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Biologically Controlled Mineralization and Demineralization of Amorphous Silica

Adam Folger Wallace

ABSTRACT

Living systems possess seemingly bottomless complexity. Attempts to parse the details of one

cellular process from all other concurrent processes are challenging, if not daunting

undertakings. The apparent depth of this problem, as it pertains to biomineralization, is related to

the small number of existing studies focused on the development of a mechanism-based

understanding of intracellular mineralization processes. Molecular biologists and geneticists have

only begun to turn their attention towards identification and characterization of molecules

involved in regulating and controlling biomineral formation. With this new knowledge, a number

of new and exciting research opportunities are currently awaiting development upon a barren

landscape.

Silica biomineralization is one of these emerging frontiers. As new information about the

chemical and structural nature of the macromolecules involved in biosilicification is revealed,

the means these species employ to control the temporal and spatial onset of silica deposition in

vivo become available for exploration. The first chapter of this dissertation outlines those aspects

of silicate metabolism that are directly relevant to the controlled biomineralization of silica in

eukaryotic organisms and identifies pervasive and unanswered questions surrounding biosilica

formation. Particular attention is paid to the diatoms, which are the most abundant, and

extensively investigated silica-mineralizing organisms in modern seas. The extent, and

mechanism through which specific organic moieties work individually or in concert to direct

mineral formation at biological interfaces is a central concern of modern biomineralization

research. Chapter two addresses this forefront issue for silica mineralizing systems, and reports

the results of an experimental investigation designed to measure the effects of individual surface-

bound organic functional groups on the rate of surface-directed silica nucleation. Chapter three

discusses an additional aspect of this research aimed at investigating the reactivity of

nanoparticulate biogenic silica produced by marine phytoplankton and terrestrial plants in natural

environments. Density Functional Theory and ab initio molecular orbital calculations are

employed to explore potential mechanisms underlying the catalytic activity of divalent metal

cations during the hydrolysis of Si – O bonded networks.
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CHAPTER 1

Silicon uptake, transport, and mineralization during diatom cell wall synthesis

ADAM F. WALLACE & PATRICIA M. DOVE

Department of Geosciences, Virginia Tech., Blacksburg, Virginia 24061, USA
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1.1 Abstract

Since their first appearance in the fossil record (~110 Ma), marine diatoms have assumed

important regulatory roles over the global geochemical cycles of both silicon and carbon. The

rapid diversification of the diatoms following the K/T extinction event (~ 65 Ma) elevated these

algae to their current position as the most prolific silicifying organisms in modern seas. While

advances in molecular and cell biology, particularly those in genomics and protein

characterization, continue to yield information about the chemical nature of macromolecular

species involved in silicon transport and deposition during diatom cell wall synthesis, a

mechanistic understanding of the silica biomineralization process is yet to materialize. In this

review we describe the global importance of silica biomineralization processes throughout the

geologic record, discuss elements of silicate metabolism that are directly relevant to the

controlled mineralization of amorphous silica by diatoms, and identify specific areas where

targeted research may yield significant new insights into the underlying mechanics of

biosilicification.

1.2 Introduction

Diatoms are unicellular, photosynthetic algae that are present in both marine and fresh water

environments as well as some soil and aerial habitats (Werner, 1977; Volcani, 1981).  There are

a vast number of morphologically distinct varieties, which may comprise 10,000 – 100,000

species (Round, 1981; Volcani, 1981) however, all known diatom species share the same basic

morphology (Figure 1.1).  The silicified portion of the cell is termed the “frustule,” and is

composed of two valves, the epitheca and hypotheca, which may be partially obscured by a set of

siliceous structures called girdle bands.  Diatom species are further classified on the basis of

valve symmetry into two broad morphological subgroups.  The centric diatoms exhibit radial

valve symmetry, and are the oldest diatoms in the fossil record (mid Cretaceous); pennate

1 µm10 µm

Figure 1.1. “Pill box” morphology of diatom frustules (left). The two halves of the silicified cell wall are sutured together by siliceous girdle
bands and mucilage. Examples of the centric (center) and pennate (right) varieties are also shown. SEM images provided courtesy of J.D.
Schiffbauer.   
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diatoms first appear in the Miocene fossil record, and have characteristic bilateral symmetry

(Crawford, 1981; Volcani, 1981). Many pennate varieties also have a prominent, but

discontinuous slit, or raphe, that spans the entire length of the valve.  Many members of the

pennate order secrete thick strands of mucilage through the raphe fissure, which assist in

movement and surface adhesion.  Body size is highly variable among diatom species, and

frustules are typically between 5 and 5000 microns in diameter or length (Zurzolo and Bowler,

2001).  Significant differences of 100 microns or more have been observed between members of

the same species (Volcani, 1981).

Marine diatoms are arguably the most important silicifying organisms in modern seas;

they sequester gigatons of biosilica annually, and as a result, suppress dissolved silica levels in

the ocean to the current low levels (Figure 1.2) (Racki and Cordey, 2000). The ecological

success of diatoms places them alongside marine calcifiers as major players in the sequestration

of organic carbon, such that these two groups are in direct competition for nutrients in the

surface ocean.  Thus, in addition to dominating the marine silicon cycle, diatoms are intimately

involved in the global biogeochemical cycle of carbon (Nelson et al., 1995; Smetacek, 1999;

Ragueneau et al., 2000; Van Cappellen, 2003).

