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Modern technology has perfected the synthesis of catalysts such as
zeolites and mesoporous silicas using organic structure directing
agents (SDA) and their industrial use to catalyze a large variety of
organic reactions within their pores. We suggest that early in prebiotic
evolution, synergistic interplay arose between organic species in
aqueous solution and silica formed from rocks by dynamic dissolution–
recrystallization. The natural organics, for example, amino acids, small
peptides, and fatty acids, acted as SDA for assembly of functional
porous silica structures that induced further polymerization of amino
acids and peptides, as well as other organic reactions. Positive feed-
back between synthesis and catalysis in the silica–organic system may
have accelerated the early stages of abiotic evolution by increasing the
formation of polymerized species.
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Abiotic organic reactions on the early Earth were the prelude
to the origin of life. The transition from a world of small

molecules (monomers) in solution to one of oligomers leading to
the formation of proteins and other large solid molecular assem-
blies was critical to the development of life. A rich variety of small
organic molecules is likely to have existed in a variety of settings
on the prebiotic Earth, especially where silicate rock and aqueous
solutions were in contact, particularly in shallow aqueous envi-
ronments (1, 2) and in hydrothermal systems (3). Mineral surfaces,
especially of phases containing ions of variable oxidation states
(e.g., iron, manganese, and copper), have been suggested to play
major roles in controlling and catalyzing reactions on the prebiotic
Earth (4, 5).
Silica and silicates are pervasive in ancient and modern envi-

ronments. Many form structures with porosity on different length
scales, allowing the confinement of organic molecules in pores,
cages, and channels. The dynamic interaction between organic
molecules and various porous forms of solid silica continues to
be investigated in the materials science community because of its
technological importance. The goal of this paper is to bring to-
gether evidence that such tailored porous silica environments
may be important for prebiotic organic transformations, espe-
cially from amino acids to peptides to proteins.
The crystallization of zeolites under the control of organic

molecular structure directing agents (SDA) produces industrial-
scale catalysts for the cracking of petroleum and other organic
reactions (6, 7). Analogous synthesis, using surfactants as SDA,
produces mesoporous silica phases for transformation of large
organic molecules, catalysis of both organic and inorganic reac-
tions, theranostics, and drug delivery (8–10). These technological
processes and present-day silica biomineralization suggest that
organic control of silica synthesis and ensuing catalytic reactions
can occur under a wide variety of conditions.
We propose that analogous silica–organic interactions could

have contributed to prebiotic synthesis of complex organics on the
early Earth. Their mechanisms differ from catalytic reactions on
mineral surfaces in several important ways. They involve organic-
mediated synthesis of the catalysts themselves, either as separate

phases or embedded in a less crystalline silica matrix. The catalytic
sites are within the three-dimensional (3D) silica framework con-
nected by pores and channels, rather than just on external surfaces.
This 3D molecular confinement controls reactivity and may protect
the products from degradation. Such silica–organic interactions are
potentially a two-way street, where the organics direct the forma-
tion of specific porous structures and those structures in turn cat-
alyze organic reactions. Indeed, one can envision a feedback loop
in which the templated solid structure catalyzes the formation of
additional SDA which enables the formation of more catalyst to
produce more organic product. This feedback loop between syn-
thesis and catalysis could amplify product formation and accumu-
lation and accelerate the evolution toward chemical complexity.
We pose the following two conjectures (1). Early in prebiotic

evolution, synergistic interplay arose between organic species in aque-
ous solution and silica formed from rocks by dynamic dissolution–
recrystallization. The organics acted as SDA for assembly of functional
silica structures that catalyzed polymerization of amino acids and other
organic reactions.
Synergy and feedback between silica and organics may have

been critical in the early stages of abiotic evolution, leading both
to our complex protein world and to biomineralization (2).
Organic–silica interactions at the heart of modern technology are
useful models for abiotic synthesis on the early Earth. Our tech-
nology may be more geomimetic than we realize. Many aspects of
prebiotic synthesis may be considered, from the vantage point of
human endeavor, to be technomimetic.

