sufficiently diverse molecules to support
complex biochemistry is often called into question. Silicon chemistry is often called “monotonous” in
comparison to possible carbon equivalents [60]. The myth of the chemical monotony of organo-silicon
polymers and small molecules likely stems from the comparison of the enormous diversity of
carbon-based molecules produced by life on Earth with the known organo-silicon polymers used in
industry. Clearly, most industrial organo-silicon polymers are monotonous, but so are most industrial
carbon polymers, especially those that are not inspired by natural products. Chemical monotony is
often required by the intended function of the industrial polymer. Chemical monotony is especially
prevalent in plastics, but it is not an inherent feature of organosilicon chemistry. There is no inherent
chemical reason why diverse high-molecular-weight silanes or siloxanes could not have a highly
diverse and highly structured set of side chains.

In fact, the modern copolymer industry has many examples of very diverse organosilicon polymers,
containing many different silicon-bearing monomers in single- or cross-linked polymeric chains [61-64].
(Many industrial polymeric structures are produced on a very large scale, e.g., popular silicones are
produced in an impressive amount of two million metric tonnes per year [65])). Silicon is known to form
stable polysilane polymers with an -Si-Si- scaffolding, containing as many as 500 consecutive Si-Si
bonds [66]. Shorter chiral oligosilanes, with up to 26 consecutive Si-5i bonds, were also synthetized [2].
Such oligosilanes are capable of supporting many different side-chain groups of variable chemical
functionality, including carboxylic acid groups (1) that are soluble in water and can self-aggregate
into amphiphilic vesicles and micelle like structures or alkyl side chains that are soluble in non-polar
solvents (2) [2]. Note that carbon often plays the role of a heteroatom in polymers that are scaffolded
by silicon.

There is, therefore, little doubt that the true chemical diversity of silicon-bearing polymers is
sufficient to build a complex scaffolding of biochemicals, analogous in their biological functionality to
proteins, nucleic acids or carbohydrates in Earth’s biochemistry.

The capability of a scaffolding element to build diverse molecules, especially polymeric structures,
is likely one of the universal requirements for life, no matter its underlying chemical composition.
Silicon clearly meets that requirement. Furthermore, silicon chemistry can also lead to the formation of
molecular barriers necessary to achieve compartmentalization, another likely universal requirement
for life. For example, formation of complex macromolecular assemblies that can potentially serve as
molecular barriers akin to lipid bilayers in Earth’s carbon biochemistry is also known. Examples of
such large flexible systems include sheets, tubes, strings and many other shapes that can be formed by
various derivatives of silane polyols [67-69]. Even on Earth, life recognizes a unique advantage of
silicon as a useful structural element (see Appendix A).

The substitution of Si for C in the context of the Si-C bond has been successfully demonstrated
for a series of pharmaceutically and biologically important compounds, including amino acids (e.g.,
(3-6)) [70]. In some cases, the silicon-containing group is incorporated as a side chain substituent, in



Life 2020, 10, 84 12 of 47

peptide-like backbone-containing molecules (e.g., in silanediols). Only very recently, the silicon atom
been incorporated at the central o-position of an amino acid (7, 8) in a peptide chain forming short
silicon-based peptides such as (7) [45]. Synthesis of «-sila-peptides (7) further exemplifies the potential
for silicon as a heteroatom in the context of aqueous biochemistry (see Section 4.1).

We conclude that silicon chemistry can provide equivalent diversity of function to carbon chemistry,
both from the point of view of theoretical as well as synthetic functional chemical space.
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3.3. Thermodynamic Aspects of Formation of Silicon Compounds

We now address the thermodynamics of formation of silicon chemicals, providing a new
analysis of energies of formation of silicon chemicals (see Appendix E.2 and Table 2). While
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thermodynamics is never an absolute barrier to life, chemicals that are energetically costly to make might
be underrepresented in metabolism if less energetically costly functional equivalents are available.

In this section, we discuss whether there is a thermodynamic barrier to the formation of a diverse
space of silicon-containing molecules and explore if basic thermodynamics could be the reason for the
improbability of silicon-based biochemistry.

All compounds containing silicon bonded to atoms of similar electronegativity (Si, P) require
substantially more energy to make than equivalent carbon compounds (Table 2). However,
silicon bonded to atoms of greater electronegativity (including C) is relatively more thermodynamically
favorable (negative AG of formation from SiO,) (Table 2). Note that SiF; is actually more
thermodynamically stable than CF,. This observation is consistent with the fact that silicon tetrafluoride
is stable and produced as a trace gas by volcanoes on Earth [71].

Table 2. Energy of formation of silicon-containing compounds. The energies of formation of
Si-containing compounds are generally much higher, and therefore less favorable, than their
carbon counterparts. Thermodynamic values were collected from the literature [72,73], including
NIST-JANAFF thermochemical tables [74] and calculated by the GAMESS model for entropy (v1.0)
[75-77]. All calculations are done for molecules in their standard state. XO, corresponds to carbon- or
silicon-containing substrates, carbon dioxide and silica, respectively (see Appendix E.2 for details on
the modeled chemical reactions).

AG Formation from XO,, H,O,

AG° Formation Na, HCI, HE, H3PO, + H,

Silicon Compound  Carbon Analogue kJ/mol (298 K) (Standard State)

Silicon Carbon Silicon Carbon
Ssii;ﬁe Mg;i“e 57.2 5112 43417 ~141.62
Dgzlgf;e Eé};;;‘ée 127.07  -3225 83099 -213.23
Tf;fslgzle Pg’fg;‘e 185.18 —23.84 1316.06 ~295.32
Tetrarsr;((e:trlilits)ilane Neg};eHnl’;ane _96.13 9235 —81.14 —474.8
Tr:gﬁf)‘;’éig?lwl (Tér}thb)‘;éa&o{l —37264  —175.46 ~28.81 ~299.08
Chgf}?:gfne Chloéo}f[‘;ectlha“e 116104 5988 ~356.08 ~55.15
Hexacl;li(:lglt:isilane Hexacchzlgli:thane —970.08 _5761 355.16 332.73
Silicon t;:itll;zﬂuoride Carbon tétFrjﬂuoride _1572.71 _888.51 _444.42 22767
Silyl{;l;;):llzhane Methyé};}ll;);phane 2276 ~8.29 604.18 94.68

Our thermodynamic calculations show that the energies of formation of Si-containing compounds
are generally much higher, and therefore less favorable, than their carbon counterparts (Table 2). Such a
high thermodynamic cost of the synthesis of silicon compounds could contribute to the scarcity of
silicon in biochemistry; it is not, however, an absolute limitation.

4. Potential for Silicon Biochemistry in Different Solvents

A solvent provides the immediate chemical environment for life. In this section, we discuss the
general requirements for Si biochemistry through the lens of the solvent, by assessing the degree
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to which several of the cosmically abundant liquids can support complex silicon chemistry. In this
paper, we focus on the examples of the most plausible and cosmically abundant solvents; we note,
however, that some speculations have suggested the possibility of liquid rock as a solvent for life [6,78].
Feinberg and Shapiro postulate a planet “Thermia” with a surface temperature above the melting
point of rock and silicate-based life “swimming” in it [78]. Although such a liquid would be composed
of silicates, it is not a plausible host for silicon-using biochemistry. Covalent bonds in silicate rocks
are Si—O bonds, the strongest bonds silicon forms (Table 1). All the covalent bonds in solid rock are
mobilized on melting, becoming no more stable than the hydrogen bonds in liquid water. Of necessity,
no complex silicon-based compounds could be stable in an environment where the silicon—oxygen
bonds are being broken on a millisecond timescale by heat (although we note that planet Corot-7b
could be a real-Universe model for Feinberg’s and Shapiro’s planet “Thermia” [79]).

Throughout, when we discuss the abundance or rarity of silicon in biochemicals, we refer to
the number of chemical structures containing silicon, not the total mass of silicon compounds in
the biosphere.

4.1. Silicon Biochemistry in Water

Only a tiny fraction of the theoretical chemical space of silicon chemistry can be stable in water
(Section 3.2.1). In fact, some of the commonly held views about the low diversity of silicon chemistry
come directly from the instability of silicon chemistry in water. Silicon chemistry in water also requires
substantially more energy to access than equivalent carbon chemistry (Section 3.3). For all of the above
reasons, we argue in this subsection that silicon is unlikely to be a scaffold element or a common
heteroatom element in water. Silicon may be a rare heteroatom, found in a small number of chemicals
where the stability and/or thermodynamic barriers are sufficiently minor.

The observation that the biochemistry of silicon in terrestrial organisms is extremely chemically
limited is consistent with the limitations of silicon chemistry in water. All biological silicon-containing
structures are derivatives of only one molecule (silicic acid, H4SiO4) (11) and its dehydration product,
silica. In all of Earth’s life, the silicon atom is bonded exclusively to oxygen, forming a Si-O single bond.
No naturally occurring lifeforms synthesize bonds between silicon and any other atom (see Appendix A
for a detailed overview of silicon biochemistry in life on Earth).

OH
HO——Si——OH

OH
silicic acid
1

We now turn to discuss two scenarios in which Si chemistry can potentially be used in
water-rich environments.

Silicon cannot be used as scaffold or major heteroatom element in water

Biochemistry based purely on Si-Si scaffolding is almost certainly impossible in water. Many
Si-Si compounds hydrolyze almost instantaneously in water. The hydrolytic instability of the majority
of silicon compounds is likely an unavoidable barrier to exclusive Si-Si scaffolding of life in aqueous
environments [60] (Figure 3). Similarly, silicon as a major scaffold bonded to H, N, S or P atoms is
implausible for its hydrolytic instability.