Despite the prominence of diatom silica in global biogeochemical cycles, little is known

about the chemistry and physics of molecular level processes that occur during the silicification

of diatom cell walls (Volcani, 1981; Martin-Jezequel et al., 2000; Perry, 2003). To date, most

work in this area has focused upon structural characterizations of naturally occurring biosilicas

(Garrone et al., 1981; Pickett-Heaps et al., 1990; Gordon and Drum, 1994; Crawford et al., 2001;

Dietrich et al., 2002); however, these morphological investigations are not capable of providing

direct information about the chemical basis of cell wall synthesis. Since the formation of

Figure 1.2. The appearance of prominent silica
mineralizing organisms in the fossil record is
shown along with variations in the aqueous
silicon concentration of in the surface ocean
over geologic time. In modern seas the
availability of silicon marine environments is
predominantly controlled by the activity of the
diatoms, which suppress H4SiO4 levels far
below saturation with respect to amorphous
silica. Modeled Racki and Cordey, 2000.
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structural components in organisms must find its roots in mechanisms taking place at the

nanoscale, molecular level investigative probes are required.

Advances in silica biomineralization have been hindered by the difficulties involved in

isolating and extracting intact cellular components from within the cytoplasm, and cell wall

associated membranes and vesicles (Sullivan and Volcani, 1981; Scala and Bowler, 2001).

However, the recent isolation of a family of silicon transporter genes (Hildebrand et al., 1997;

Hildebrand et al., 1998), and Si active proteins (silaffins and silacidins) and polyamines (Kröger

et al., 1997; Kröger and Sumper, 1998; Kröger et al., 1999; Kröger et al., 2000; Kröger et al.,

2001; Kröger et al., 2002; Wenzl et al., 2008) provides some insight into the inner workings of

silicon metabolism.  Despite these advances, the details of Si transport and deposition are still

largely unknown, and our understanding of diatom cell wall synthesis remains rudimentary and

non-mechanistic (Martin-Jezequel, et al., 2000; Lopez et al., 2005).

1.3 Overview of Reproductive Cycles

1.3.1 Asexual Reproduction 

The normal means of reproduction is asexual cell division (mitosis), in which two daughter cells

are produced from a single parent cell (Figure 1.3).  Because the cell wall is silicified and rigid,

formation of the daughter cells necessarily occurs within the parent frustule (Scala and Bowler,

2001; Zurzolo and Bowler, 2001).  During the first stage of cell division, the hypotheca and

Figure 1.3. Overview of the diatom’s
asexual, vegetative life cycle. Silica
mineralization occurs within specialized
Silica Deposition Vesicles (SDVs).
Valve formation proceeds rapidly in
paral le l  wi th  cel l  d ivis ion.
Mineralization of girdle bands is not
strictly coupled with cell division, and
may occur at different rates, depending
on the species, and environmental
conditions.
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epitheca begin to separate, allowing the cytoplasm to expand.  This movement is facilitated by

the formation of a second set of girdle bands attached to the hypotheca.  As the cytoplasm

expands, the nucleus moves into position alongside the girdle bands.  For some diatom species,

the nucleus is usually positioned near the girdle bands during interphase, and therefore no initial

migration is necessary; however, the nucleus may also reside at the center of cell, or against the

inside wall of the epitheca, and must migrate before cell division can proceed (Volcani, 1981).

Nuclear motion is assisted by the presence of strong, hollow, protein filaments called

microtubules (MT), and associated microtubule centers (MC), which form an extensive

cytoskeletal network during the premiotic stage (Pickett-Heaps, 1991). The MT/MC cytoskeleton

also plays a probable, but as yet undetermined role in valve morphogenesis (Volcani, 1981;

Pickett-Heaps, 1991).  Once the nucleus is in place, it replicates and divides. The details of

nuclear replication in diatoms have been reviewed by Pickett-Heaps (1991) and will not be

revisited here.  As mitosis completes, the cytoplasm begins to undergo cytokinesis or division.

During cytokinesis the cell membrane (plasmalemma) develops a small invagination, near the

girdle bands that continues to grow until the two identical nuclei produced during mitosis reside

in separate plasmalemmas within the original frustule.

Following cytokinesis, each daughter cell possesses only one valve, which originally

belonged to the parent cell.  In the newly formed cells, the inherited valve assumes the role of the

epitheca (Zurzolo and Bowler, 2001), and a new hypotheca is made from scratch.  Synthesis of

the new hypovalve occurs within a specialized compartment termed the silica deposition vesicle

(SDV), which appears in the daughter cell shortly after cytokinesis terminates.  The origin of the

SDV is unknown, but its initial appearance in the cell is spatially correlated with the position of

the nucleus, and a nucleus-associated microtubule center (Pickett-Heaps, 1991; Zurzolo and

Bowler, 2001).  Silicon, in an as yet undetermined form, is transported by an unknown

mechanism, across the SDV plasma membrane (the silicalemma), where it interacts with the

organic contents of SDV.  The silicalemma must progressively expand during silica deposition in

order to accommodate the developing hypovalve inside the SDV.  When the new hypotheca is

complete, it is coated with a thin, but robust carbohydrate layer that helps protect against

dissolution.  The silicalemma then merges with the plasmalemma, and the valve is excised from

the cell (Figure 1.4).  When both daughter cells have synthesized and excised new hypovalves,

they separate from one another, and the process of cell division begins anew in each of the
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fledgling cells.