Significance

Although catalysis by mineral surfaces has been considered to
be important in prebiotic chemistry, the role of porous silica
phases, with reactions taking place within specific confined
environments, has not been explored. This paper proposes that
structure direction through interaction of dissolved silica with
organic species in aqueous solution produces porous silica
catalysts for prebiotic organic reactions to form larger poly-
merized molecules, with possible control of chirality. This
process may involve feedback and amplification if the organics
produced by catalysis can also act as structure-directing agents
for enhanced synthesis of the catalytic silica structures. To our
knowledge, such structure direction and catalysis, though well
known in materials science, have not been considered previ-
ously in the context of prebiotic chemistry.
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In this paper we first describe the structures of porous silica
phases, their synthesis using organic SDA, and their ability to
catalyze organic reactions, including peptide formation. We give
examples of the introduction of chirality at different stages in
these processes. We then turn to the ancient geochemical envi-
ronment. We briefly discuss possible prebiotic environments
where silica–organic interactions could occur. We review evidence
that reaction of mineral silica sources with aqueous solutions in-
volves dissolution–reprecipitation mechanisms that put small
amounts of dissolved silica in direct contact with organic mole-
cules. We then identify possible natural organic SDA for prebiotic
conditions. We propose that peptide synthesis and other organic
reactions leading to larger molecular assemblies are catalyzed by
the functional silica formed by such structure direction. We con-
clude with some opportunities for future research to test these
hypotheses.

Porous Functional Silica Structures and Their Synthesis
The structure of crystalline and amorphous silicates (at ambient
pressure) is controlled by the linkages of silicate; SiO4; and, if
aluminum is present, aluminate, AlO4, tetrahedra. In low-pressure
forms of silica, each SiO4 tetrahedron is corner shared to four
others through oxygen atoms. Because the silicon–oxygen (Si–O)
bond length is quite rigid, but the intertetrahedral angle (Si–O–Si) is
quite flexible and can range from about 130 to 180°, a large variety
of structures is possible. The natural silica minerals, with quartz the
stable form under ambient conditions, are built of six-membered
rings of tetrahedra and do not contain appreciable porosity and
hence cannot absorb organic molecules. When silica is dissolved
from rocks and then reprecipitates, it often forms an amorphous
structure, similar to silica glass. This precipitated material may be
nanoparticulate in size and heavily hydrated. Sometimes referred to

as a gel, it is much more reactive than silica glass or crystalline silica
and can interact strongly with organics.
Chemical synthesis, taking advantage of the interaction of silica

with organic SDA, has produced hundreds of new porous high-
silica zeolitic materials, both emulating natural zeolites and having
totally new structures (11). They contain (Fig. 1A) frameworks of
linked silicate tetrahedra, but now these define much larger cages
and tunnels which can absorb and perform catalytic chemistry on
organic molecules converting them into value-added chemicals.
Though much commercial zeolite synthesis uses high temperature
and high pH to speed reaction and increase yield, a number of
aluminosilicate zeolites can be made near room temperature un-
der milder pH conditions.
Inasmuch as the silica framework is built around the organic,

this is a classic ship in a bottle paradigm: the silica bottle assembles
around the organic ship. Then, once the bottle forms, the ship can
be disassembled and removed by chemical reaction or heating,
leaving pores and channels ready to perform catalysis. The overall
process requires a silica source; appropriate organic molecules;
and control of pH, temperature, other ions in solution, and time.
The SDA appears to perform at least two functions: curtailing the
rapid growth of amorphous hydrated silica precipitates (gels) by
keeping the particles small because of surface sorption and con-
trolling pore size and geometry by the directed growth of the silica
around the SDA. Calorimetric studies (12) of pure SiO2 zeolites
have drawn the following conclusions (1). The difference in en-
thalpy and free energy between different zeolite polymorphs is less
than about 15 kJ/mol (only 2 to 3 times the thermal energy available
at synthesis conditions), with more open frameworks being ener-
getically metastable relative to silica glass and less open frameworks
somewhat more stable. This means that the role of the SDA is not to
energetically stabilize an initially grossly metastable structure but to
select among possible structures in a dense landscape of similar

