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Abstract

Biomineral formation is widespread in Nature and occurs in bacteria, single-celled protists, plants,

invertebrates and vertebrates. Minerals formed in the biological environment often show unusual

physical properties (e.g., strength, degree of hydration) and often have structures that exhibit order

on many length scales. Biosilica, found in single cell organisms through to higher plants and

primitive animals (sponges) is formed from an environment that is undersaturated with respect to

silicon and under conditions of around neutral pH and low temperature ca. 4–40 °C. Formation of

the mineral may occur intra- or extra-cellularly and specific biochemical locations for mineral

deposition that include lipids, proteins and carbohydrates are known. In most cases the formation

of the mineral phase is linked to cellular processes, understanding of which could lead to the

design of new materials for biomedical, optical and other applications.

In this contribution we describe the aqueous chemistry of silica, from uncondensed monomer

through to colloidal particles and three dimensional structures, relevant to the environment from

which the biomineral forms. We then describe the chemistry of silica formation from alkoxides

such as tetraethoxysilane as this and other silanes have been used to study the chemistry of silica

formation using silicatein and such precursors are often used in the preparation of silicas for

technological applications. The focus of this article is on the methods, experimental and

computational by which the process of silica formation can be studied with emphasis on

speciation.
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Silicic acid condensation in aqueous media- the fundamentals

The simplest soluble form of silica, orthosilicic acid ‘Si(OH)4’, is a weakly acidic molecule

(pKa 9.8) with silicon tetrahedrally coordinated to four hydroxyl groups [1, 2]. It is found

universally (sea water, fresh water, soil water) at low concentrations (a few ppm) and it is

most likely that it is in this form that all organisms are able take up ‘silicon’. Evidence for

transport of the element by biochemical transporters is available for three classes of well

studied silicified organisms (diatoms, sponges and higher plants) [3-6]. How the silicic acid

reaches its final site of deposition is still largely unknown and remains an active area of

study across the globe.

Orthosilicic acid is stable in water at room temperature as long as its concentration remains

below the solubility limit of the amorphous phase (typically around 100 ppm, ca. 1 mM).

Above this concentration, however, it will undergo autopolycondensation to lower the

concentration of orthosilicic acid in solution with each condensation reaction between two

orthosilicic acid molecules additionally generating one molecule of water. In addition, even

with a pKa of 9.8, a small number of orthosilicic acid molecules will be ionized at neutral

pH (ca. 0.18%) and these will very readily react with neutral orthosilicic acid molecules to

generate oligomers, Scheme 1. The condensation process is spontaneous with a range of

small oligomers being formed initially, Figures 1 and 2. These serve as nuclei for the

formation of stable particles that eventually aggregate/ coalesce to form a gel or aggregate

network, Figures 1 and 2.

A perhaps unusual feature of silicic acid chemistry is the fact that although the silanol

groups in the monomer are mildly basic, the pKa’s of small oligomers have been reported to

vary between 9.5-10.7, and the pKa of silanol groups on the outside of oligomers 1nm in

diameter (essentially a small particle) is 6.8. This means that as silica particles grow to the

size of building blocks present in biological silicas, essentially a few nm in diameter, they

will carry a surface negative charge and it is these particles that will interact with the

biochemical environment in which the silica is deposited. As a rule, silicic acid molecules

condense in such a way as to maximise the number of Si-O-Si bonds with cyclic species

being formed early in the condensation process, Scheme 1. We will come back to this later

when silicate speciation is considered in more detail. Almost all silicas contain high

proportions of cyclic species unless they have been formed under conditions of extreme

acidity. Furthermore, once the cyclic species dominate, monomers and dimers and other

small oligomers react preferentially with these as the oligomers have a higher density of

ionized silanol groups. As the levels of orthosilicic acid above the solubility limit decrease,

smaller, more soluble particles dissolve releasing silicic acid that re-deposits onto the larger

particles present, a process known as Ostwald ripening, Scheme 2. At circumneutral pH (6.0