1.3.2 Sexual Reproduction

Although sexual activity amongst diatoms is unusual, it is an important alternative means of

reproduction that may be induced if a population is exposed to unfavorable growth conditions.

Periods of sexual reproduction are rare and brief, and typically involve only a small number of

cells within a population; some species may engage in sexual reproduction less than once a year,

and for only a few minutes or hours at a time (Mann, 1993; Falciatore and Bowler, 2002). Shifts

in temperature, salinity, light and nutrient availability have all been shown to initiate sexual

reproduction in some diatom species (Vaulot et al., 1986; Vaulot et al., 1987; Armbrust and

Chisholm, 1990).

Sexual reporduction is also an important means of sustaining body size within a

population.  In most diatom species, the hypotheca is smaller than the epitheca (Figure 1.1), and

the process of cell division results in the formation of two daughter cells, one of which is slightly

smaller than the parent cell.  Over time, asexual cell division leads to a decrease in mean body

size (Crawford, 1981; Falciatore and Bowler, 2002).  An important advantage of sexual

reproduction is that the combination of male and female gametes results in offspring that are

larger than either of the parent cells.  In most species gametogenesis initiates once the cells reach

a critical size threshold (Zurzolo and Bowler, 2001), which is typically 30-40% of the maximum

cell size (Mann, 1993; Van Den Hoek et al., 1996).

Figure 1.4. Schematic cross sectional view
of a diatom cell showing the relationship
between the plasmalemma, silicalemma,
and siliceous frustule before (A) and after
(B ) membrane fusion. Modeled after
Crawford, 1981.
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1.4. Extracellular Chemistry and Transport of Silicon

1.4.1 Chemistry of Silicon in the Marine Environment

The extracellular pool of soluble silicon is derived largely from the influx of continental

weathering products via rivers, and sea floor hydrothermal activity (Treguer et al., 1995; Conley,

2002; Van Cappellen, 2003).  Although the estimated flux of Si into the ocean is on the order of

10
12

 moles per year, dissolved silicon levels are exceptionally low. This is because the vast

majority of Si entering the ocean is converted into hydrated forms of amorphous silica by

diatoms and other silicifying organisms (Treguer, et al., 1995; Conley, 2002).  Consequently,

seawater is severely undersaturated with respect to amorphous silica, and the siliceous material

comprising algal skeletal parts readily dissolves upon cell death.  Most biogenic silica ultimately

rejoins the soluble Si pool, and only ~3% of the total amount of silica produced by diatoms,

radiolarian, and silicoflagelates is incorporated into marine sediments (Van Cappellen, 2003).

The surface ocean is slightly alkaline (pH = 7.5-8.5) and typically contains 1-100

micromoles of Si per liter (Treguer, et al., 1995).  Under these conditions Si is present as neutral

and ionized monomeric species (Iler, 1979).  H4SiO4° comprises about 97% of the total soluble

Si pool, and is the form of dissolved Si utilized by most marine species (Del Amo and

Brzezinski, 1999; Wischmeyer et al., 2003); There is some evidence, however, suggesting that

certain species (e.g. Phaeodactylum tricornutum) may be able to use both H4SiO4° and H3SiO4
-

(Riedel and Nelson, 1985; Del Amo and Brzezinski, 1999).

The debate over which form of aqueous Si diatoms utilize is far from resolved.  It is

entirely possible that diatom species are generally capable of utilizing both neutral and ionized

species, and that the observed preference for one form over another is merely an artifact of gene

expression.  While we know that diatom genomes are coded with genes for multiple types of

silicon transporters (Hildebrand, et al., 1997; Hildebrand, et al., 1998; Armbrust et al., 2004;

Sherbakova et al., 2005) we do not yet understand how the activity and expression of these genes

are regulated (Hildebrand, et al., 1998).  When the first complete genome sequence was reported

for the centric species Thalassiosira pseudonana, only half of the 11,242 genes could be

assigned a function on the basis of similarity to genes in other organisms (Armbrust, et al.,

2004).  Many of the unassigned genes are undoubtedly related to silicon metabolism, of which,

little is known. Species that have an apparent preference for H4SiO4°, might also contain

numerous unexpressed genes that code for H3SiO4
-
 specific transporters, and vice versa.
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Answers to these types of questions may only be resolved by employing modern methods of

molecular biology and genomics.