Fig. 1. (A) Crystal structure of H-ZSM-5 zeolite in which the linkages of tetrahedra define large cages (pores) with 0.55 nm diameter connected by tunnels. It
can incorporate molecules no larger than these cages. (B) Crystal structure of MCM-41 mesoporous SiO2 with periodically spaced unidimensional parallel
channels typically 2 to 10 nm in diameter. (C) Schematic of SBA-15 mesoporous silica with hexagonally arranged large pores 5 to 15 nm in diameter, sur-
rounded by largely amorphous silica walls. (D) Schematic of cubic mesoporous KIT-6 silica (pore size larger than 5 nm) with gyroid minimal surface and Ia3d
symmetry composed of two interpenetrating chiral channels which result in an interpenetrating network of cylindrical mesopores.
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energies, enhancing the formation of a structure that is a good fit to
the SDA (2). The interaction of the SDA and zeolite is also relatively
weak (13). Thus, the structure selection may rely more on enhancing
nucleation kinetics than on major differences in thermodynamic
driving forces. This energy landscape is good news in the prebiotic
context in that with a silica source and organic molecules present, the
early Earth system is likely to sample many configurations and
products, with some relevant to the origin of life.
Introduction of mesopores into an aluminum containing fauja-

site zeolite under mild conditions with little energetic cost has been
observed by Linares et al. (14). Chawla et al. (15) have shown that
the surfaces of faujasite can restructure rapidly at room tempera-
ture. Such postsynthesis modification confirms the chemical flexi-
bility of porous silicate materials and, if true for silica, can provide
further pathways for silica–organic interactions under prebiotic
conditions.
Mesoporous silica phases (Fig. 1 B–D) form a family of ma-

terials synthesized using common organic surfactants as SDA
(9). These surfactants, rather than being uniformly dissolved in
the aqueous solution, form micelles above a critical surfactant
concentration. These are molecular aggregates in which the hy-
drophilic heads of the surfactant point into the aqueous phase
while their long hydrophobic tails point into the center. At high
surfactant concentrations the micelles self-assemble into aggre-
gates, leading to formation of phases with different shape and
size (Fig. 2), dictated by surfactant geometry as well as solution
conditions. The dissolved silica source then hydrolyzes and
condenses as an amorphous phase around the external surfaces
of the micelles, which act as SDA to determine the final topology
of the silica. The formation of this inorganic–organic composite
is based on electrostatic interactions between the charged sur-
factants and the silicate species in solution. The surfactant can be
removed by calcination, solvent extraction, UV irradiation, mi-
crowave digestion, or other means, leaving the mesoporous silica
ready to absorb other molecules for catalysis or other reactions.
Also, various postsynthetic modifications can alter pore size and/
or functionalize the surfaces of the pores for specific binding to
biomolecules or other substances. Mesoporous silica phases hav-
ing various geometries greatly extend the realm of mesoporous
materials, especially for catalysis and biomedical applications (17,

18). They can absorb and interact with large molecules, including
peptides, proteins, fatty acids, and nucleic acids. Indeed, micelles
undergoing self-assembly into larger structures may be models for,
or progenitors of, vesicles that are incorporated in protocells
leading to simple living cells (19, 20).
This sequence of steps (surfactant to micelle to micelle ag-

gregate to silica-coated micelle aggregate to organic-free meso-
porous silica) is a general strategy applicable, with fine tuning, to
syntheses using various surfactants and silica sources. The origi-
nal synthesis of mesoporous silica MCM-41 (Mobil Composition of
Matter No. 41) (21) via liquid crystal templating utilized sodium
silicate as a silica source and quaternary ammonium salts as sur-
factants. Although most surfactants used to synthesize mesoporous
silica are commercially available common organic chemicals, there
have been successful syntheses using amino acid-related surfactants.
Li et al. (22) reported fabrication of mesoporous silicas at room
temperature by using tailor-made polymers (C16-L-His, C16-L-Pro,
and C16-L-Trp) as SDA, which are derived from amino acids with
ring structures. Xu et al. (23) reported the synthesis of ordered 2D
hexagonal and parallel pore channel mesoporous silica materials
with homogeneous size and spherical shape by using amino acid
surfactant templating. Zhang et al. (24) used amino acids to intro-
duce hierarchical mesoporosity into a microporous zeolite having
the LTA topology. Thus, molecules based on amino acids and
peptides, although somewhat different from those likely to occur in
nature, have been demonstrated to serve as templates for the syn-
thesis of specific porous silica forms.
The synthesis of chiral mesoporous silica which contains hex-