It is, however, possible to envision a scenario in which both carbon and silicon together play a role
in scaffolding of biochemistry. The possible scaffolding scenarios for such Si-C “hybrid biochemistry”
could include silanolate -5i-O-C- functional groups (not unlike the proposed cross-links in plant
cell wall or vertebrate extracellular matrix, see Appendix A), although these are also hydrolytically
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labile. A hybrid backbone could also be built of silicon—carbon single bonds. The silicon—carbon single
bond is a strong, water- and other-solvent-stable covalent bond that in principle could be utilized
in biochemistry as a scaffolding bond (Table 1). Such use of silicon would be analogous to the role
nitrogen plays in the backbone of proteins, or that phosphorus and oxygen play in the backbone of
nucleic acids. However, including silicon as a major scaffolding element would have to give a very
significant evolutionary advantage that would offset the tremendous energetic cost of mobilizing large
amounts of Si.

In a water-rich environment, on a typical rocky planet where the C/O ratio is heavily skewed
towards O, the main form of silicon will be sequestered in highly unreactive and insoluble silica-rich
rocks (see Appendix B for the discussion of rare exceptions from this rule). The excess cosmic abundance
of elemental oxygen, as compared to other elements that silicon could be stably bonded with, ensures
that the great majority of the available silicon is almost exclusively bonded to oxygen. Similarly, a very
high affinity of oxygen to silicon makes it unlikely that bonds between silicon and other elements (like
Si-Si or Si-C) would be anything but a rare oddity in environments where oxygen is plentiful. It is,
therefore, very likely that silicon chemistry on the planetary bodies in the Galaxy is dominated by the
chemistry of silicon and oxygen in the silica rocks.

Utilization of silicon for building a rich and chemically diverse biochemistry in water necessities
prior breaking of the Si-O bond, a feat that, as of yet, life on Earth appears to be incapable of doing.
The incredible stability and strength of the Si—-O bond makes hybrid Si—C scaffolding using Si as a
major heteroatom element, tremendously energetically costly and therefore very unlikely. It does
not mean, however, that such Si—C scaffolds for complex biochemistry are completely impossible.
In environments on planets which have C/O ratios favoring C over O, or with much less overall O
content (the hypothetical carbon planets [80]), the main building blocks for Si—C hybrid biochemistry
might be more readily available (see Appendix D). It is important to stress, however, that such
environments might be very rare.

Silicon can be used as a rare heteroatom element in water

We now present several examples of how Si could in principle be used as a rare heteroatom in
water-rich terrestrial biochemistry.

The fact that life on Earth does not use silicon in any other capacity than silicic acid and silica
is not in itself an evidence for an inherent limitation of life’s biochemical machinery. For example,
life cannot make Si-Cl bonds in water. Similarly, Si-H bonds hydrolyze to Si-OH in a matter of a
few hours under mammalian physiological conditions (e.g., [81]). But Si-C bonds that are stable in
water could in principle be used by life (Section 3.1). No natural enzyme system can break Si-O
bonds and synthesize Si-C bonds. Naturally occurring terrestrial enzymes process silicon-containing
drugs and synthetic molecules via the carbon moieties, with silicon-containing functional groups
left intact or readily hydrolyzed [58,82]. However, the possibility for silicon’s incorporation as a
rare heteroatom in organic molecules by water-based life appears much more likely than previously
thought, thanks to a series of elegant experiments in directed evolution by Frances Arnold’s laboratory.
The experiments suggest that, at least in some capacity, life is capable of evolving means to create
Si—C bonds previously not known to biology [83,84]. A chiral Si—C bond formation is catalyzed by an
artificially evolved variant of Rhodothermus marinus cytochrome c. However, the formation of the S5i-C
bond happens in contrived conditions, in a thermodynamically favorable conversion of the Si-H bond
in phenyldimethylsilane substrate to an additional fourth Si-C bond (Figure 5). Such experiments
show that terrestrial biochemistry could generate Si—-C bonds, but not how it could reduce silica to a
silane as the feedstock for such a reaction.
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Figure 5. Formation of chiral Si-C bond catalyzed by a laboratory-evolved variant of Rhodothermus
marinus cytochrome c [83,84].

The concept that terrestrial life could use silicon bonded to carbon as a rare heteroatom is
supported by the example of boron in biochemistry. Boron (B) is present in Earth’s crust as borate,
which, like silicate, requires substantial energy to reduce. Boron, like silicon, is used widely by life as
an oxyacid. Compounds containing B-C and B-N bonds, like silicon compounds, are known to organic
chemists and utilized in pharmacology, so there is clear evidence that organoboron compounds have
useful biological functions [85-87]. However, unlike the case of silicon, there is a reported example of
boron as a heteroatom in a natural compound containing a B-C bond (12) [88], suggesting that there is
an evolutionary benefit to breaking the difficult B-O bond for inclusion of boron in biochemicals.

OH

5

OH

phenylboronic acid
12

The example of a phenylboronic acid (12), a natural B-C-bond-containing compound isolated
from cranberry fruit (Vaccinium sp.), shows that life is capable of overcoming the very high energetic
cost of breaking and chemical transformation of the very stable B-O bonds if there is a useful function
for such chemistry that cannot be achieved through other means (it is not known what that advantage
is). It is very much possible that, similarly to organoboron, some small number of organosilicon natural
products with silicon heteroatoms await discovery. Therefore, looking for analogous natural products
containing a Si—C bond is not without merit, especially since, as we discuss below, organosilicon
chemicals could provide life with a unique and useful biological function. Such an evolutionary
advantage might be enough to offset the energetic costs of breaking the very stable Si-O bonds.

What might that selective advantage be? Clearly, it must derive from the unique chemistry of
silicon, and one such chemistry is the unique chemical functionality of silanols, silanediols and silatriols
(13, 14, 15).

R R R

R—Si—R HO——Si—R HO——Si—OH

OH OH OH
silanol silanediol silanetriol
13 14 15

R = alkyl- or aryl group
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Silanols, silanediols, and silatriols (13, 14, 15) are silicon-containing analogues of alcohols that are
characterized by unusual solubility properties, often being similarly soluble both in water and other
solvents, like hexane [89-92]. Such solubility behavior is likely the result of the formation of strong
hydrogen-bonded molecular complexes in solution [69,93,94]. Such enhanced hydrogen-bonding
abilities and increased acidity of silanols, relative to carbon analogues, have potentially useful biological
applications that their carbon analogues cannot provide (Figure 6). For example, silanediols are present
almost exclusively as the geminal diol tautomer over silanone (i.e., Si=O). Silanediols mimic the geminal
diol form of carbonyl as a transition state analogue in the catalytic cycle of proteases; they are therefore
considered potent protease inhibitors [57,95-99]. This characteristic of silicon organic chemistry could
be potentially explored for a useful biological function by water-based terrestrial life.

(a)
OH
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D
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carbon geminal diol acetone
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Figure 6. Different bonding preferences between carbon and silicon. (a) Silanones (double-bonded
Si=0 functional groups), are not favored as compared to geminal silicon diols, which, in contrast to
carbon germinal diols, are stable. (b) Geminal silicon diols mimic the unstable hydrated carbonyl.
Silanediol analogues do not have stable carbon analogues and have potent biological functions, e.g., as
protease inhibitors, which could be utilized by water-based life. Figure modified from [99].

In conclusion, the usage of Si in the capacity of a rare heteroatom for water-based biochemistry
can, in principle, provide life with unique biological functionality of silicon chemistry that cannot
be provided by other heteroatoms. In theory, this advantage might counterbalance the significant
energetic expense to an organism to mobilize silicon from inorganic silica. The water stability of Si-C
and Si-O bonds makes them potentially attractive as carriers of useful biological functions and opens
up the possibility for specialized utilization of Si as a rare heteroatom.
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4.2. Silicon Biochemistry in Non-Aqueous Acid/Base Solvents

A number of protic solvents have some chemical similarity to water and could in principle be
solvents for life. However, bearing chemical similarities to water, protic solvents pose challenges for
silicon biochemistry.

The principle protic solvent similar to water is ammonia. Both water and ammonia are acid/base
solvents that self-ionize to form a significant concentration of conjugate acid and conjugate base
(H3O*/OH™ in water, NH,*/NH,~ in ammonia). The conjugate acid can act as an electrophile or Lewis
acid, the conjugate base as a nucleophile or Lewis base.

Ammonia on planetary bodies is unlikely to exist as a pure solvent, for two reasons. First,
ammonia vapor is easily photolyzed to produce molecular nitrogen, a process that is effectively
irreversible outside of the deep atmospheres of giant planets. A substantial planetary ammonia
ocean could therefore only be maintained if the planet atmosphere and surface is protected from UV
radiation. Secondly, oxygen is cosmically more abundant than nitrogen, such that any environment
with condensed ammonia would also have condensed water. Because ammonia and water are fully
miscible in each other, the result would be a mixed water-ammonia ocean.

In any event, an ammonia solution is quite basic, and as a result very aggressive to silicon
chemistry. As a strongly protonating solvent, we would expect ammonolysis (an analogous process to
hydrolysis in water) to pose a serious limitation to any complex silicon chemistry in NHj solvent. As
far as we are aware, however, Si compound chemistry has not been studied in liquid ammonia.

Other protic solvents could include H,S and HCN, but they are not cosmically abundant and not
expected to be commonly present on planetary bodies.