1.4.2 Active Transport

The active transport of silicic acid across the plasmalemma is coupled 1:1 with the transport of

sodium ions in marine species (Bhattacharyya and Volcani, 1980), and with sodium and possibly

potassium in fresh water species (Sullivan, 1976). The Si uptake rate is strongly dependent upon

the concentrations of silicic acid in the extracellular environment. As the H4SiO4° level increases,

the uptake rate asymptotically approaches a maximum value, which indicates that the transport

process is carrier mediated (Paasche, 1973; Paasche, 1973; Azam et al., 1974; Martin-Jezequel,

et al., 2000; Hildebrand and Wetherbee, 2003). This behavior has been described by many

authors within the context of hyperbolic saturation models (e.g. Mechaelis-Menten type enzyme

kinetics) (Conway et al., 1976; Sullivan, 1976; Conway and Harrison, 1977; Riedel and Nelson,

1985; Del Amo and Brzezinski, 1999).

Experimental studies of growing diatoms in culture have suggested three distinct modes

of uptake: surge uptake, internally controlled uptake, and externally controlled uptake (Conway,

et al., 1976; Conway and Harrison, 1977).  Surge uptake occurs when silicate starved cells are re-

exposed to a silicic acid containing medium.  The fastest uptake rates are observed during surge

uptake, presumably because the internal silicon pools are depleted in Si starved cells, and the

concentration gradient across the cell membrane is at a maximum.  In the internally controlled

mode, the rate of uptake is coupled with the intracellular utilization of Si, which is

predominantly controlled by the rate of Si deposition into the cell wall.  Generally, uptake is

closely correlated with cell wall synthesis (Sullivan, 1976; Sullivan, 1977), although there are

exceptions (Chisholm et al., 1978).  Uptake in silicate deficient cultures is externally controlled

because uptake rates vary as a function of the extracellular silicic acid concentration.  The mode

of Si uptake is strongly dependent upon environmental conditions, and the timing of transitions

between modes is species specific (Harrison et al., 1989; Martin-Jezequel, et al., 2000).

Numerous experimental investigations have sought to characterize the rate of silicic acid

uptake during different periods of the cell cycle and under a variety of environmental

perturbations (such as electrolyte type and concentration, temperature, light and nutrient

availability) (Morel et al., 1978; Sullivan, 1980; Thomas et al., 1980; Rueter and Morel, 1981;
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Rueter, 1983; Taylor, 1985; Blank et al., 1986; Harrison, et al., 1989; Gensemer, 1990; De La

Rocha et al., 2000; Claquin and Martin-Jezequel, 2002; Claquin and Martin-Jezequel, 2005).

The silicic acid transport system is only mildly affected by temperature; although the uptake rate

is relatively slow at low temperature, rates measured at higher temperatures are only slightly

faster (Sullivan, 1980; Blank, et al., 1986).  Mild changes in temperature affect the condensation

kinetics of silicic acid more strongly than the uptake system; consequently, the size of

intracellular soluble silicon pools diminishes with increasing temperature (Martin-Jezequel and

Lopez, 2003).  The availability of light and nutrients also appears to have some influence over

transport and incorporation of silicon into the cell wall; however, regulatory mechanisms have

not yet established (Volcani and Sullivan, 1981; Martin-Jezequel and Lopez, 2003).  Recent

studies suggest that utilization of silicon is decoupled from the carbon and nitrogen based aspects

of cellular metabolism (Claquin and Martin-Jezequel, 2002; Claquin and Martin-Jezequel, 2005).

A family of five silicon transporter (SIT) genes has recently been isolated from

Cylindrotheca fusiformis (Hildebrand, et al., 1997; Hildebrand, et al., 1998).  The first of these

genes to be discovered (SIT1), encoded a protein composed of 548 amino acids, that contained

as many as ten hydrophobic transmembrane sequences, a long hydrophilic carboxy-terminus, and

a signature amino acid sequence of sodium symporters (Hildebrand, et al., 1997; Hildebrand,

2000).  Hildebrand et al. (1997) demonstrated that silicic acid transport protein encoded by SIT1,

has characteristics that are consistent with the results of whole cell uptake experiments.  The

amino acid sequences of the hydrophobic regions are highly conserved between the five silicon

proteins (~90%); however, the carboxy-terminal regions are far less conserved (~45-57%), which

prompts speculation that this portion of the protein interacts with other proteins, and may be

involved in the regulation and localization of the proteins within the cell (Hildebrand, et al.,

1997; Hildebrand, et al., 1998; Hildebrand, 2000). More recent investigations show that silicon

transport is highly regulated at the cellular level, since the temporal expression of individual SIT

genes is highly coupled with the various phases of the diatom cell cycle (Thamatrakoln and

Hildebrand, 2007).   A comparison of SIT proteins from a number of centric and pennate diatom

species revealed the presence of two highly-conserved amino acid sequences (glutamate-glycine-

X-glutamine and glycine-arginine-glutamine), that may participate in the reversible binding of

silicic acid during transport (Thamatrakoln et al., 2006).
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The regulatory mechanism underlying the activity of silicon transport proteins remains

somewhat speculative. The main assumption in the literature is that the binding of Na
+
 (or K