agonally ordered chiral channels transcribed from the organic
SDA was first reported by Che et al. (25). Chiral ordered mes-
oporous silica was synthesized in the presence of the amino acid
proline (26). Pure right- and left-handed chiral mesoporous silica
and organosilica phases were produced using a chiral anionic
surfactant in the presence of a chiral amino acid (L- or D-argi-
nine) (27). Ordered mesoporous silica with chiral hexagonal
pore structure was fabricated using folic acid as a template (28).
Helical mesoporous silica can be synthesized from achiral sur-
factants (29–32). Properties of these materials can be manipu-
lated further through functionalization of the organic molecules
to produce mesoporous silica with large chiral internal surface

Fig. 2. Schematic diagram representing the formation of micellar structures in a binary surfactant water system. Modified from ref. 16, which is licensed
under CC BY 4.0.
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area (33). These examples and others in a review by Cui et al.
(34) show that chirality in mesoporous silica can be induced
through a variety of synthetic pathways involving both chiral and
achiral SDA.

Interaction of Mesoporous Silica with Amino Acids,
Peptides, and Other Organics
The sorption of amino acids on porous silica has been studied by
several investigators. Shir et al. (35) studied amino acids on
mesoporous MCM-41 and SBA-15 to correlate internal surface
structure and reactivity. Employing solid state NMR, the inter-
facial interactions and structural and dynamic states of bound
glycine and L-alanine were revealed as functions of hydration
and temperature. Goscianska et al. (36) studied sorption of
L-phenylalanine on various mesoporous silica phases from solu-
tions with different pH, while Gao et al. (37) studied the sorption
of several amino acids (acidic, basic, and neutral) on four dif-
ferent mesoporous silicas. These studies show the binding is
specific, strong, and dependent on the amino acid, the nature of
the silica internal surface, pH, and temperature. Martra et al.
(38) showed that silica surfaces were also able to sorb amino
acids from the gas phase and catalyze their oligomerization.
There have also been studies of the sorption and binding of

peptides on bulk and nanophase mesoporous silica. Brodrecht
et al. (39, 40) investigated mesoporous silica modified through in-
pore grafting of small peptides. The structure and surface func-
tionalization were investigated by 2D solid state NMR combined
with dynamic nuclear polarization and covalent binding was con-
firmed. Subra et al. (41) reported the use of Santa Barbara
Amorphous-15 (SBA-15) mesoporous silica functionalized with
aminopropyl groups for peptide oligomerization. MCM-41 silica
containing initial SDA surfactant in the pores demonstrated excel-
lent catalytic activity in condensation reactions (42, 43), and it was
concluded that catalyst basicity originated from the silica and not
the surfactant. Chen et al. (44) demonstrated flavanone synthesis
through condensation over amino-functionalized SBA-15. A sec-
ondary amine immobilized mesoporous silica (FSM-16) showed
remarkable catalytic activity for self-aldol condensation of unmod-
ified aldehydes with higher activity than homogeneous amine cat-
alysts (45). Thus, there is no doubt that various mesoporous silica
phases are excellent catalysts for a variety of organic syntheses.
The immobilization of bioactive enzymes within a porous

structure is one of the best strategies for increasing their activity,
selectivity, and stability. Specifically, it has been reported that
horseradish peroxidase enzyme immobilized in the mesopores of
FSM-16 silica exhibits peak activity and excellent stability in
organic solvents (46). Moreover, nature’s strategy of imple-
menting multistep cascade reactions (two or more sequential
reactions occurring in one reactor) for production of complex
bioactive organic molecules has been successfully demonstrated
using functionalized mesoporous silica catalysts (47, 48).
Saladino et al. (49) showed that metal silicate hydrates, pro-