4.3. Silicon Biochemistry in Sulfuric Acid

Sulfuric acid is considered an even more chemically aggressive solvent than water, and, as a
consequence, an implausible solvent for biochemistry. Terrestrial biochemistry is rapidly destroyed by
concentrated sulfuric acid. However, we have found, unexpectedly, that a significant fraction of silicon
chemistry is stable in the harsh conditions of concentrated H,SOy (see Section 3.2.1; (Figure 4), despite
sulfuric acid’s highly aggressive, polar, and chaotropic character. Below, we expand on the chemistry
of silicon in sulfuric acid and assess the viability of silicon biochemistry in this unforgiving solvent.

Silicon chemistry is more stable in sulfuric acid than in water

Perhaps surprisingly, a larger fraction of silicon chemical space is stable in concentrated sulfuric
acid than in water. This is because much of the instability of silicon compounds in water arises from
nucleophilic attack by OH" ions on the positive silicon atom (Section 3.2.1) and the stability of the
resulting pentacoordinate structure. In contrast, in concentrated sulfuric acid, electrophilic attack
dominates and silicon atoms, being electron-poor in almost all compounds, are not efficient targets of
electrophilic chemistry.

Such a difference in reactivity means that a range of chemical groups are stable in sulfuric acid
but relatively unstable in water. For example, trifluoralkyl groups (alkyl-SiF3) are almost instantly
hydrolyzed in water, whereas they are stable in concentrated sulfuric acid [100]. Chlorosilanes take
hours to days to hydrolyze in 100% sulfuric acid at 20 °C [101], whereas in water they hydrolyze
effectively instantly. Alkyl silanes are resistant to cleavage of the Si—-C bond under sulfuric acid
conditions that will sulfonate an aromatic group [102]. Si-Si bonds are more stable in 100% sulfuric
acid than Si—-C bonds (that are, themselves, also stable in sulfuric acid if the carbon is aliphatic, not
aromatic) [103]. Si-OH groups can be sulfated to form sulfate esters, depending on conditions [102].
Silane moieties (Si-H bonds) are stable to reaction with sulfuric acid at room temperature in some
contexts—in others, where ring strain is present (e.g., silacyclopentane), they are hydrolyzed [104].
Note that Si—-H groups are stable in pure water, but the slightest trace of alkali compounds, including
the presence of ordinary glass, catalyzes their rapid hydrolysis [25]. There is no data available on the
stability of Si-S and Si-N bonds in sulfuric acid.
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There are very few exceptions to the above, Si chemicals that are more stable in water than in
sulfuric acid. One notable example is that Si-phenyl bonds are readily broken in sulfuric acid, but not
in water [105,106]. In addition, low-molecular-weight silicones are generally more readily rearranged
into silanols or sulfate esters in sulfuric acid [107] than in water.

Possible advantages of silicon chemistry for hypothetical sulfuric-acid-based life

The fact that a larger number of silicon functional groups appear to be stable in concentrated
sulfuric acid than in water opens the possibility for hypothetical life in sulfuric acid to use silicon to a
considerable extent (Figure 4). We therefore turn to specific examples of chemical functionalities of
silicon chemistry in sulfuric acid.

The first functionality comes from the very stable hydrogen bonds that silicon compounds can
form in general. For example, Si-OH and Si-F bonds are highly polarized and would be expected
to form extremely strong hydrogen bond donors and acceptors, respectively. The silicon-hydrogen
bond strength could be valuable to overcome the chaotropic effects of sulfuric acid in forming stable
macromolecular structures. The hydrogen bond energies between Si—F and H-X are not known, but the
energy of the similar, very stable, H-F:H-OH dimer hydrogen bond is ~45 kJ/mol, compared to the
HO-H:H-OH dimer of 21 kJ/mol [108]. With silicon being slightly more electropositive than hydrogen,
H-bonds involving Si-F are expected to be even more stable than H-F ones.

Silanes (silicon molecules containing Si-Si bonds) can exclusively provide another potentially
useful biological functionality for hypothetical sulfuric-acid-based life. The Si-Si chains, many of which
are known to be stable in concentrated sulfuric acid, have a degree of o orbital overlap that allows
electron conduction down the scaffold of the molecule [47]. Such electron conduction is analogous to
conjugated alkene systems in Earth life’s biochemistry. Conjugated alkenes such as isoprene are very
rapidly attacked in concentrated H,SO,4 [109,110], and so, in principle, long-chain silanes in sulfuric
acid could substitute for biochemical functions carried out by conjugated dienes in terrestrial chemistry.

We also note that some silicon-containing polymers are highly resistant to sulfuric acid (e.g.,
polymers where silicon and carbon atoms alternate in the backbone, rather than the silicon—oxygen
alternation of silicones, are stable to 98% HySO,4 at 90 °C [111]. Such unique silicon chemistry might
also provide necessary biological functionality that is otherwise difficult to attain in sulfuric acid
through exclusively carbon-based chemistry.

We emphasize that these examples of potential biological uses of silicon chemistry are speculations,
not predictions. We use them here solely to illustrate that silicon has specific, potential advantages as a
heteroatom for compounds in a sulfuric acid solvent—advantages that either do not apply, or apply
less, in water. Adding silicon to the repertoire of structures stable in sulfuric acid has a greater positive
impact on the available structural and functional chemical diversity than in water (Section 3.2.1 and
Figure 4). This greater scope of stable silicon functional groups could result in greater evolutionary
advantage for sulfuric-acid-based life (as compared to Earth’s water-based life) to use silicon chemistry.
Not only is the size of available silicon chemical space in sulfuric acid greater than that in water, but the
overrepresentation of stable silicon functional groups could offset the smaller number of carbon-based
functional groups that are stable in the aggressive conditions of concentrated sulfuric acid.

Therefore, the evolutionary pressure for any sulfuric-acid-based life to explore silicon does not
come solely from the advantages of the larger scope of available silicon chemistry but also from the
potential necessity to explore silicon chemical space in sulfuric acid to perform biological functions.

Planetary environments with sulfuric acid

Sulfuric acid has been suggested to be an abundant solvent on the surface of planets [21]. However,
unlike other speculated high-temperature solvents such as HCN and NHj3, there is a precedent in the
Solar System for the planetary-scale existence of liquid with concentrated sulfuric acid, and that is the
Venusian clouds.
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Venus has a temperate cloud layer (a region spanning from 48 to 60 km altitude with temperatures
<100 °C and pressures < 2 bar) believed to be composed of liquid sulfuric acid droplets. A permanent
Venusian aerial biosphere has been a topic of scientific speculation for many decades (see, e.g., [112-114]).
It is unknown what biochemistry could exist in such a highly reactive and aggressive protic solvent as
sulfuric acid, but, as our discussion above indicates, a biochemistry that makes wider use of silicon is
a possibility.

4.4. Silicon Biochemistry in Cold Aprotic Solvents

Silicon chemistry—really, any chemistry—is much more stable in aprotic solvents than in protic
solvents. Aprotic solvents are non-ionizing solvents, which, unlike protic solvents (like water or
ammonia), do not contain labile H*. In planetary terms, common aprotic solvents such as methane,
ethane and nitrogen, that only form liquid phases at very low temperatures, are commonly called
cryosolvents. Here, we use the term cryosolvent (short for cryogenic solvent, a solvent that is liquid at
temperatures below —100 °C) for cold aprotic solvents.

Planetary environments with cryosolvents

Surface seas of aprotic cryosolvents might be a common occurrence on planets. In fact, aprotic
cryosolvents like methane, ethane (C;Hg) or liquid nitrogen may be the most abundant liquids on
planetary surfaces, based on an exhaustive analysis of the propensity of stable surface oceans composed
of liquids different than water [21]. Nj itself is a very common chemical on the cosmic scale, with
abundances rivalling that of water.

Surface non-protonating solvents like liquid nitrogen (N;) oceans could be especially common on
planets (or moons) orbiting M-dwarf stars [21]. The very low melting (-210 °C) and boiling points
(=196 °C) of N, necessitate that planets and moons hosting liquid N, oceans have to receive far
less incident stellar energy than planets hosting water oceans. The corresponding large planet-star
separation (e.g., >1 a.u. for an M5 star [21] could mitigate the detrimental effects of high stellar activity
of M-dwarf stars—planets orbiting close to the stars may be subjected to the catastrophic loss of an
atmosphere from stellar flares. Such advantages could result in stable, “clement” conditions that could
potentially allow for liquid N; oceans to persist on a planetary surface for billions of years despite
the relatively narrow temperature range for liquid N; (=210 °C to =196 °C, at 1 bar). Such conditions
could also exist in our own Solar System, on Neptune’s moon Triton, which orbits in an “N, habitable
zone” [115].

The low temperatures of aprotic cryosolvent seas pose at least two serious limitations as solvents
for life (regardless of if such life is silicon- or alternative-carbon-based). The first problem is the low
rate of any chemistry at such low temperatures. The second problem stems from the low solubility of
molecules at cryogenic temperatures. Of those two limitations, the first, i.e., slow rates of chemical
reactions, is easier to overcome.

Low chemical reactivity in cryosolvents

Slow reaction rates could be prohibitive for the formation of, or reactivity between, complex
molecules. Chemical reactions occurring in cryosolvents would proceed very slowly, much more
slowly than in Earth’s surface environment. The speed of chemical reactions generally drops by a factor
of 2-3 for every 10 °C temperature decrease [116]. This drop of chemical reaction rate, however, is not
an absolute limitation; it could actually be an advantage specific to silicon chemistry. The key factor
in the formation of complex chemicals at any temperature is the selection of chemical reactions that
are specifically tailored to a given temperature range [3]. Many silicon chemicals that are too reactive
at Earth surface temperatures may have chemical reactivities “just right” at the temperature ranges
of cryosolvents (including very low temperatures of liquid Nj). (Silicon can do very fast chemical
reactions at extremely low temperatures of liquid O,, as exemplified by experiments on the reactivity
of amorphous silicon and oxygen [117].)
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Specifically, two features of silicon chemistry support the notion that the reactivity of complex
silicon chemistry could be uniquely suited for cryosolvent temperatures.