+
)

and H4SiO4° to the SIT surface causes a conformational change in the protein (Thamatrakoln, et

al., 2006), which allows both species to enter the cell (Figure 1.5). However, silicic acid uptake

is also inhibited in zinc deficient environments (De La Rocha, et al., 2000), which suggests that

the activity of silicon transport proteins may be at least partially dependent upon the

concentration of Zn
2+

 ions.  The recent characterization of silicon transport proteins in the centric

marine species Cheatoceros muelleri has revealed the existence of a highly conserved amino

acid motif (cysteine – methionine – leucine – aspartate; abbreviated CMLD), which may act as a

binding site for Zn
2+

 ions; experiments with model peptides have demonstrated that the CMLD

motif has a high affinity for zinc (Grachev et al., 2005; Sherbakova, et al., 2005). The existence

of a zinc specific binding site on silicic acid transport proteins may also help explain the

observed toxicity of Cu
2+

 (Morel, et al., 1978; Fisher et al., 1981; Rueter and Morel, 1981;

Rueter, 1983).  If present in sufficient concentrations, Cu
2+

 could out compete Zn
2+

 for binding

sites on SIT proteins.  Once bound, copper might severely affect the activity of the protein. Since

diatoms have an absolute Si requirement for DNA synthesis and cell division (Darley and

Volcani, 1969), the breakdown of the active transport system would inhibit asexual reproduction.

Adsorption of H4SiO4

and co-factors
Conformational Change

In SIT protein
Transmission of
H4SiO4 into cell

  Formation of organosilicate
complexes

Abundance of Excess Silicon
complexing agents regulates

activity of SIT transporters

Figure 1.5 - The silicon transport pathway as proposed by Thamatrakoln et al., 2006. Adsorption of silicic acid and enzyme co-factors induces a
conformational shift in the SIT protein resulting in the influx of H4SiO4 into the cell. In the cytoplasm, high levels of dissolved silicon may be
stabilized through complexation with organic silicic acid binding agents. The activity of the Si uptake system may be regulated by the
abundance of excess silicic acid binding agents, which may bind to the SIT protein and induce a conformational change that blocks Si uptake.
Modeled after Thamatrakoln et al., 2006.
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There is still considerable controversy over how diatoms maintain sizeable pools of

intracellular dissolved Si (see section 1.5.1); therefore, the feedback mechanism controlling

whether or not the transport pathway is switched on, is poorly understood. However, two general

models have been proposed. 1) The transport pathway is always on. Si enters the cell whenever

silicic acid and electrolyte co-factors are present in the extracellular environment, and H4SiO4

efflux occurs when the intracellular Si pool becomes saturated. 2) Transport is turned on when

intracellular Si pools are depleted. This presumably occurs when excess organic species formerly

involved in complexes with silicic acid in vivo bind to the SIT surface as a co-factor, and induce

a conformational change in the transport protein (Thamatrakoln, et al., 2006).

1.5. Intracellular Transport and Storage

1.5.1 Soluble Silicon Pools

Intracellular pools of soluble silicon were first identified by Werner (Werner, 1966).  Subsequent

studies have shown that under certain conditions, the soluble pool may account for as much as

50% of the total cellular silicon content (Azam, et al., 1974; Chisholm, et al., 1978; Sullivan,

1979; Binder and Chisholm, 1980; Taylor, 1985; Claquin and Martin-Jezequel, 2005).  However,

the large uncertainty involved in determining cell water volume has led to some erroneous

estimates of intracellular silicon concentration.  Recent measurements, which assume that Si is

distributed evenly throughout the cell as monosilicic acid, indicate that for a range of species, the

internal pool may be 19-340 mM H4SiO4
o
, (Hildebrand, 2000).  The size of the Si pool is not

constant, and varies systematically over the course of the cell cycle (Hildebrand and Wetherbee,

2003).  Although precise determination of the intracellular silicon concentration has proven

difficult, all studies indicate that diatoms are capable of maintaining sizeable internal Si pools

(Chisholm, et al., 1978; Sullivan, 1979; Binder and Chisholm, 1980; Hildebrand, 2000), which

exceed the solubility of amorphous silica (a maximum of ~2 mM under physiological conditions)

(Iler, 1979; Harrison and Loton, 1995)

1.5.2 Stabilization of Soluble Pools and Intracellular Transport

There has been a considerable amount of speculation over how highly concentrated pools of

soluble silicon might be stabilized in diatoms.  Schmid and Schulz (1979) were the first to

observe the fusion of small cytoplasmic vesicles with the silica deposition vesicle during valve
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synthesis; they suggested that these so-called Silicon Transport Vesicles (STVs) were

responsible for delivering Si to the SDV, and that conditions within the vesicles enabled silicon

to persist in soluble form. Significant amounts of dissolved Si can be maintained only under

extremely basic solution conditions, or through complexation with silicon binding components.

The existence of intracellular Si-O-C bonds has never been unambiguously proven or refuted,

and so the formation of organosilicate complexes cannot be formally ruled out (see discussion

below).  However, pH sensitive dyes indicate that the pH inside the SDV is approximately 5-6

(Vrieling et al., 1999), which is far lower than would be expected if the high pH contents of

STVs were continuously being added to it (Hildebrand, 2000).  Furthermore, there is no proof

that STVs actually contain silicon, (Hildebrand, 2000; Hildebrand and Wetherbee, 2003; Perry,

2003) and available microscopic evidence suggests that they are not abundant enough to meet the

silicon requirement of a developing valve (Li and Volcani, 1985).  Tracer experiments with

radiolabeled silicic acid indicate that intracellular silicon is quite mobile, and moves freely

throughout the cytoplasm and its constituent organelles (Mehard et al., 1974).  Rogerson et al.