duced by the dissolution of minerals, spontaneously self-assemble
in aqueous solution at pH 12 to form tubular structures with re-
markable catalytic activity. Such systems transformed formamide
(NH2CHO) into a variety of organic compounds including amino
acids. In addition, McKee (50) has shown that the reaction of
amino acids and organic hydroxy acids to form oligomers with
mixed peptide and carboxylate bonds (depsipeptides) may be an
easier and lower-temperature route to peptide synthesis within
mesoporous silica.
The above studies show that amino acids, peptides, and complex

organic molecules bind selectively to mesoporous and zeolitic silica
phases, and these materials can catalyze amino acid oligomeriza-
tion. Furthermore, chiral silica pores can result in enantioselective
sorption and polymerization of amino acids and peptides.
Such cooperative silica–peptide interactions may be the pre-

cursors for formation of more complex proteins (e.g., silicateins)

and smaller silaffin-like peptides that control the formation of
silica structures in diatoms, sponges, and even plants. Although
the prebiotic conditions discussed here clearly predate the exis-
tence of complex proteins, silaffin peptides could arguably be
prebiotic and could enhance silicification near pH 7 and at room
temperature, perhaps greatly expanding the formation environ-
ments of mesoporous silica.

Implications for the Prebiotic Earth
For the above scenario to be applicable to the prebiotic Earth,
several questions must be answered in the affirmative: 1) Were
there suitable geochemical environments in terms of silica dis-
solution, organic molecules in aqueous solution, pH, tempera-
ture, and other factors? 2) What natural SDA might have been
active? 3) Can the porous silica phases produced by these SDA
catalyze peptide formation and other condensation reactions? 4)
If the same molecules are involved as SDA and as products of
polymerization, can a positive feedback loop be established to
enhance the production of peptides?
We note at the outset that nature has time at its disposal, while

technology does not, so the natural processes do not need the
high throughput and efficiency required and enabled by engi-
neering. Therefore, less efficient pathways, which utilize molec-
ular species appropriate to prebiotic chemistry in specific local
environments, may still lead to the needed synthesis and accu-
mulation of complex products on the geologic timescale. Thus,
silicate mineral dissolution through geologic processes, porous
silica formation aided by natural SDA, and organic polymeriza-
tion reactions within such silica phases should be viewed as
continuous long-term processes.

Prebiotic Geochemical Environments. Silica in contact with aqueous
solutions may occur in a number of present-day and prebiotic
environments. Hydrothermal systems have been suggested to be
active settings for prebiotic reactions (51–53, 3). Their temper-
atures can vary spatially and temporally, from near room tem-
perature to 500 °C, making them possible environments for
forming and transforming silica phases, although not necessarily
for achieving and maintaining equilibrium, and for promoting
organic reactions. Rocks of the Hadean era are considered to be
dominated by the products of a cooling magma ocean, solidifying
to form olivine-rich basalts (komatiites) (54). Although no intact
rocks with ages greater than about 4 billion y have been located,
individual zircon (ZrSiO4) grains weathered out of rocks can be
dated back to 4.4 Ga, well in the prebiotic regime. These in-
credibly durable zircons are intensely studied for radiometric
age, trace element chemistry, and identification of trapped
mineral inclusions that are protected from subsequent weather-
ing. These data provide evidence (55) that the prebiotic Earth
had an active rock cycle (weathering, sedimentation, burial, and
melting) in a nonreduced surface environment (CO2 rather than
CO or CH4) and that these melting events produced melts
approaching granitic compositions. The alteration of rocks pro-
duced from such magmas could produce porous aluminosilicates
and silica to participate in organic interactions.
Bolide impacts, prevalent on the early Earth, can fragment rocks;

produce nanoparticles; and, in extreme cases, vaporize enough rock
that then settles back to Earth forming a rich array of metastable
phases and mixing organic and inorganic constituents. Volcanoes
can produce hot water environments conducive to silica dissolution
and reaction with dissolved organic and inorganic species. These
various scenarios suggest that many prebiotic environments had the
ingredients necessary for silica–organic interactions.
The amount of dissolved silica in natural solutions can be