First, the increased reactivity of silicon—a disadvantage in water—could be an advantage in
cryosolvents. Silicon is more electropositive than carbon, most Si bonds with non-metals are more
polarized than the equivalent C bonds. As a result, such bonds are more liable to electrophilic and
nucleophilic attack (see Section 3), allowing chemistry using weaker nucleophiles or electrophiles.
Such reactivity is predominant in solvents like water (and ammonia). Such differences in reactivity are
important because strong nucleophiles or electrophiles are themselves likely to be polarized and hence
insoluble in cryosolvents (see below for further discussion on solubility). Additionally, common Si-X
bonds are generally weaker than equivalent C—X bonds, and, as such, require less thermal energy to
break for any given reaction mechanism. Again, weaker bonds might be considered an advantage over
“classical” carbon chemistry in very-low-temperature environments.

The inherently greater reactivity of organosilicon-based chemicals could also be an advantage
through enabling greater control and regulation of silicon-based biochemical processes. For example,
chemical reactions involved in the formation and breakage of hydrogen bonds are much slower
at cryotemperatures, which could allow for complex regulation of their formation by catalysts [4].
The much stronger nature of hydrogen bonds in cryosolvents could stabilize molecules to a much
greater degree than in liquid water at Earth’s surface temperatures. While, sometimes, such stabilization
effects might be viewed as a detriment (e.g., much stronger Si-OH H bonding), they could be beneficial
for easy catalytic control of reactivity and stabilization of the genetic polymer molecules of hypothetical
silicon-based life forms.

Secondly, in non-polar cryosolvents, many silicon-bearing functional groups that are completely
unstable in water (including exotic unsaturated silanes) are stable and could in principle be utilized
for useful biological function. Such higher structural and functional diversity of silicon chemistry
in cryosolvents could make utilization of silicon chemistry much more attractive for life and could
potentially offset the high energy requirements needed for cleavage of the Si-O bond and the
mobilization of silicon from silica rocks. For example, functional groups containing multiple bonds
between silicon atoms (e.g., Si=Si, Si=C, and Si#Si) are well known (see Appendix C, for detailed
discussion of this unusual silicon chemistry), but so far are only known to be stable in sterically
constrained compounds (i.e., compounds where the other silicon valences are occupied by very
bulky groups) and in the absence of water, ammonia and a range of other groups, like carbonyls and
alkynes [118,119]. In colder environments, such systems, though still reactive, are stable enough that
their reactivity is much easier to regulate and control and, hence, much more useful.

Thus, the generally lower reactivity of chemicals at cryogenic temperatures is likely not a major
barrier for silicon chemistry in cryosolvents.

Low solubility of chemicals in cryosolvents

The second, much more serious barrier for the possibility of complex organic chemistry of any
kind in cryosolvents is the very low solubility of molecules (especially large complex polymers) under
low-temperature conditions. The low solubility of molecules likely means that no cryosolvents are
suitable for life. (There does not appear to be a solubility barrier in warmer solvents like water or
sulfuric acid.)

Cryosolvents can in principle dissolve non-polar solutes. The solubility of non-polar molecules
that do not form strong hydrogen bonds depends on their molecular weight as well as weak electrostatic
interactions. However, due to the very low temperatures, even small non-polar molecules such as
butane have very low solubility in liquid methane or liquid nitrogen. Polar molecules such as water,
which form strong hydrogen bonds, are effectively completely insoluble in cryosolvents (e.g., [120]).

To assess the degree of the solubility limitation on the possibility of silicon biochemistry we
estimate the solubility of silicon molecules at cryogenic temperatures. For our calculations, we use the
example of liquid nitrogen (N;). We find that even the simplest silicon compounds have very low
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solubility in liquid nitrogen, confirming that the low solubility is likely the main limitation for life at
cryogenic temperatures (Figure 7). We discuss the details of our calculations below.

We estimate the solubility of the silicon compounds listed in Table 2 in liquid nitrogen at —196 °C
(its boiling point at 1 bar), using the modified linear free-energy relationship method of Abraham [121]
(see Appendix E.3 for more details).
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Figure 7. Solubility of compounds vs. molecular weight in liquid nitrogen. Y axis: solubility in mole
fraction plotted on log scale. X axis: molecular weight in daltons (Da). Black circles: solubility of
measured reference compounds. Red circles: modeled solubility of molecules in Table 2. The results are
an “order-of-magnitude” indication of solubility, not a quantitative prediction. In all cases (measured
and modeled), the solubility of molecules in liquid N is very low and decreases gradually with
increasing molecular weight. Solubility data for the reference compounds: [120,122-142].

Our results illustrate that even the simplest silicon compounds—SiH, and Si,Hg—are expected to
only have parts-per-thousand solubility in liquid nitrogen, and more complex molecules of complexity
equivalent to amino acid glycine will have sub-parts-per-million solubility. The exception is silicon
tetrafluoride, which is estimated to be anomalously soluble. For context, of the few thousand chemicals
in Earth’s life core metabolism [143], probably only a dozen or so are soluble in liquid N, at >ppm
level; none of these have an —-OH group or a molecular weight over 100. For comparison, the solubility
of biochemicals in water is much higher, with solubilities reaching molar concentrations. Sugars alone,
with the general formula CH,O, and any number of carbons from 3 (trioses such as glyceraldehyde)
through 6 (hexoses such as glucose) up to 9 (such as sialic acid) are all soluble in water at molar
concentrations, and can build thousands of possible water-soluble structures.

Life requires a diverse set of chemicals and a solvent, as summarized at the start of this paper.
If a solvent cannot, even in principle, dissolve a diverse set of chemicals, then that solvent cannot
support life.

We conclude that, despite the favorable conditions for stability and reactivity, the solubility barrier
is detrimental for Si and any other chemistry in cryosolvents.
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We summarize the interconnected nature of solubility and chemical stability in Figure 8. Water
does indeed occupy an optimal position in this diagram, balancing reactivity with solubility.
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Figure 8. Schematic representation of the viability of different solvents for complex biochemistry, as a
function of chemical reactivity. Y axis: Temperature in °C. X axis: Qualitative estimation of chemical
reactivity of a solvent. The height of each bar represents the temperature range of a liquid phase of a
solvent (at 1 bar).

5. Synthesis and Conclusions

We have reviewed silicon chemistry in comparison to carbon chemistry and highlighted key
points related to the possibility of Si as a building block of life.

e  Silicon and carbon are “false twins”. Their similarities are superficial and insufficient to mitigate
their crucial differences. Chemistry that is stable and normal for carbon is unstable and exotic for
silicon, and, similarly, chemistry that is unstable and impossible for carbon is stable and routine
for silicon. Silicon’s distinct chemical characteristics and reactivity make it a challenging choice
for life (Section 3.1).

e Silicon-based life that uses Si exclusively as a scaffold element is often portrayed in science
fiction. An iconic example of a fictional silicon-based life form is Horta from the twenty-fifth
episode—"The Devil in the Dark”—of the first season of the popular science fiction television
series Star Trek TOS, itself possibly based on the “Siliconey” in Asimov’s short story “The Talking
Stone” (1955). However, silicon-based life that uses Si exclusively as a scaffold element is almost
certainly impossible.

— Despite the potentially rich chemistry of silicon, direct substitution of C for Si in organic
molecules is often impossible (Section 3.1; Section 3.2).

— Formation of many biologically crucial functional groups is much less favorable for silicon
than for their carbon counterparts (e.g., unsaturated silicon structures are generally only
stable at cryogenic temperatures, if at all) (Section 3.2.1).

— Due to the very high affinity of silicon to oxygen the most common stable polymers of silicon
are built from a meshwork of Si-O chains instead of linear Si-Si silane polymers (Section 3.1).

— The excess cosmic abundance of elemental oxygen ensures that the great majority of the
available silicon is almost exclusively, and stably, bonded to oxygen (in the form of unreactive
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silica). Therefore, while “carbon chemistry is the chemistry of life, silicon chemistry is the
chemistry of rocks” (Section 4.1). The substantial energy needed to turn rocks into life,
compared to that needed to turn CO; into life, argues against silicon.

e The vast potential theoretical space of silicon chemistry is almost entirely unstable in water,
and hence not available to a biochemistry based on water as a solvent (Section 3.2.1; Section 4.1).

e  Earth’s life silicon biochemistry is extremely chemically limited. In all of Earth’s life, the silicon
atom is bonded exclusively to oxygen, forming a Si—O single bond. No naturally occurring life
forms synthesize bonds between silicon and any other atom (Section 4.1).

e  The usage of Si in the capacity of a rare heteroatom for water-based biochemistry can, in principle,
be possible. The water stability of Si—C and Si—O bonds makes silicon attractive as a carrier of
specialized biological functions. We postulate that some small number of organosilicon natural
products with rare silicon heteroatoms await discovery (Section 4.1).

e  The energies of formation of Si-containing compounds are generally much higher, and, therefore,
less favorable, than their carbon counterparts. The thermodynamics puts additional, although not
absolute, constraints on the potential of silicon-based life (Section 3.3).

e Any sort of biochemistry is implausible in cryogenic solvents, because of solubility limits
(Section 4.4).

e  Going forward, we should think about silicon as a contributor to biochemistry (as a common

heteroatom in sulfuric acid and a rare heteroatom in water solvent) rather than a main building
block of life.