(1987) determined the distribution of cytoplasmic Si in Thalassiosira pseudonana directly using

electron spectroscopic imaging techniques; although silicon had some association with

ribosomes, and the external surfaces of “lipid inclusions,” it was present throughout the

cytoplasm, and apparently not concentrated in vesicles.  Li and Volcani (1984) have asserted an

alternative hypothesis regarding the function of STVs, which involves the transport of

membranous material (along with other organics), rather than silicon, to the rapidly growing

SDV.  At present, the precise role of STVs in intracellular transport and storage of Si is

uncertain.

Under physiological conditions, uncomplexed polysilicic acids are unlikely to exist for

any appreciable length of time because they would rapidly condense to form colloidal silica.

Silicon is probably not stored in particulate form either, because large abundances of colloidal

material could potentially compromise the integrity of cellular membranes (Hildebrand, 2000).

Therefore, intracellular silicon most likely exists as monomeric or low molecular weight

oligomeric species, which are complexed, or reversibly sequestered by organic binding

components (Werner, 1966; Azam, et al., 1974; Schmid and Schulz, 1979; Sullivan, 1986).

Bhattacharyya and Volcani (1983) isolated an unusual class of ionophores (specific for both

sodium and silicon) from the lipid membranes of Nitzschia alba, and suggested that intracellular
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transport of silicon could occur by ionophore-mediated diffusion.  This hypothesis is consistent

with the nearly ubiquitous existence of silicon in the cell; however, the structures of the

ionophoretic activities were not determined, so the precise role that these ionophores might play

in maintaining intracellular silicon pools remains unclear (Hildebrand, 2000).

The potential of Si to form complexes with other intracellular organics is largely

unexplored; however, there are now several 
29

Si NMR studies documenting the existence of

stable hypervalent silicon complexes with open chain sugar-acids (polyols) (Kinrade et al., 1999;

Kinrade et al., 2001; Kinrade et al., 2001; Benner et al., 2003) and cyclic sugar monomers in

aqueous solution (Lambert et al., 2004).  These five and six-coordinated organosilicate anions

are the dominant species in basic solutions; and silicon concentrations of up to 3.0 mol/L have

been obtained without gelling, even in the presence of alkali metal cations (Kinrade, et al., 1999).

Kinrade et al. (Kinrade, et al., 2001) showed that these complexes are also stable at

physiologically realistic silicon concentrations (1.4 mmol/L), and account for as much as 30% of

soluble silicate species at neutral pH.  These data have been used to interpret recent

spectroscopic information, which suggests that hypervalent silicate complexes may exist as a

transient species during cell wall synthesis in Navicula pelliculosa (Kinrade et al., 2002).

The existence of organosilicon complexes in biological systems remains controversial

(Birchall, 1995; Exley, 1998). Detection and characterization of intracellular silicate species

ultimately depends upon in situ spectroscopic capabilities.  As demonstrated by Kinrade et al.

(Kinrade, et al., 1999; Kinrade, et al., 2001; Kinrade, et al., 2001; Kinrade, et al., 2002),

investigation of model compounds can provide some insight into in vivo processes.  Likewise,

computational modeling of hypothetical species can yield spectroscopic information about

molecules, and molecular scale interactions, that cannot be readily investigated by experimental

means, and provide a baseline for interpretation of experimental data (Sahai and Tossell, 2001;

Sahai and Tossell, 2002; Kubicki and Heaney, 2003; Sahai, 2004).

At the time of this writing, very little is known about the intracellular speciation and

transport of silicon, and several important issues remain unresolved. Increased understanding of

silicon biochemistry may be achieved through combined spectroscopic and theoretical

investigation of model compounds, extraction and structural characterization of potential silicon

binding components, and in situ probing of the intracellular environment with non-invasive

spectroscopic methods.
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1.6. Silica Deposition

1.6.1 Silica Associated Macromolecules in Diatom Cell Walls

Studies of diatom cell division (Pickett-Heaps, 1990, 1991) have extensively documented that

silica deposition occurs within specialized silica deposition vesicles (SDVs). However, because

the appearance of the SDV is coupled with silica deposition, very little is known about the

composition, constituent molecules, or internal chemistry of these vesicles. Vrieling et al. (1999)

used a pH sensitive fluorescent dye to show that the SDV has an internal pH near 5. Coombs and

Volcani (Coombs and Volcani, 1968) showed that protein synthesis increased markedly during

silica deposition. Subsequent investigations suggested that the proteinaceous component of

diatom cell walls was enriched in glycine, and hydroxy-functional amino acid residues

(Nakajima and Volcani, 1969; Nakajima and Volcani, 1970; Hecky et al., 1973; Swift and

Wheeler, 1990; Swift and Wheeler, 1992).  Nakajima and Volcani (Nakajima and Volcani, 1969;