assessed relative to the stabilities and solubilities of rock-forming
minerals. Examples in Fig. 3 provide a framework for quantifying
silica abundances that hydrothermal and weathering processes
can provide. Alteration of ultramafic rocks can be approximated
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by aqueous silica activities set by the brucite [Mg(OH)]–chrysotile
[Mg3Si2O5(OH)4] assemblage that plot at lower values in Fig. 3A.
Mineral assemblages in more silica-rich rocks allow much

higher aqueous silica activities indicated by the rest of the curves.
Therefore, as mantle and crustal differentiation led to rocks
enriched in silica, the silica content of fluids altering those rocks
also increased. Since aqueous silica activities are higher at ele-
vated temperatures, processes can supply supersaturated silica
solutions that are primed for organic interactions. Over wide
ranges of pH the changes in total dissolved Si contents of fluids
are rather similar but are greatly enhanced at strongly basic
conditions where the weak silicic acid dissociates. Fig. 3B shows
the pH dependence of quartz solubility in water at 100 °C in the
upper panel and the speciation of dissolved silica in the lower
panel. In natural fluids the presence of other solutes, especially
major rock-forming cations, can drive even greater total dis-
solved Si contents via the formation of cation–silicate complexes
in solution (60).

Silica Dissolution and Precipitation Mechanisms. The alteration of
minerals via reaction with solutions was initially considered to occur
by solid-state volume interdiffusion, with cations from the mineral
entering solution while protons replaced them, thus leaving
behind silica-rich leached layers on mineral surfaces. How-
ever, the improvement of sample preparation techniques using
focused ion beams and higher resolution and chemical speci-
ficity with electron microscopy has led to a rethinking of this
process. As described in Hellmann et al. (61), dissolution of
the mineral followed by precipitation of amorphous silica
at the mineral/fluid interface was observed in many cases.
High-resolution transmission electron microscopy (TEM) revealed
10- to 40-nm-thick rims of amorphous silica with no detectable
porosity upon dissolution of olivine, (Mg,Fe)2SiO4 (62). Analogous
rims were seen when dissolving other minerals, including wollas-
tonite, anorthite, and garnet (61). In all cases, crystalline silicates
were in sharp contact with amorphous silica with no evidence of a
leached layer (Fig. 4).
The strong conclusion drawn from these studies is that the

amorphous silica layers form by a continuously occurring process
of dissolution–precipitation rather than leaching. Thus, all the
silicon atoms in the newly precipitated phase have spent some
time in aqueous solution after leaving their original mineral
phase. The concentration of dissolved silica at any time may be
low, but all the SiO2 in the newly formed silica phase has come
from the aqueous solution. The importance for prebiotic chem-
istry is that a steady-state, low concentration of dissolved silica

species would be available to interact with organic SDA in the
aqueous phase. Although the precipitated silica phase would
look amorphous to cursory laboratory examination, it may con-
tain local regions of more ordered structures that aid further
organic transformations. Over the long term, any particular
precipitated amorphous silica may be short lived, transforming to
more stable phases such as quartz, but its continuous production
may be sufficient to support the proposed scenario. A variety of
silicate minerals, common in the prebiotic geologic environment,
perhaps with olivine dominant, may be the sources of the tran-
sient dissolved silica, leading to amorphous and mesoporous
silica with catalytic activity. Thus, the processes proposed here
do not require rare and unique geochemical conditions but may
be widespread, continuously producing small amounts of in-
creasingly complex organic molecules.

Possible Structure Directing Agents in Prebiotic Environments. Pep-
tides containing 4 to 12 residues and a hydrophilic head (24) may
function as prebiotic SDA. These structures undergo spontane-
ous assembly to form ordered arrangements including micelles,
nanovesicles, and nanotubes. Small peptides based on glycine,
alanine, and aspartic acid, among the chemically and structurally
simplest amino acids, are of particular interest because of their
presence in simulations of Earth’s prebiotic environment (63)
and their detection in carbonaceous chondrites (64).
However, high alkalinity with pH above the point of zero charge

leads to undesired μm-sized aggregates (65). To overcome this

Fig. 3. (A) Ranges of silica activities in aqueous solutions at equilibrium with quartz, amorphous silica and various mineral assemblages along the boiling
curve for H2O. (B) pH dependence of quartz solubility and speciation of dissolved silica at 100 °C. Calculations are done with data and equations from refs.
56–59.