– 8.0 – typically ~ 7), particles can continue growing as isolated particles until the levels of

soluble silica reach the solubility of amorphous silica as the particles carry negative charge

and repel one another, Figure 1. If salts or other charge species are present (inevitable in a

biological environment) then the surface charge that causes repulsion between individual

particles is reduced or cancelled and the particles aggregate to form dense three-dimensional

networks, Figure 1. Note that in the case of silica found in sponges, the smallest silica

particles that have been measured by electron microscopy are of the order of 2-3 nm in size

with little space between the particles. These particles are then arranged into larger scale

hybrid structures with biomolecules that include silicatein, silicase, galectin, sponge

collagen and other proteins (see associated review). The possible role(s) that proteins, small

molecules and ions can play in the generation of a functional condensed silica structure in

relation to different stages of silica formation are indicated in Figure 1.
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Many factors affect the process of silica condensation from the molecular level upwards

including concentration, temperature, pressure, pH and the presence of other ions, small

molecules and polymers [1 and many subsequent reviews, including 2, 7] but in all cases the

materials that form are amorphous on the 1nm length scale and are built up from SiO4

tetrahedra with variable Si-O-Si bond angles and Si-O bond distances. The materials contain

hydroxyl groups (some will be present as Si-O-) and according to the reaction environment

in which the mineral forms, silica from different organisms/ precipitation conditions can

vary greatly with regard to density, hardness, solubility and composition [8].

Condensation from alkoxysilanes

Alkoxysilanes such as tetramethoxysilane and tetraethoxysilane are common silicon

containing precursors used to study silica formation and generate materials for technological

applications [9]. They have been extensively used by scientists exploring silica formation in

the presence of silicatein [e.g. 10,11] although there are issues of water miscibility in the

case of tetraethoxysilane until the compound is hydrolysed. In these compounds the central

silicon atom is attached covalently via ether linkages to organic groups, although silanes

with organic groups covalently attached to the silicon atom are also used so as to tune the

condensation/aggregation mechanisms and also the properties of the materials formed.

Alkoxy groups are usually hydrolysed when the compounds are placed in an aqueous

environment, particularly in the presence of acid or basic catalysts, to generate silanol

groups, Scheme 3. Once these are present condensation can occur with generation of alcohol

or water as a side product of the reaction depending on whether condensation occurs

between one silanol group and an alkoxide group or between two silanol groups

respectively, Scheme 3. In water, there is a single building block from which silica

structures are generated (orthosilicic acid) but for condensation from alkoxides a range of

monomers with various functionalities can coexist, Scheme 3. The hydrolysis and

condensation of silanes is affected by the identity of the precursor, solvent and catalyst,

temperature and pH amongst other simple operating parameters including order of addition

of individual reagents [9]. The catalyst used can dramatically modify the structure of the

material produced, acid hydrolysis leading to largely linear structures, whereas base

catalysis leads to branched structures. In addition, the length of the alkyl chain present in the

precursor also has an effect on hydrolysis and condensation, as the use of tetramethoxysilane

or tetraethoxysilane leads to structures built up from a preponderance of ring structures

containing respectively three or four silicon atoms. Recent studies using UV-Raman

and 29Si NMR spectroscopy coupled with molecular modelling [12] have further

investigated the difference between the two precursors. When the amount of water is well

below the stoichiometric value (e.g 10x below), 3-silicon rings are only formed from TMOS

late in the oligomerization process, while starting from TEOS under similar reaction

conditions, four silicon rings are formed early in the process by cyclodimerization. Even

slight modifications in the alkoxide to water ratio (0.9 to 1.3) leads to significant changes in

the condensed structures detected, including a great decrease in the concentration of ring

structures, and the presence of partially condensed silicon species.

It should be noted that studies of silica formation in the presence of biochemical isolates

from silicifying organisms either proceed by prehydrolysis of the alkoxides (typically 10-15

minutes in the presence of an acid) followed by a transfer to the buffered medium containing

the biomolecule, or by direct addition of the un-hydrolysed siloxane to the buffered medium.