Nakajima and Volcani, 1970) also identified three unusual amino acid residues (!-N,N,N-

trimethyl-"-hydroxylysine and its phosphorylated derivative and 3,4-dihydroxyproline) that were

not detected by subsequent investigations (Hecky, et al., 1973; Swift and Wheeler, 1990; Swift

and Wheeler, 1992).  Unfortunately, none of these groups were able to isolate the cell wall

associated proteins, and functional studies could not be performed.  Based on these data, Hecky

et al. (Hecky, et al., 1973) posed the idea that hydroxyl rich proteins in the SDV might form a

template upon which orthosilicic acid molecules could condense.  Although this model is

appealing, it is based upon the assumption that the compositions of the cell wall casing and the

silicalemma are similar.  Most of the organic material in the cell wall casing is deposited after

valve formation is complete; therefore, the composition of the mature cell wall casing doesn’t

necessarily resemble that of the pre-deposition silicalemma (Volcani, 1981).

More recent attempts to characterize cell wall associated macromolecules have identified

three novel protein families (the frustulins, pleuralins, and silaffins / silacidins) and long chain

polyamines (LCPA) as major cell wall constituents (Kröger et al., 1994; Kröger, et al., 1997;

Kröger and Sumper, 1998; Kröger, et al., 1999; Kröger, et al., 2000; Kröger, et al., 2001; Kröger,

et al., 2002; Wenzl, et al., 2008). The frustulins and pleuralins have no apparent role in biosilica

formation, and only become associated with the cell wall after silica deposition is complete;

therefore, they will not be discussed any further here (van de Poll et al., 1999; Kröger and
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Wetherbee, 2000). However, silaffins and LCPA influence silica formation in vitro, and

therefore, they have probable, but as yet undetermined roles in diatom biosilica morphogenesis.

Silaffins were originally liberated from silicified cells of Cylindrotheca fusiformis with

anhydrous hydrofluoric acid (Kröger, et al., 1999; Kröger, et al., 2000; Kröger, et al., 2001).  The

extract contained three soluble polypeptides with apparent masses of 4 kda (silaffin-1A), 8 kda

(silaffin-1B), and 17 kda (silaffin 2), and a 3.5 kda non-proteinaceous LCPA fraction.  The same

peptides were latter re-isolated using a more gentle extraction procedure that utilized ammonium

fluoride instead of HF; this revealed that the original extraction procedure had not detected HF

labile phosphoryl groups attached to post-translationally-modified serine residues (Kröger, et al.,

2002).  Thus, the revised, highly phosphorylated native versions are referred to as natSil-1A,

natSil-1B, and natSil-2.  The amino acid sequences of silaffin-1A and 1B are highly conserved,

however, the presence of unknown amino acid derivatives in silaffin-2 has greatly complicated

the sequencing procedure, and scant information is available (Poulsen et al., 2003).

The gene corresponding to silaffin-1A and 1B (sil-1) has been cloned (Kröger, et al.,

2001), and analysis of the sil-1-encoded peptide (sil-1p) shows that the C-terminal region is

composed of seven highly basic repeat units, labeled R1-R7 (Kröger and Sumper, 2000; Kröger,

et al., 2002).  In vivo, sil-1p is proteolytically processed, and repeat units are released as separate

peptides; silaffin-1B is derived from R1, however, silaffin-1A actually represents a mixture of

two peptide sequences, termed silaffin-1A1 and 1A2, that are composed of repeat units R3-R7

and R2 respectively (Kröger and Sumper, 2000).  Multinuclear NMR and mass spectrometric

methods have shown that native silaffin-1A1 contains multiple post-translationally modified

phosphoserine residues and N-alkylated lysine derivatives including !-N,N-dimethyllysine,

phosphorylated !-N,N,N-trimethylhydroxylysine and polyamine-modified residues (Figure 1.6)

(Kröger, et al., 1999; Kröger, et al., 2001; Kröger, et al., 2002).

Figure 1.6 - Cell wall associated compounds extracted from are rich in
phosphorylated serine (S) and polyaminated lysine residues (K). The
structure of natSil-1A1 (left) closely resembles that of silacidin proteins
and long chain polyamines that are also implicated in silica deposition.
While silacidins possess highly-phosphorylated peptide backbones as
those expressed by silaffins, modified lysine residues are not present.
LCPA resemble the modified lysine side chains on silaffins, but are not
peptide bound. Modeled after Kröger et al., 2001.
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Two other macromolecular compounds that have an apparent role in the silicification of

diatom cell walls, the silacidins and LCPA, express chemical motifs that are similar to the post-

translational modifications observed in the structure of silaffin proteins. Silacidins are highly

acidic proteins, which resemble the highly phosphorylated silaffin peptide backbone, but lack

polyaminated lysine derivatives (Wenzl, et al., 2008). Conversely, LCPA are nearly identical to

the polyamine-modified lysine side-chains in silaffins; however, in LCPA the polyamine chains

are bound to putrescine moieties (or derivatives thereof) instead of the polypeptide backbone

(Kröger and Sumper, 2000).