Fig. 4. (A) Bright-field TEM image of laboratory- weathered olivine show-
ing amorphous silica contact. (B) Magnified version of box in A using high-
resolution TEM. Note the sharp boundary between crystalline olivine and
amorphous silica. Reprinted from ref. 62. Copyright (2011), with permission
from Elsevier.

Navrotsky et al. PNAS | 5 of 7
Cooperative formation of porous silica and peptides on the prebiotic Earth https://doi.org/10.1073/pnas.2021117118

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

O
ct

ob
er

 2
8,

 2
02

1 

https://doi.org/10.1073/pnas.2021117118


possible difficulty, dry-down conditions may force the self-assembly
(66). Indeed, many prebiotic systems may require an evaporative
environment to drive condensation reactions (67, 68).
Fatty acids form micelles and vesicles, and they have been

considered as the fundamental building blocks of prebiotic
membranes in that they are chemically simpler than phospho-
lipids (69, 70). Amphiphilic molecules have been isolated from
meteorites and synthesized under simulated prebiotic conditions
(71, 72). Fatty acids with a saturated acyl chain are extremely
unreactive compounds and therefore might have accumulated to
significant levels, even with slow or episodic syntheses.
Aliphatic acids with chain length from C-8 to C-18 might act as

SDA at pH up to 14. The most abundant amphiphilic species in
these mixtures are short, saturated fatty acids (<C-12), which are
also the primary species found in carbonaceous chondrite ex-
tracts (73, 74). Many of these fatty acids form micelles at pH > 9
(75), while their formation of vesicles is restricted to a rather
narrow pH range (70, 76).
The evidence summarized above suggests that fatty acids

naturally present in prebiotic waters may participate in micelle
formation and help structure direct the formation of mesoporous
silica with different pore geometries.

Prospects for Future Work
Experimental studies are needed to test whether peptides and/or
fatty acids can function as structure-directing agents for various
forms of mesoporous silica. Study of the extent and rate of
mesoporous silica formation using peptide and fatty acid SDA as
functions of temperature and pH is desirable.
The binding of SDA with zeolites and mesoporous silica after

structure direction has been shown by calorimetry to be exo-
thermic but small in magnitude, typically less than 5 kJ/mol (13,
77). However, the initial interaction of the SDA with hydrated
silicate ions in aqueous solution may be stronger but has not
been measured directly. Such measurements are possible, at least
for higher dissolved silica concentrations.
Although the rate of peptide synthesis may be catalyzed by

reactions within mesoporous silica, the feasibility of reaction and
most stable final products are controlled by thermodynamics.

There are a number of unknowns in looking at different possible
peptides. Specific questions include the following: Do certain
amino acids polymerize more readily than others, in both a
thermodynamic and kinetic sense? Is the exclusion from bio-
logical systems of certain amino acids found in meteorites re-
lated to their ease of polymerization under prebiotic conditions
or to later biological constraints? Is the ease of polymerization
related to the energetics of forming the peptide bond? Is there a
bottleneck in the energetics at some intermediate degree of po-
lymerization for certain amino acids? Is the extent of polymeri-
zation related to the strength of sorption in the mesoporous silica?
How is peptide formation affected by chirality in both the amino
acid and growing peptide, as well as in the mesoporous silica?
Many geochemical processes and geologic events could pro-

vide environments for silica formation and its interaction with
organics. Such interactions could occur in a variety of pressure,
temperature, and pH conditions. To increase our understanding,
these processes should be investigated by experiment and com-
putation. Analogous processes could be occurring on the present
Earth, although masked by biological activity.
We conclude that the hypotheses formulated above can be

constrained by careful experimentation and computation. At the
same time, we cannot constrain details of the prebiotic geo-
chemical environment in more than a very general way. Indeed,
its probable variability in space and time makes it all the more
likely that the pathways proposed here have occurred somewhere
sometime, perhaps many times or even continuously at some
level. Therefore, even sporadic occurrence of the right condi-
tions may be enough to enable silica-catalyzed organic synthesis
since the Earth has time on its side.

Data Availability. All study data are included in the article and
supporting information.
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