During our review, we have synthesized one new key finding.

e Alarger fraction of the silicon chemical space is stable in concentrated sulfuric acid than in water.
Such greater diversity of possible stable silicon molecules could be exploited by hypothetical
sulfuric-acid-based life (e.g., a hypothetical, strictly aerial biosphere living in the sulfuric acid
clouds of Venus). Even though carbon would still dominate, silicon could be widely used as a
heteroatom component in sulfuric acid biochemistry (Section 4.3).

Even if the most serious objections to the biological use of silicon as a heteroatom can in principle
be circumvented, the question of sufficient evolutionary pressure for the use of silicon over carbon as a
main component for life still remains.
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Appendix A. Biochemistry of Silicon in Life on Earth

Silicon has been suggested as an “accessory element” of all life on Earth, even with crucial roles in
life’s origin. One of the theories on the origin of life on Earth (OOL), called the “clay world” [144]
hypothesis, argues for the active involvement of silicates in the origin and evolution of metabolism.
The clay world hypothesis suggests that crucial OOL reactions happened on the surfaces of clay
minerals. Such reactions include, e.g., CO, and N fixation that could have led to carboxylic acids,
amino acids, sugars and nitrogenous bases, etc. In the clay world scenario, metabolism originated first
and precedes the emergence of the RNA world. We note, however, that even if silicon was crucial in
OOL, Si compounds that were involved in OOL were always simple silicates, and they only had a
facilitating role in the formation of more complex carbon-based organics. None of the proposed clay
world scenarios involve or result in the formation of organosilicon compounds.

Silicon has been found in virtually all major branches of the tree of life, including fungi and
bacteria. The role of Si in bacterial and fungal metabolism and pathogenicity might be widely
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underappreciated [145,146]. For example, several isolated early studies suggest that bacterial silicon
metabolism could be related to pathogenicity in at least several strains of bacteria (e.g., [147]). However,
the biochemical mechanisms that govern silicon metabolism in living organisms on Earth are still elusive.

The biochemistry of silicon, and silicic acid in particular, was extensively studied in three
broad groups of Eukaryotes—plants, diatoms and animals. Below, we briefly summarize the known
biochemistry of silicon in those groups of organisms, with a special focus on the chemical bonding and
interactions of the silicic acid (H4SiO4) (11), the only known source of silicon for biochemistry, with the
other components of cellular metabolism.

Appendix A.1. Silicon Biochemistry in Plants

For years, the status of Si as an essential element for plants was debatable. By the early 1980s,
the role of Si in a multitude of diverse physiological processes in plants was proven beyond doubt, and it
is now clear that Si has a central role in plant growth and development [148]. Integration of Si within
plant cell wall increases cell wall rigidity (which, in turn, boosts the overall mechanical strength of the
entire plant) [149], protects plants against excessive loss of water [150], protects from diseases [151],
and protects from stresses such as heat and drought, heavy metals and radiation [152-155].

All Si-containing structures and compounds in plants use silicic acid (H4SiO4) as a substrate
and the simplest building block [156]. Silicic acid is a weak acid (pKa 9.8) composed of a Si atom
tetrahedrally bound to four hydroxyl groups (11). Dissolved H4SiOy is absorbed by plant roots from
the soil in its uncharged form [148,157-160] with the help of specialized silicic acid transporters (e.g.,
Lsi6) [161-166]. Saturation of dissolved silicic acid occurs at a 1.67-mM concentration, above which
silicic acid undergoes rapid polymerization, which results in deposition of solid amorphous silica
(16) [167,168].

Plant amorphous silica can be deposited in any plant organ, even within or between plant cells,
as well as being an integral part of the cell wall, e.g., as phytoliths [169-172]. Once amorphous silica
deposits are formed, they are immobile and are not redistributed within the plant [173]. The composition
and localization of amorphous silica varies significantly between plant species and highly depends on
environmental conditions [174,175]).
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The chemical and molecular basis of the association of silicic acid, and amorphous silica in
general, with various organic polymers of the plant cell wall (cellulose, hemicellulose, pectins,
lignins, various phenolic compounds and proteins) is not fully understood. The most commonly
hypothesized compounds to bind silicic acid in the plant cell wall are phenol-carbohydrate and
lignin—carbohydrate complexes.

Over the years, on few separate occasions, it was suggested that, apart from phytoliths and other
amorphous silica polymers, silicic acid is bound to sugar polymers in the cell wall in the form of
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silanolate-derivative —Si—-O-C- covalent cross-links. However, the nature and even existence of the
—5i-O-C- cross-link itself also awaits more rigorous experimental confirmation [176,177]. Nevertheless,
early studies on the covalent nature of potential silanolate cross-links in the plant cell wall postulated the
involvement of polyphenol compounds. Such statements were supported by early reports suggesting
the association of Si with phenolic compounds in the root cell walls of rice (Oryza sativa), which could
lead to the formation of Si-facilitated cross-links between lignin and carbohydrates [178]. Indeed,
compounds like lignin or callose are heavily involved in the deposition of silica in a variety of plant
species (e.g., horsetail (Equisetum arvense) [177,179-181]. Recent studies focusing on the distribution
of the Si content of the cell wall in single isolated cells of Oryza sativa further confirmed a pool of
Si that is firmly bound, likely via -Si-O-C- bonds, with cell wall hemicellulose macromolecular
components [182,183]. Such —Si—-O-C- cross-links in the context of the single plant cell likely play
a structural role (maintaining of the overall shape of the cell), and provide additional stability of
the cell wall, especially during its expansion and subsequent cell division (including facilitating of
cell wall regeneration) [182,183]. We note that it is not inconceivable that the proposed covalent
—5i—O—C- cross-links (17) in the cell walls of various plants are structurally analogous (and likely, to
a certain degree, functionally analogous as well) to borate -B—-O—-C- cross-linking (18) identified in
rhamnogalacturonan II carbohydrate polymers within the primary cell wall of Arabidopsis thaliana [184].
The borate moiety forms covalent cross-links with two apiose sugar residues belonging to two separate
rhamnogalacturonan II chains. Such -B-O-C- covalent cross-links were shown to be crucial for normal
plant growth and development [184].
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Appendix A.2. Silicon Biochemistry in Diatoms

Unlike in plants, where silica is a minor, albeit important, component of the cell wall, in some
planktonic organisms it forms the bulk of the cell wall. Diatoms, in particular, make a dazzling
variety of cell wall structures almost entirely from silica. Studies on the chemistry and physiology of
silicification in various planktonic organisms (e.g., in the model organism Thalassiosira pseudonana)
are mostly focused on understanding silicic acid transport into the diatom cell, formation of silica
deposition vesicles, and identification of proteins facilitating and regulating the polymerization of
silicic acid and subsequent formation of amorphous silica deposits [185].

Several protein families (e.g., silaffins, silacidins and cingulins) facilitate and regulate the
polymerization of silicic acid in diatoms. All proteins involved in silicification in diatoms, especially
silaffins, are heavily post-translationally (PTM) modified (e.g., N-methylated, O-phosphorylated,
glycosylated, sulfated and N-polyaminated). PTM-modified silaffin peptides (15-22 amino acids long)
are the main protein components responsible for the polymerization of silicic acid to amorphous
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silica [186]. The polymerization appears to be facilitated through general electrostatic interactions
between silicic acid and free and silaffin-bound long-chain polyamines.

In contrast to the formation of amorphous silica in plants, it is not clear if carbohydrates have a
specific role in facilitation of the polymerization of silicic acid in diatoms. Callose- and mannan-rich
carbohydrates were identified in the cell walls of all studied species, and it is likely that they are
involved in some capacity in regulation of morphology of the amorphous silica deposits [185]. To date,
there are no reports on the possibility of utilization of covalent —-Si—O—-C- cross-links in the cell wall
of diatoms.

Appendix A.3. Silicon Biochemistry in Animals

Si is an essential micronutrient in animals. In vertebrates, Si is crucial for proper development of
the extracellular matrix (e.g., collagen formation) and, as a consequence, healthy bone development
and wound healing [187]. Unfortunately, apart from the very recent discovery of a mammalian efflux
H,4SiO4 transporter Slc34a2 (also known as NaPillb, a known sodium-phosphate co-transporter) [188],
virtually nothing is known on the biochemical pathways regulating vertebrate silicon metabolism, or
what the silicon is doing in tissues. Early studies suggested that silicic acid is covalently bound, in
the form of silanolate —Si—-O-C cross-links, to glycosaminoglycans (GAG) found in the extracellular
matrix of the connective tissues [189], and it is speculated that —Si—-O-C- links maintain the overall
architecture of the connective tissue in vertebrates and ensure its resilience [190-192].

Much more is known on the metabolism of silicic acid in sponges. Sponges form skeletal
structures (spicules) made of polymerized amorphous silica, with the help of the specialized cells
called sclerocytes. The process of polymerization of the precursor, silicic acid, is strictly dependent on
the protein silicatein, an enzyme that shares the classical serine, histidine, and asparagine catalytic
triad with serine proteases.

It is assumed, as it is in the case of all other amorphous silica-utilizing organisms, that silicic acid
is a direct precursor of silicatein-mediated polymerization of amorphous silica in sponges. However,
the direct precursor role of silicic acid was not proven in vitro or in vivo. On the contrary, careful
in-vitro experiments suggest that the “best” substrates for silicateins are silicon alkoxides, for example
tetraethoxysilane (19). It is postulated that, during the reaction, a transient enzyme-substrate -5i-O-C-
covalent intermediate is formed (similar to reaction intermediates formed in the related hydrolases).
The subsequent hydrolysis of the transient intermediate releases silanol, which polymerizes by
dehydration. The relevance of this is unclear, as silicon alkoxides have never been demonstrated
in vivo. However, they are very easily hydrolyzed. If silicon alkoxides are the preferred endogenous
substrates for silicateins in vivo, it would demonstrate wider use of silicon chemistry by life than
previously thought, albeit still within the realm of the chemistry of silicic acid and its derivatives.