1.6.2 Apparent Roles of Biomolecules in Silica Deposition

Native silaffin-1A and 1B promote the condensation of silicic acid and aid in the flocculation of

silica particles in vitro. LCPA exhibit similar behavior, but only in the presence of phosphate,

and other polyvalent anions like sulfate, citrate, and silacidins (Kröger, et al., 2000; Kröger and

Sumper, 2000; Wenzl, et al., 2008). The final size of the colloidal particles is related to the

precise mixture of silaffins and LCPA used, as well as the solution pH, and the molecular weight

of the polyamine fraction (Kröger, et al., 1999; Kröger, et al., 2000; Kröger, et al., 2001; Kröger,

et al., 2002).  Native silaffin-2 has no intrinsic ability to nucleate silica, but does appear to serve

in some sort of regulatory capacity, since it specifically inhibits the activity of natSil-1A, and

promotes LCPA dependent silica formation (Kröger and Sumper, 2000).

Under physiological conditions, the numerous phosphate and amine functionalities on

silaffins/silacidins and LCPA exhibit opposite charges. Kröger et al. (2002) showed that

electrostatic interactions between these groups causes silaffin and polyamine mixtures to self-

assemble into a relatively dense “silaffin matrix,” which may catalyze the condensation of silicic

acid and serve as a template for silica nucleation.  Although most species probably contain a

mixture of species-specific silaffins / silacidins and polyamines, some lack silaffins altogether,

and long chain polyamines constitute the majority of biosilica associated organic material.

Sumper (Sumper, 2002) proposed a model for LCPA mediated cell wall formation for species in

the genus Coscinodiscus, in which he argued that the contact points between hexagonally close

packed micro-emulsions of LCPA might serve as nucleation sites for silica. He argued that co-

precipitation of LCPA with the silica phase would result in an overall decrease in the size of the

emulsions with time, ultimately leading to a series of honeycomb-like layers of silica with
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diminishing pore size. This model successfully reproduces the highly symmetric patterns

exhibited by members of Coscinodiscus and other morphologically simple genera, but cannot

wholly explain how more complex asymmetric patterns are generated by other species (Sumper,

2002). More complex patterns are probably generated temporal and spatial cooperation of

silaffins, silacidins, polamines, and other perhaps unknown intracellular components.  Exactly

how these compounds might work together mediate silica formation and patterning at the

nanoscale remains unclear.  Detailed structural analysis of crystallized silaffins (and possibly

mixtures of silaffins) with single crystal x-ray methods promises to yield three-dimensional

structural information about these proteins in solution.  This type of structural data could be used

to understand inter-protein and polyamine interactions that govern the formation of the silaffin

matrix, and could serve as a baseline for computational studies that are aimed at revealing the

chemical nature of silicon-protein interactions at the molecular level.

1.6.3 Silica Formation: Nucleation and Patterning

Most evidence suggests that intracellular transport of silicon is accomplished by ionophore-

mediated diffusion, or by reversible complexation with other, as yet undetermined binding

components (Hildebrand, 2000; Hildebrand and Wetherbee, 2003).  If silicon is delivered to the

SDV in complexed form, it is most likely released as monomeric species within the SDV; pH is a

probable trigger for this type of release mechanism, since there is a significant pH gradient

across the silicalemma (Vrieling, et al., 1999; Wetherbee et al., 2000). Even so, the details of

silicon transport and accumulation are largely immaterial to the nucleation and growth processes

that occur within the SDV.  The only prerequisite for biosilica formation is the establishment of

supersaturated conditions within the SDV.  Exactly how supersaturation is achieved is of little

consequence in this context.

Microscopic investigations of diatom biosilica have shown that it is largely composed of

silica spheres that are typically 10-50 nm in size (Reimann et al., 1966; Dawson, 1973; Schmid

and Schulz, 1979; Volcani, 1981; Crawford, et al., 2001).  Out of these results evolved the

hypothesis that silica patterning and deposition are entirely controlled by the chemical

environment in the SDV and by physical constraints imposed by the silicalemma (Schmid and

Schulz, 1979; Mann, 1986).  Under this conceptual framework, the shape of the developing SDV

is constrained and imprinted by pre-patterned cytoplasmic components (e.g. mitochondria,
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vesicles, microtubules etc.), while the passive or matrix-mediated polycondensation of silicic

acid progresses inside.  The manipulation of developing valves and girdle-bands by cytoplasmic

elements, or macromorphogenesis, has been documented in many species; however, the basis for

the cellular control of these processes remains uncertain (Pickett-Heaps, et al., 1990).

We know comparatively little about processes that occur within the SDV lumen, and

there is considerable debate over the extent to which organic macromolecules participate in

controlling the onset of silica deposition and frustule morphology. Gordon and Drum (Gordon

and Drum, 1994) proposed a model for silica deposition within the SDV. Using a computer

model, they show that basic patterns observed in diatom cell walls can be generated by diffusion-

limited adsorption of colloidal silica particles onto a nucleating center.  This simple model calls

into question the participation of intracellular macromolecules in directing the formation

patterned silica structures in vivo altogether. However, the successful isolation of silica

precipitating silaffins / silacidins and polyamines from diatom cell walls (Kröger, et al., 1999;

Kröger, et al., 2000; Kröger, et al., 2001; Kröger, et al., 2002; