A framework for evaluation of potential solvents for life

We describe a simple framework for evaluating a potential solvent as a basis for biochemistry.
Our purpose in laying out these criteria is to provide a basis on which to move beyond qualitative
statements to a semi-quantitative evaluation of the plausibility of a solvent as the basis of life. If
terrestrial life is typical of life elsewhere (an assumption we are forced to make for lack of any
other), then the solvent for life needs to have two key properties. The solvent has to be able to
dissolve some (but not all) molecules, and some (but not all) molecules, including some that it
dissolves, must be stable in its presence [4].

Both stability and solvation have to allow for the existence of a diverse chemical space to
provide the chemical functionality needed for life. “Chemical space” as a concept is well
established [5,6], in which relevant properties of a large set of compounds are used to map them
onto a space that can be used to predict their properties or function (e.g. [7,8]). In this paper we
wish to explore whether there is a subset of all possible chemicals that is stable and soluble in
sulfuric acid and sufficiently extensive to be a candidate for a biochemistry. We use two proxies
for the chemical space of “all possible chemicals’ — a diverse space of actual compounds made both
my life and by human ingenuity, supplemented with a small fraction of the space of theoretical
structures that follow basic bonding rules.

Solvation and chemical stability criteria

Solvation. The solvent needs to be able to dissolve a wide range of molecules, including
macromolecules, and to not dissolve other molecules. The need for solvation of some molecules is
obvious [4,9]; rapid chemical reactions only occur between molecules in solution or in gas phase,
and gas phases cannot dissolve macromolecules. The need for insolubility of some molecules
comes from two requirements. First, the structural elements (e.g. cellulose in plants on Earth) must
be essentially insoluble in their surrounding solvent if they are to function as cellular barriers and
stable supports. Second, insolubility allows for the existence of molecules in which part of the
molecule is highly soluble and another part of the molecule is insoluble in the solvent [10]. Such
characteristics allows for the assembly of nanostructures such as membranes and globular proteins
[11], driven by solvation properties. Thus for example liquid methane, despite being sometimes
considered as a possible solvent for life [1,12-15], is an unlikely solvent for life because very few
molecules dissolve in it [16]. Water is highly favored as a solvent for life because many molecules
are highly insoluble in water, allowing for a “hydrophobic” force that drives the folding of proteins,
assembly and stability of membranes etc. [10,17]. We note that in the case of water the
‘hydrophobic’ force is driven by entropic effects of solvating a non-hydrogen bonding molecule
into the liquid water structure. However other thermodynamic drivers could work in apolar
solvents, as suggested by [1-3].

Stability. The solvent needs to allow the stable solution of a diverse set of chemicals. Thus
silicate magma is not a plausible solvent for life [18] because very few organic molecules are stable
at the melting temperature of mantle silicates. The chemistry of life requires molecules that differ
in chemical stability at ambient temperature. The need for a diverse set of chemicals that have a
wide spectrum of chemical stabilities is illustrated by the requirement of molecules that act as
reaction intermediates in metabolism. Reaction intermediates with excessive stability make
evolution of efficient catalysts for reactions involving such intermediates exceedingly difficult. The
case of elemental nitrogen (N2) illustrates this point. While in principle the reduction of N2 by
NADH to form NHs is highly exergonic, the extreme strength of the nitrogen-nitrogen triple bond
requires life to use an additional 8 moles of ATP per mole of NHs formed to overcome the
activation energy of this reaction [19]. It is not plausible that life would expend this amount of
energy on every reaction in metabolism. By contrast, ATP is stable in aqueous solution, but the
kinetic barrier to its hydrolysis is relatively small, as illustrated by its rapid spontaneous
hydrolysis at >200 °C [20,21]. Thus ATP is widely used as an energy carrier, whereas the ability to
metabolize N2 is limited. The solvent may play a role in the relative stability of metabolites; if the
solvent is chemically inert, the requirement for a range of stabilities places additional constraints
on the chemistry from which biochemistry can be constructed.



Other physical properties of the solvent, e.g. viscosity, may also be relevant for the solvent to
be conducive to life. The solvent must have a low enough viscosity to allow large molecules to
diffuse through it and interact. Thus, for example, bitumen is technically a liquid, but its viscosity
is so high at Earth surface temperatures that it is an implausible solvent for life. [22] also suggest
that too low a viscosity is incompatible with the non-equilibrium thermodynamics of
macromolecular catalysis.

Solvation, viscosity and stability are all strongly temperature dependent, and so whether a
substance is a suitable solvent for life depends on its temperature. Pressure has little effect at the
pressures likely to apply to rocky planet surfaces or atmospheres [23].

Water is an essential reagent in terrestrial biochemistry, and as such water is not just a solvent
but is a participant in biochemistry. It is widely stated that water’s chemical properties are
important in the chemistry of life, and specifically for selectivity at the origin of life [4,24].
Moreover, water’s ability to solvate protons and hydroxyl ions is central to a wide range of
biochemistry, including proton gradient-based bioenergetics. We are unconvinced that this limits
the selection of a solvent for life. If a chemical group commonly used by life is not present in the
solvent, and is not soluble or stable in the solvent, then biochemistry can mitigate this by the use of
carrier molecules. Thus electrons are not stable when dissolved in water, so terrestrial life uses a
wide range of electron carrier molecules to transport electrons between molecules in redox
reactions. Water spontaneously ionizes to form HsO*and OH- ions, and life makes extensive use of
gradients of HsO* ions in energy metabolism. Dry ammonia does not ionize to the same degree
(Keq of the reaction NHs«>NHa+ + NHz is ~10-33 at 220 K [25]). In dry ammonia proton gradients are
therefore less likely, but electron gradients could be formed as electrons can stably dissolve in
ammonia [25]. In an apolar solvent, life could use -OH carriers to carry out hydration or
dehydration reactions without generating highly insoluble water molecules. Obviously these ideas
are completely speculative, but they illustrate that chemical arguments based on water’s
participation in the metabolism of life (as opposed to structural arguments above) are hard to
defend on an absolute a priori basis.

Both stability and solubility criteria also have to apply to polymers, which need to show a
range of stability and solubility properties. In water, for example, RNA is soluble enabling its role
as an information intermediary in cells, whereas cellulose is not, enabling its role as a structural
element.

Chemical diversity criteria

The solvent criteria discussed in Section 2.1. need to be applicable to a diverse set of
molecules. Life needs to be able to access a diverse space of possible chemicals. A sufficiently
chemically rich chemical space enables diverse chemical effects and allows for specific interactions
between molecules [4]. The former requires a diverse set of chemical ‘groups’ (clusters of atoms
bonded together with characteristic chemical properties), the latter requires diverse arrangements
of atoms in space (topological structure) [4,16].
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