Another potential unique feature of the silicon metabolism in sponges, as compared to vertebrates,
diatoms and plants, is the capability to depolymerize the deposited amorphous silica deposits.
The depolymerization of deposited amorphous silica is facilitated by a silicase (an enzyme related to
carbonic anhydrase) [193]. Together, sponge silicateins and silicases maintain the dynamic equilibrium
between condensed, polymerized amorphous silica and the soluble fraction of the silicic acid [194].

tetraethoxysilane
19
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Appendix B. Chemical Diversity of Silicon Compounds Observed in the Natural Environment

The theoretical calculations on the size of the possible chemical space of organosilicon chemistry
are in stark contrast to the diversity of silicon compounds observed and identified in the natural
environment (either in the interstellar medium or on planetary bodies and meteorites). In this section,
we compare the diversity of silicon- and carbon-containing molecules identified in the variety of cosmic
environments and discuss the reasons for the discrepancy in the observed chemical diversity between
the two elements.

There are several reports available that suggest that silicon species could be detected in interstellar
medium, protostellar discs or circumstellar shells. However, while polymeric carbon compounds
are ubiquitous from the astrochemical point of view, the analogous silicon compounds seem to be
much less abundant. For example, a multitude of different carbon-containing molecules were detected
in the interstellar medium, within nebulae, in the heads of comets or inside meteorites [195-199].
There are approx. 490~ different chemical species detected in astrochemical observations, ~420 of
them containing carbon. Only relatively few of them (~55) are silicon-containing compounds [200].
The majority of silicon-containing molecules have been detected in circumstellar shells (in the gas
streaming outwards from evolved stars) or in laboratory conditions that were designed to mimic
circumstellar shell conditions [201,202]. The Si-bearing species detected include SiO, SiNC and SiCN,
SiS, SiN, SiHy and silicon carbides (SiC) with variable-length (n = 1-4) carbon atom chains, and even
the first Si-bearing species with two Si atoms—SiCSi [203]. Silanes (e.g., SiHs and other molecules
containing a Si-H group) may also be common in some stellar environments, like protostellar discs
(e.g., W33A) or comets, where the characteristic 4.6-um IR absorbance ascribed to silane groups has
been detected [204]. Silanes could be formed in these environments by the effects of stellar wind on
reduced grains, or the condensation of shock-vaporized silicon atoms in hydrogen-rich domains.

The large amounts of silicon—carbon species in some special stellar environments (e.g., in the inner
zones of the envelope of the carbon star IRC +10216 (CW Leonis) [203,205,206] could play an important
role in the formation of silicon carbide dust grains in carbon-rich stellar envelopes [203]. Recently,
other Si-containing species (e.g., SiS) have been identified in the carbon star IRC +10216 with ALMA
and at mid-IR wavelengths as well [206,207]. Together with 5iC,, Si,C, SiO and SiS, they dominate the
fraction of available silicon [206,208]. SiCN and SiNC have been also detected in the external layers of
the stellar envelope [209,210], but their abundances are much lower than of the silicon carbide species
SiC3 and SiCy4. More recent studies have expanded the known Si chemical repertoire even further, with
the detection of methyl silane, CH3SiH3, and silyl cyanide, SiH3CN, in the envelope of the carbon star
IRC +10216 (CW Leonis) [211].

Stellar environments are not the only conditions where non-Si-O silicon-containing molecules
were detected. Despite the generally dominant silica environments, Si-C species were also identified
in a variety of planetary geological contexts on Earth and beyond. Silicon carbide mineral can be
found even in the highly oxidized environment of Earth’s silica-rich crust [212], where it may be the
result of metamorphic reprocessing of silicate under highly reducing conditions [213]. Silicon carbide
and silicon nitride are also widely distributed components of carbon-rich grains in carbonaceous
chondrites [214,215]. Both silicon carbide and silicon nitride are postulated to be abundant minerals on
hypothetical carbon planets (see Appendix C for the discussion of carbon planets as possible abodes
for silicon-based life). The discovery of silicon carbide and silicon nitride is surprising in this context.
The isotope ratios in the grains suggest that they were formed in oxygen-rich regions of supernova
remnants [216]. SiC is thermodynamically disfavored over CO; and SiO; in the presence of abundant
oxygen, although it is suggested that grains themselves are oxygen-poor [217]. How the oxygen and
the silicon became separated is still unknown [218].

Compounds containing Si—C bonds can also be synthesized naturally under rare terrestrial surface
conditions. The authors of [219] have demonstrated the presence of organosilicon compounds in
impact glasses called irghizites in the Zhamanshin meteorite impact crater. Mass spectrometry of the
contents of bubbles on the surface of impact glasses shows ions characteristic of polyorganosiloxanes
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(C3HySi, CsH1505i,, C;H150,Si3 etc.). Organosilane signature ions were less abundant at the mouth
of the crater than at the base [219]. Similar ions are not found in Australian strewn field tektites (which
are mostly ~0.7 million years old [111]). The authors of [219] postulate that organosilanes are formed
during condensation of the hot vapor created by the impact, which condenses without hydrolysis in
the dry environment of the glass particles. Over geological time, organosilanes are hydrolyzed by
water diffusing through the glass. The authors of [1] have suggested an equivalent process by which
silanes and silanols could be deposited in cryogenic environments (see Section 4.4 for the discussion of
silicon chemistry in cryosolvents).

Appendix C. Formation of Unsaturated Organosilicon Compounds

The formation of double-bonded, triple-bonded or aromatic compounds with silicon is generally
highly disfavored, and requires special conditions, e.g., sterically constrained systems where bulky
flanking groups kinetically stabilize the structure. The complete absence of water and, often, low
temperatures are also required. The difficulty of formation and the overall instability of unsaturated
silicon systems is in stark contrast to carbon, where double-bonded, triple-bonded and aromatic
systems are formed easily. Therefore, even if theoretically possible, the reactivity of silicon-unsaturated
systems results in a lot of the chemical space that is normally available to carbon having no direct
silicon analogues.

The diminished structural chemical diversity of silicon chemistry due to the lack of unsaturated
functional groups is not compensated by the fact that silicon forms some unique compounds that
do not have stable carbon analogues. For example, penta- and hexa-coordinate Si compounds are
stable [23,59,220]. ((Arenediolato)bis(polypyridyl)silicon(IV) complexes (10) contain hexa-coordinate
silicon and are surprisingly stable against hydrolysis in water and are investigated as potential DNA
binders [59].) Silanediols have been developed as protease inhibitors and are water-stable as well [99].
Even if life could exploit such unique chemical functionalities of organosilicon chemistry, it does not
provide full functional compensation for the lack of stable unsaturated systems. Thus, at first glance,
carbon has more “chemical options” than silicon.

The key differences in the multiple bond formation capabilities of both elements are also illustrated
by silicon and carbon elemental forms. Both elements form a “diamond”-like structure, but only
carbon is known to form graphene—double/aromatic bond conjugated systems [221,222].

The apparent lack of formation of aromatic 7-conjugated systems and double or triple bond
connections between atoms is often cited as a severe limitation of silicon chemistry and the main
reason why silicon is not a good candidate as a scaffolding element for life [2,3]. The formation of such
unsaturated organosilicon systems is unlikely at Earth’s conditions (0-100 °C temperature regime;
abundance of liquid water; O,-rich atmosphere). However, recent developments in organosilicon
synthetic chemistry show that silanes (silicon analogues of hydrocarbons) can undergo a versatile
chemistry under conditions that are very different from Earth’s environment (cryogenic conditions;
lack of liquid water; no O, [223]). We discuss some such exceptional silicon chemistry briefly below.

Even if silanes are generally not known to readily form classical aromatic m-conjugated systems, a
structural analogue of benzene was successfully made from silicon atoms [224]. The resulting silicon
benzene analogue (20) is not flat like a carbon-based ring, but rather adopts a chair conformation where
only the electrons in the central part of the ring are delocalized. This new type of aromatic stabilization,
unknown for organic carbon molecules, is called “dismutational aromaticity”. The same authors
suggest that the existence of a fully planar hexasilabenze might be possible if different substituents or
synthetic precursors are used [224].
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Recent modern synthetic chemistry approaches were able to uncover synthetic routes to many
different unsaturated silicon compounds, not only containing Si#Si triple bonds (21, 22) [225],
silicon analogues of alkynes, but also diverse structural motifs containing Si=Si double bonds.
Some more interesting examples include 1,2-disilabenzenes (23) [226-228], silicon analogues of allenes
(24), or even silicon conjugated systems (25) structurally resembling 2-methyl-1,3-butadiene (isoprene),
a chemical motif widely used by life on Earth (see, e.g., [229]). For a very detailed, comprehensive
review of recent breakthroughs in organosilicon chemistry, please see [230].
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Unsaturated silicon chemistry as a crucial component of silicon biochemistry in cryosolvents?

Under the unlikely assumption that the solubility barriers to silicon chemistry in cryosolvents
discussed in Section 4.4 are overcome (Figure 7; Figure 8), the unsaturated silicon systems discussed
above could be crucial components of silicon biochemistry in the cold. Below, we discuss the potential
for silicon unsaturated systems in the context of the crucial biological functionality that they can provide.

The existence of unsaturated silicon systems that are direct silicon structural analogues greatly
increases the possible diversity of silicon chemistry and the scope of potential biological functionality
of silicon-containing molecules. Direct structural similarity, however, is not the only way to achieve
analogous biological function. Carbon chemistry achieves specific functional goals through compounds
with double and triple bonds, such as carbonyl groups, whose silicon analogues both have different
properties and are highly unstable. However, in looking for the potential for a silicon-based biochemistry,
we need to explore the existence of functional rather than direct structural analogues of terrestrial
carbon compounds. The silicon analogue of a carboxylic acid may be a silane triol rather than a
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“sila-carboxylate”. Below, we present some speculations on how silicon chemistry could provide
fundamental biological functions.

The biological function potentially most affected by the intrinsic limitations of silicon chemistry is
capture and delocalization of electronic energy, a biochemical function that unsaturated carbon-based
molecules perform quite readily. Therefore, functional biological silicon equivalents of such biochemical
processes as photosynthesis and synthesis of a silicon functional analogue of ATP are required. If there
are no silicon-based functional alternatives, with or without stable unsaturated silicon systems, for
such crucial biological functions, then the viability of silicon chemistry as a building block of life looks
rather bleak. The solutions to this limitation of silicon were discussed before on several occasions [1-3];
we summarize and expand on them further.

Such complex electronic effects could be performed by unsaturated silicon systems. While they
are spectacularly unstable and reactive under water-rich, room-temperature conditions, their reactivity
is much lower in cryogenic conditions; in fact, their reactivity might be “just right” in cryosolvents.
Silicon can also form o-conjugated polysilanes [231] that can have similar electronic properties to
carbon-based molecules containing aromatic 7-conjugated systems [2]. The ability of polysilanes and
other silicon-containing compounds to delocalize electrons and have light-activated electronic effects,
likely crucial for the development of any kind of photosynthetic system, has been discussed before on
several occasions as well [1,3]. It is clear that organosilicon chemistry is not in any way deficient when
it comes to the potential for supporting complex electronic effects, including semiconduction, light
activation and electroluminescence [47,48,232-234].

Another crucial aspect of terrestrial bioenergetics is charge separation chemistry. Earth life uses
light energy to separate charge in water, generating oxygen and “reducing equivalents” (hydrogen
associated with a carrier molecule) in the process. For example, on Earth, charge is separated in
the process of oxidative phosphorylation, which results in proton gradients much larger than single
molecules. How can such a charge redistribution occur in very cold, cryogenic, non-polar liquids?
One possibility is that such charge separation could occur intramolecularly, analogously to the initial
photon capture events in terrestrial photosynthesis. Polysilanes are photoconductive due to the ability
of light energy to separate charge within the polysilane molecule [232]. Therefore, charge separation
chemistry in a protonating solvent is not the only way to capture photon energy in chemical form.

Double-bonded silicon systems (e.g., silicon structural analogues of ethene) could be utilized as a
functional analogue of ATP in cryosolvents. Note that proton gradients, utilized for ATP synthesis in
Earth’s biochemistry, are uniquely suited to polar solvents, like water or possibly ammonia, and are
not stable in cryosolvents and, therefore, cannot be coupled to the synthesis of silicon analogues of
ATP. Si=Si systems, in turn, can be utilized in such conditions as an energy source for the synthesis
of countless other molecules. One can speculate that the synthesis of silicon-unsaturated systems
can be achieved with the help of UV light. For example, one of the approaches used to synthesize
silicon—carbon double bonds is by UV photolysis of silanes on ultra-cold matrices [118,235], conditions
that are not unlike the surface of Triton or Pluto. Similar processes could in principle happen on the
surfaces of planets and moons containing liquid N seas, providing that the UV output of the parent
star at such distances is sufficient (recall that M-dwarfs have less UV output than G-dwarfs [236]).
In an analogous way to the highly reactive biochemical systems in Earth’s biochemistry, the Si=Si
double bond can be protected from unwanted reactivity within the cores of complex macromolecular
assemblies, allowing for the utilization of the reactivity of the Si=5i highly energetic bond in a strictly
regulated manner.

Appendix D. Silicon Carbide and Carbon Planets as Potentially Suitable Environments for
Silicon Biochemistry?

The likely conditions where complex silicon biochemistry could potentially prevail can be
summarized with the following main points [3]: (1) scarcity of water, to limit the efficiency of
transformation of various organosilicon species to the insoluble and unreactive silica; (2) low
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temperatures (below the freezing point of water) to increase the stability of reactive silicon functional
groups, like silanes and complex unsaturated silicon systems; (3) the presence of a liquid solvent that
is compatible with complex silicon chemistry; (4) the presence of a reducing atmosphere, with no O,,
to prevent oxidation of reactive silicon functional groups to chemically unreactive Si—O bonds in silica;
(5) the presence of available silicon precursor compounds (simple silicon species that are sufficiently
reactive to be mobilized and included in the complex chemistry, likely with no dominance of SiO,).

It is clear from the list of requirements above that the majority of “planetary real estate” does not
favor silicon-based life. The predominance of silica on the majority of planetary bodies might even
make the use of silicon as a heteroatom for carbon-based life unlikely. There is, however, one type
of environment, namely, “carbon planets” [80], that may be more favorable to the use of silicon in
biochemistry, a concept that has not previously been discussed.

Appendix D.1. The Introduction to Carbon Planets

A carbon planet (or carbide planet) is a theoretical type of a planet that contains significant
amounts of carbon, much more than a typical rocky (silica-rich) planet. The existence of carbon planets
was theorized, and the propensity for such exotic worlds is a topic of a heated debate. Formation of a
carbide planet is controversial, but models suggest that it is more probable with increasing stellar C/O
ratio and increasing distance from the host star [80,237-239]. A number of stars with C/O ratios of
greater than 0.8 are known [240]. The abundance of such worlds in the galaxy has been questioned
on many occasions [241-244], but they have not been ruled out, so carbon planets remain an exciting
possibility for an environment in which life could, in principle, arise.

The composition of the interiors of carbon planets has been modeled extensively (e.g., [245-248]).
In contrast to Earth, where the great majority of oxygen is bound with silicon to form silicates,
the predominant chemical species in Earth’s crust, carbon planets are predicted to contain large
amounts of carbon monoxide (CO). CO is going to be one of the main sinks responsible for depleting
oxygen [249]. The rest of the available carbon (depending on the amount of oxygen) is likely going to
be bound with silicon to form siliconoxycarbide (SiOC), silicon carbide (SiC) and titanium carbide
(TiC), or will form graphite and diamond layers [249-252]. The core is built from mostly Fe carbides.
Depending on the C/O ratio, the surfaces of carbon planets can be rich in graphite, other C-rich minerals
or hydrocarbons (like methane or tar). The atmospheres (if they exist at all) could contain CO or
methane. Water is likely to be rare, as the reaction of water with carbon (graphite or diamond) to form
CO; and H; is exothermic, and so would remove water from volcanic gases.

Appendix D.2. Can Carbon Planets Have Favourable Conditions for Complex Silicon Chemistry?

There are a few characteristics that might make carbon planets a better place for a complex
chemistry containing silicon to arise than silicate planets. As we mentioned in the section above,
carbon planets likely form further away from their host stars [238], meaning that they could contain
a more diverse collection of solvents on their surface [21]. In particular, the high probability of
formation of HCN on the surface or in the atmosphere of carbon planets might make liquid HCN the
preferred solvent for complex organosilicon chemistry [253]. HCN, with a liquid range of relatively
high temperatures (—13-26 °C), might provide sufficiently high solubility for biologically active
macromolecules. The surfaces of carbon planets are also likely rich in various heavier hydrocarbons,
like propane or butane. Propane and butane, with their higher boiling points, might also be preferred
solvents for the formation of complex Si—C hybrid chemistry.

Moreover, carbon planets will probably be devoid of water, one of the most common reactants for
silicon chemistry. Any amount of water or other oxygen-containing species that is, e.g., delivered via
comets or meteors will readily react with carbides on the surface, limiting the sequestration of Si in the
form of unreactive silica.

There are, however, some serious limitations to complex silicon chemistry on carbon planets as
well. One such limitation is analogous to the sequestration of Si in silica on water or oxygen-rich rocky
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planets. As we have mentioned above, one of the main components of carbon planets is silicon carbide,
which can be considered an analogue of silica rocks for carbon planets. Silicon carbide is a very strong
and hard mineral, composed of a tetrahedral assembly of carbon and silicon atoms with very strong
bonds in the crystal lattice. It is very chemically resistant, to both acids and alkali and even molten
salts, up to temperatures of 800 °C. Thus, mobilizing Si and C from SiC will be very energetically costly
(maybe even more so than breaking Si-O bonds in silica!) and might be prohibitive for life. The global
geological aspects of the durability of silicon carbide rocks can also have detrimental consequences for
such potentially crucial phenomena as plate tectonics or rock weathering. Silicates are easily weathered
by water, as silica is sparingly soluble in water. Silicon carbide is not soluble in any solvent, so
weathering and, hence, cycling of elements could be much more difficult on carbon planets. This might
affect their long-term climate and habitability [253]. On the other hand, silicon carbide has unique
and potentially beneficial properties as an exceptional support for various metal catalysts. Silicon
carbide is often used in industry for catalysis of chemical reactions like oxidation of hydrocarbons,
such as n-butane, to maleic anhydride [254,255]. Involvement of silicon carbide in the catalysis of
various chemical reactions might help in facilitation of the formation of complex chemistry on carbon
planets. It also is likely that not all Si and not all C are going to be locked in silicon carbide rocks.
For example, silanes will be stable in the majority of conditions on carbon planets. If the abundance
and diversity of Si-C compounds in the interstellar medium is any indication, then we could expect, in
principle, a diverse collection of Si-C building blocks for biochemistry even if they exist on a largely
chemically inert (but catalytically active) silicon carbide surface. For perspective, the vast majority of
iron on Earth is locked in the Earth’s core, but that does not mean that trace iron cannot be a key part
of terrestrial metabolism.

Appendix E. Chemical Diversity, Thermodynamics and Solubility Calculations

Appendix E.1. Chemical Diversity Calculations with Combimol-B

Theoretical chemical structures were generated by the program Combimol-B, which is based
on the concepts implemented in the original Combimol as described in [33]. Combimol-B operates
as follows.

As input, Combimol-B takes an alkane structure, which defines the topology of atoms. A new
alkane is therefore needed for each topology, and an increasing number are needed for each size class
of molecule. For convenience, the notation N = is used to describe molecules with N non-hydrogen
atoms in them. Thus, for N = 2, the input is ethane, for N = 3, the input is propane and cyclopropane,
for N = 4 the input is butane, isobutane, methylcyclopropane and cyclobutane, and so on. The program
is provided with a list of atoms, a list of bonding rules for those atoms, and a list of rules for which
bonds can form between those atoms. Thus, for phosphorus (III), the program might state that is must
be bonded to between one and three atoms, and that it can be bonded to carbon but not to chlorine,
thus implicitly stating that P-Cl bonds are unstable (as they are in water). The bonding rules and
atom lists are user-defined. Using these rules, the program recursively replaces all the atoms in the
molecule with atoms from its input list as follows. First, the single bonds between input carbons
are replaced systematically with double or triple bonds. Specific rules prevent triple bonds in rings.
A user-defined switch in the program can select whether to accept cumulene structures (C=C=C); in
the execution used for this work, cumulenes were accepted. Cumulenes are not allowed in rings (the
exclusion of alkynes and cumulenes from rings is pragmatic, based on the small size of the molecules
being generated, to avoid structures such as cycloprop-1,2-diene-C1=C=C1, which are implausible).
For each of these hydrocarbon “cores”, the program recursively substitutes carbons for other atoms in
the list, according to the rules of bonding provided in the two files, which specify which atom can
be joined to which, and which atom can support double or triple bonds. Thus if the input structure
was ethane and the atom list was N and O, the program would generate structures whose SMILES
description would be CC, C=C, C#C, CO, C=0, CN, C=N, C#N, NO, N=0O, OO, O=0, N=N and N#N.
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If bonds between N and O were not allowed, then NO and N=O would not be generated. If N was
specified not to be able to support double bonds, then N=O, N=N, C=N, C#N and N#N would not
be generated. The program also filters out chains of non-carbon atoms. While nitrogen can be singly
bonded to nitrogen (as in hydrazine), the structure N-N-N-N-N is never found in any stable molecule.
Several specific rules, mostly user-defined, implement these filters. Duplicate molecules are identified
and removed via their InChlI code.

Some molecules cannot be generated this way, such as nitric oxide (which violates classical
bonding rules). However, these are a relatively small fraction of all possible molecules. Some which
are plausible on classical bonding terms, such as N=0O, are actually not realistic.

Pentavalent atoms cannot be accommodated in this process, and so, to accommodate pentavalent
phosphorus and arsenic and hexavalent sulfur, specific atom types are pre-defined in the program.
There are listed below (Table Al) separately from S and P, which are assumed to be S(II) and
P(III) respectively.

For this exercise, two sets of staring alkanes were used. For the aprotic solvent, an exhaustive
set of alkanes of N = 2 through N = 7 was used, including rings and fused ring systems. For the
water and sulfuric acid solvent set, only five-, six- and seven-membered rings were used. Three-and
four-membered hydrocarbon rings in which one (or more) carbon has been substituted with a silicon
are highly reactive, reacting explosively with acid for example. The aprotic solvent was assumed to be
a “cryogenic solvent” like liquid nitrogen, which allows for the formation of many bonds. The only
phosphorus species allowed in sulfuric acid are phosphonium groups, as phosphate and thiophosphate
esters are rapidly hydrolyzed and phosphines are oxidized by sulfuric acid. Silicon is defined in water
as requiring four bonds (i.e., Si-H bonds, the default if no other element is specified, are not allowed).
In sulfuric acid, Si-H bonds are allowed.

Bonds defined for the three sets of solvents are shown in Table Al. Bonds not allowed in each
solvent are ones which are broadly liable to hydrolysis in those solvents. The filtering of structures for
stability is only partly effective, but, as the over-estimation of the size of the chemical space is likely to
be the same for all sets of molecules generated, the filtering approach can be used to compare the extent
of the subsets of chemical space that reflect the stability and reactivity of chemicals in different solvents.

The Combimol-B PC executable, source code and documentation, and some example input and
configuration files, are available from W.B. on request. The program is written in QB64 BASIC.

Table A1. Silicon bonds stable in cryosolvents (top, (a)); silicon bonds stable in water (middle, (b));
silicon bonds stable in sulfuric acid (bottom, (c)). Bonding matrices for atoms in three different solvents
as used in this analysis. For the sets of atoms used, Combimol-B only allows bonds between atoms
marked with a “+” in this matrix. Bonds to carbon are implicitly included for all elements, so the
table showing bonds stable in water (middle, (b)) shows that only silicon bonded to carbon is stable
against hydrolysis. Note that, while some Si-O bonds are stable to hydrolysis in water, many structures
are not (e.g., O-5i-O-C-). Therefore, an Si-O bond is not listed as a stable output of COMBIMOL-B
combinatorics for water and sulfuric acid.

(a)

N O P S F C S$=0 S=S S(=0)=0 S(=5)=0 P=0 P=S Si
N + + + o+ o+ + + + + + + o+
(0] + + + + + + + + +
P + + + o+ o+ + +
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Table Al. Cont.

+ + + o+ o+ + + + + + + o+
+ + o+ + + + + o+
Cl + + + + + + + +
S=0 + 4+ + + o+ + + + +
S= + + + + + 4+ + +
S(=0)=0 + o+ + 4+ o+ + + +
S(=S)=0 + + + + o+ + + +
P=0 + o+ + + o+ + + +
P=S +  + + + o+ + + +
Si + + + + + 4+ + + + + + + +
(b)
N O P S F C S=0 S=S S(=0)=0 S(=5)=0 P=0 P=S Si
N + o+ + + + + + + +
o +  + + + + + + +
P + +
S + + + + + + + +
F +
Cl
$=0 + + + + +
S=S + + + o+
S(=0)=0 + o+ + + +
S(=S)=0 + + + + +
P=0 +  + +
P=S + o+ +
Si
(V]
N O P+ S F CI S=0 S=S S(=0)=0 S(=S)=0 Si
N + o+
o + o+ + + +
P+
+ + + +
F +
Cl +
$=0 + + +
S=S +
S(=0)=0 + + + + +
S(=S)=0 + + + + +

Si + +
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Appendix E.2. Thermodynamics of Formation of Silicon Compounds

List of chemical reactions considered in calculations of the thermodynamics of formation of silicon
compounds (see Section 3.3 of the main text for details):

(1) XO, + 4H, -> XH, + 2H,0

(2) 2XO, +7H, -> X,Hg + 4H,0

(3) 3XO, + 10H, -> X3Hg + 6H,0

(4) XO, + 4CO, + 16H, -> XC4Hj, + 10H,O
(5) XO, + 4CO, + 16H, -> XC,H1, + 10H,O
(6) XO, + 3CO, + 12H, -> XC3H;90 + 7H,0
(7)  XO, + HCl + 3H; -> XH;3CI + 2H,O

(8) 2XO, + 6HCI + H, -> X,Clg + 4H,0

(9) XO, + 4HF -> XF4 + 2H,0

(10) XO, +3CO;, + 3 Ny + 131H, -> XC3Hy;N + 8H,0
(11) H3PO4 + XO, + 7H, -> XPH; + 6H,0

Appendix E.3. Estimation of the Solubility of Silicon Chemicals in Liquid Nitrogen

We used the Abraham model to predict the solubility of silicon chemicals in liquid nitrogen.
The Abraham model predicts the log of solubility as the weighted sum of the excess molar refraction (E),
induced dipole polarizability (S) [256], McGowen characteristic volume (V) [257] and two hydrogen
bonding factors [258]. As strong hydrogen bonds are not relevant to cryogenic solvents and weak
hydrogen bonds are not parameterized for this method, we replaced the hydrogen bonding terms with
D and H.

D is the dipole in Debye, as calculated for gas-phase molecules using DFT at B3LYP 6-311/G level
of theory to optimize structure and calculate dipole, as implemented in GAMESS [259,260].

H is the number of hydrogen atoms in the molecule (as, to a first approximation, any hydrogen
atom can form a weak hydrogen bond under liquid N; conditions).

Note that it is expected that weak hydrogen bonds (for example, between C-H groups and 7
electron systems) will have significant effects on solubility in cryogenic solvents [261,262]).

Therefore, the overall equation for solubility is:

Logip(solubility) = 1.01533H — 0.6613E — 0.64985 — 1.0357D — 0.02431V — 2.68817

The model is meant to give an order-of-magnitude estimate of solubility only, based on values that
can be computed for any molecule and which do not rely on experimental measurements that are not
available for many silicon-containing compounds. For 39 substances for which measured solubility in
liquid nitrogen is available in the literature, the model gives an RMS error of prediction vs. measured
logyg(solubility) = 0.99 and an r? of predicted vs. measured value of 0.8071.

Figure 7 shows the measured solubility of a diverse set of molecules in liquid nitrogen as a function
of the number of non-hydrogen atoms in the molecule (a rough proxy for the diversity available to that
class of molecules). The predicted solubilities of the compounds in Table 2 are also shown.
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