The presence of buffer ions including phosphate will modify the activity of the precursors,

change the condensation pathway and can be a decisive factor in the formation of a gel or

particulate structure.
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Characterisation of the siliceous materials formed

The mineralised structures built up from nanosized particles intermixed with organic

material arise from a complex interplay between inorganic chemistry (silica formation) and

cellular biology (biomolecule structure and location). A wide range of techniques are being

used to probe these complex materials at different levels, from the micrometer to the

nanometre length scale, and down to their molecular structures[7]. Some examples of the

types of information that can be gained from a subset of the techniques described below is

presented in Figure 3.

Electron microscopy (scanning and transmission modes) is used to identify the sizes of

fundamental particles and their interconnection to one another. This technique is often used

in conjunction with energy dispersive X-ray analysis (EDXa), to locate the mineral within

an organism as well as locate co-localized inorganic species. An example shown in Figure 3

is the siliceous structures isolated from leaves of a member of the Cucurbita (marrow)

family.

Small angle, ultra small angle and wide angle X-ray diffraction (SAXS, USAXS and

WAXS) can detect order at the nm level with USAXS being used successfully to identify

structures at different length scales including pore structures [13]. Scanning probe

microscopies constitute an arsenal of techniques which can be used to characterise not only

the topological features of the materials formed, but also their physical and chemical

properties [14]; Confocal microscopy coupled with the use of fluorescently labelled

biomolecules such as polyamines has been used to explore the co-localisation of the organic

matrix and mineral phase [15] and further experimentation in this direction may provide

more detailed time dependent information on the process of biological silicification. Another

technique which gives information on bulk samples is nitrogen (or other gas) adsorption

analysis and this can be used to measure porosity, including the distribution of pore sizes,

Figure 3.

At the molecular level, solid state 29Si NMR allows for the observation of connectivity and

degree of condensation in solid siliceous materials by comparing the intensities of the

Q0,Q1, Q2, Q3 and Q4 signals, Figure 3. Infra red and Raman spectroscopies have also been

used to observe siliceous materials in solution, colloidal and solid state. Comparison of

surface and bulk properties may be considered with these by the use of reflection techniques

such as attenuated total reflection (ATR) and diffuse reflection infrared Fourier transform

spectroscopy (DRIFTS) which only penetrate the first few molecular layers of the material

whilst the bulk properties can be observed by transmission techniques. The use of these

instruments in ‘mapping’ mode can be used to identify any co-localization of the mineral

with specific molecule types (protein, carbohydrate etc.) that can be of great use in planning

further biochemical investigations.

Study of the condensation process

For information on solution species, a range of chemical and instrumental techniques are

available. Complexation with molybdic acid reagent produces silicomolybdic acid, a

strongly absorbing yellow complex which only forms in combination with monosilicic acid.

This complex can be reduced to the blue silicomolybdous acid complex to give a highly

sensitive method for monitoring monomeric and dimeric solution concentrations, for

example for kinetic studies. The yellow complex may also be monitored directly to gain

information about the species present in solution, the rate of complexation being directly

related to the rate of dissociation of oligomeric species into the monomer [16-18] (Figure 4).

Silicate species have also been successfully monitored by gas chromatography/mass

spectrometry (GC/MS) tandem techniques. The silylation of the oligomers with
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alkylchlorosilanes [19,20] prevents further condensation reactions and also facilitates their

transfer to the gas phase for chromatographic separation. To analyse directly stable aqueous

solution molecules, electrospray ionisation mass spectrometry (ESI/MS) has been employed

[21,22], Figure 3. The implementation of this technique to the study of dynamic changes

such as during silica condensation, the solution speciation needs to be “frozen” during the

evaporative stage in the sample ionisation step and this possibility is currently under

investigation. 29Si NMR has been used extensively to observe silicate structures in stable

solutions. It has been successfully applied using both 1D and 2D pulsed techniques such as

COSY (Correlation SpectroscopY), INEPT (Insensitive Nuclei Enhanced by Polarization

Transfer) and INADEQUATE (Incredible Natural Abundance DoublE QUAntum Transfer

Experiment) in the identification of in excess of 30 solution species and more are being

discovered [23,24] The abundance of the active isotope 29Si is only 4.7% of all Si species,

and relaxation times, even with the use of relaxation agents such as chromium acetylacetone

(Cr(acac)3), are in the order of 20-30 seconds. Because of these limitations the use of 29Si

NMR in dilute and dynamic systems is limited. 29Si enrichment has been used but the cost

and availability of the active isotope are currently prohibitive for extensive studies. An

additional method for quantifying silicon in solution or colloidal state is the atomic emission

method based on inductively coupled plasma analysis (ICP) which analyses the total ‘Si’

content but does not give any information on speciation.

Speciation of aqueous silicate solutions

Silicate speciation in aqueous media has been studied during silica dissolution, condensation

and in stabilised solutions. Speciation studies during dissolution have included natural

systems using both amorphous and crystalline (mineral) silicas and observations of natural

waters with a range of characteristics. During the dissolution of amorphous silica under

neutral pH conditions an increase in the ratio of dimer to monomer is observed as saturation

is approached [25]. Silica of a wide range of origins (mineral, quartz, opal, volcanic, silica

gel and amorphous) have all been shown to produce solutions of monomer at equilibrium

but during the early stages of dissolution the presence of polymeric species was indicated by

their relative rates of complexation with molybdic acid [26]. These polymeric species were

found to convert to monomer over time and were thought to probably represent the rapidly

dissolving species found at high energy sites on the surface of irregular and angular

materials. Natural waters contain usually from 0.03 to 1 mM dissolved silica together with

silica particles due to erosive pressures. Irrespective of the silicate concentration all of these

sources only contain monomeric silicic acid associated with various cations, however only

Na+ concentrations are consistently correlated to the soluble silica concentrations [27].

Under conditions of elevated temperature and pressure the ratio of dimer to monomer

increases and under more extreme hydrothermal conditions (>850 °C and >12 bar) a

contribution from dissolved higher oligomers has been detected by Raman spectroscopy

[28].

During the condensation of silica from meta-stable orthosilicic acid solutions a number of

oligomeric species have been either identified (by spectroscopic methods) or inferred (by

kinetic methods and molybdic acid complexation rates). These studies have shown that the

early stages of condensation proceed by the formation of dimers and short linear oligomers

which rapidly cyclise [12, 16, 18, 29, 30].

Cyclisation does not universally occur end to end within a chain but can also take place

along the chain, resulting in a number of cyclic siliceous species with linear appendages

[31]. Under neutral pH conditions, the pKa of the oligomers decreases with connectivity.

These oligomers become increasingly anionic and favourable for condensation with the

remaining monomers and preformed oligomers. Hence the condensing system becomes
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rapidly dominated by monomer and particulate silica. Under strongly alkaline conditions,

these oligomers are stabilised and may be monitored by techniques which are unavailable to

condensing systems due to the fast processes involved. In dilute solutions, small oligomers

(monomer and dimers) are stabilised, but structures as large as the cubic octamer and

prismatic decamer are found in more concentrated systems [21, 22, 24, 32-35], Figure 2, 3.

Depending on the base used for solution preparation, silicon speciation can be modified and

stable solutions of different oligomers can be obtained. In sodium and potassium hydroxide

solutions, many of the small and large oligomers coexist, whereas in tetraalkylammonium

hydroxide stabilised solutions, various cage oligomers dominate according to the alkyl chain

present. In tetramethylammonium hydroxide solution the cubic octamer is the major species,

Figure 3, in tetraethylammonium hydroxide the prismatic hexamer is preferentially

stabilised and in tetrapropylammonium hydroxide the cubic octamer and its dimer occur

[36]. Solutions containing specific oligomers can be formed by varying the ratio of the

alkylammonium hydroxide to silicate precursor with tetramethylammonium hydroxide being

able to select for the cubic octamer at a 6:1 TMAOH to oligomer ratio and the prismatic

hexamer at a 5:1 ratio. An explanation for this specific stabilisation of oligomers has been

obtained from molecular modelling. These studies demonstrated that the stabilisation is due

to a lowering of the difference in entropy caused by the disruption of the hydrogen bonding

network of bulk water rather than by a templating effect [37]. Figure 2c shows the spatial

location of TMA relative to the oligomerfaces.

If we now consider a potentially ‘simpler’ system initially containing silicate anions and

sodium ions produced from the dissolution of amorphous silica in sodium hydroxide, 1-D

and 2-D NMR studies using 29Si enriched sodium silicate solutions, with comparison to

simulated COSY spectra have identified oligomers with multiple stereoisomers, including

conformers and/ or diastereomers, which were not possible from the 1D spectra alone [12].

The 1-D methods are effective only where the spectra of the oligomers present give rise to

well-resolved and minimally overlapped features. Oligomers that have been identified from

the correlation experiments contain a small number of chemically inequivalent silicon sites,

attributable to small, symmetric structures which show a multiplicity of stereoisomers when

the potential chirality of Q3 sites is considered. An example of such structures is shown in

Figure 2D. The presence of such structures has consequences for the way in which a silicate

network can develop both in solution and ultimately in the solid state, and may well have a

bearing on the way we think about biomineral development in Nature.

Computational studies of silica formation

Computational methods have been applied to the study of silica formation, including the

interaction between silicic acid species and biomolecules since the mid 1990’s [38]. In

recent years, due to the improvement of processing power, computer modelling has become

a valuable tool in determining mechanisms and routes of silica oligomerization and the

effect of external parameters on the process. Earlier work usually used non-explicit water

models such as the COSMO (conductor like screening model) solvation model with the

solvent being treated as a continuum rather than containing individual solvent molecules.

These studies showed that the anionic route to condensation was favoured in agreement with

experimental observations, [39-41], and that the activation energy for cyclisation was higher

than that for linear oligomerisation, with the rate determining step being the removal of

water. However, when explicit water molecules were included in molecular dynamic

simulations, the Si-O-Si bond cyclisation activation energies were found to be much

reduced, making the models come closer to the experimental observation where tricyclic

oligomers are often favoured over linear and higher cyclic oligomers [42]. Moreover, the

simulations demonstrated that the linear growth mechanism dominates under circumneutral

pH conditions, with cyclisation dominating at higher pH [42]. Furthermore, a kinetic Monte
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Carlo simulation study using parameters calculated by density functional theory found ring

closure and linear growth to be the rate limiting steps respectively at circumneutral and basic

pH [43]. Although the semi empirical PM3 force field gives a good approximation to

molecular dynamic models [44] it does not fully explain the role of entropy in the formation

of cyclical structures.

Other modelling has focussed on explaining the stabilisation of the larger cage like

oligomers by tetraalkylammonium cations. By calculating the mean force for silicate

polyion and tetramethyl ammonium cation ion pair interactions and entropic effects studies

have shown the preferred ratio and therefore orientations of the ionic species to be 6:1

TMA+ to oligomer for the cubic octamer stabilisation and 5:1 for that of the prismatic

hexamer with the cation oriented towards each face of their respective cages as is found

experimentally. [45], Figure 2c.

Conclusions

Fundamental studies of the early stages of silica condensation are continuing to reveal much

about the wide range of species present in solution and the mechanisms by which these

species form. However, the majority of the experimental information has been obtained

from condensing systems where the reaction can effectively be ‘quenched’ either because of

the pH at which it is run or by other chemical means. We still know much less concerning

condensation under physiologically relevant conditions. Increases in computing power are

now enabling realistic calculations of species present, their relative energies and likely

condensation pathways. However we are still a long way from being able to manipulate the

chemistry of silica, either in silico or in the laboratory to produce materials with the

exquisite form and function that occur in the natural world (see associated review on sponge

proteins). The relevance of solution species to final structure is still unclear and methods

which can monitor the process in real time need to be developed in order for us to be able to

study and thereafter understand and fully appreciate the contribution of all species in the

reaction medium to mineral formation. We should remember that silica formation in the

natural environment occurs in the presence of a very wide range of ions, small molecules

and larger biomolecules; polyamines and a range of proteins being associated with silica

produced by sponges and the presence of all of these will affect in some way the

condensation process from monomer through stable nuclei to the development of

macroscopic three dimensional siliceous structures.
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Glossary

The terminology which is used relevant for the study of silica formation in an aqueous and

non-aqueous environment is as follows:
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Si the chemical symbol for the element and the generic term used

when the nature of the specific silicon compound is not known.

Si(OH)4 orthosilicic acid, the fundamental building block used in the

formation of silicas.

SiO2•nH2O or

SiO2−x(OH)2x•2H2O

amorphous, hydrated, polymerized material.

Oligomerization the formation of dimers and small oligomers from orthosilicic

acid by removal of water. e.g., 2Si(OH)4 ↔ (HO)3Si–O–

Si(OH)3 + H2O

Polymerization the mutual condensation of silicic acid to give molecularly

coherent units of increasing size.

Q0, Q1, Q2, Q3, Q4 notation used in 29Si NMR spectroscopy for Si with four

oxygens attached, the number 0-4 denotes the number of ‘Si’

units attached through the oxygen to an individual silicon

atom.

Silane a compound have silicon atom(s) and organic chemical groups

often connected through an oxygen linkage; e.g. tetraethoxy or

tetramethoxysilane. Silanes may also contain Si-organic

groups with direct connection of organic groupings to the

silicon atom.

TMOS, TEOS Alkoxy silanes; tetramethoxysilane and tetraethoxysilane. In

the context of the work described herein, used as precursors for

supersaturated orthosilicic acid solutions for condensation

experiments.

Silanol hydroxyl group bonded to silicon atom

Silicate a chemically specific ion having negative charge (e.g.,

SiO3
2−), term also used to describe salts (e.g., sodium silicate

Na2SiO3)

Opal the term used to describe the gem-stone and often used to

describe the type of amorphous silica produced by biological

organisms. The two are similar in structure at the molecular

level (disordered or amorphous) but at higher levels of

structural organization are distinct from one another.
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Figure 1.

Schematic showing the generally accepted pathways to silica formation from orthosilicic

acid through oligomers to particles and aggregated structures. Annotations to show where in

the process the sponge protein silicatein and a few other selected biomolecules act are also

shown.
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Figure 2.

A: Energy minimised (MM2 followed by application of the AM1 programme) structures of

exemplar silicic acid structures from momomers through to octamers. B: Schematic of an

amorphous silica particle obtained from the thermal annealing of a quartz structure,

correction of defects (3 and 5 coordinate Si and 3 coordinate O), extraction of 2nm particle

followed by protonation of dangling Si-O bonds and additional condensation on the surface

to eliminate Q1 species. The core contains predominantly Q4 species and the shell a mixture

of Qn species. C: TMA+ stabilised 6:1 cubic octamer and 5:1 prismatic hexamer. D:

Exemplars of energy minimised stereoisomers, LHS bicyclic hexamers, trans and cis form

and RHS tricyclic hexamers chair and boat forms. In all cases potential chiral centres are

marked with a *.
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Figure 3.

Methods used for characterisation of silica species in solution and in the solid state. A:

nitrogen gas adsorption analysis of a fumed silica(small particles treated at high

temperature); grey lines and a silicalite; black lines. B: ESI/MS mass spectrometric data for

a solution of silica (30 mM dm-3) dissolved in a 12.5% wgt/vol solution of

tetramethylammonium hydroxide after heating to 60°C for 8 hours to aid solubility.

C:scanning electron microscopy images of silica extracts from Curcurbita (marrow) leaves.

D: solid state 29Si nmr of silicon species in Q° to Q4 coordination environments.

Belton et al. Page 13

FEBS J. Author manuscript; available in PMC 2013 May 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4.

A: The decrease in silicomolybdous acid (molybdenum blue) complex with time following

pH reduction for 30 mM initial [Si(OH)4] at pH 6.8, B: the formation of silicomolybdic acid

yellow complex after increasing condensation times. The vertical lines in A: represent a

selection of the sampling times used to obtain the molybdenum yellow data presented in B:.

The vertical line on B: denotes the time at which the blue silicomolybdic acid complex is

formed from species available in solution. C: Silicate speciation during the condensation

process for a 4 species fit.
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Scheme 1.

Mechanism of condensation of silicic acid species to generate linear and cyclic structures.
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Scheme 2.

Pictorial representation of Ostwald ripening
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Scheme 3.

For the hydrolysis and condensation of an alkoxysilane (R = organic group) under acidic

conditions, (a) species present on hydrolysis, (b) species present on condensation
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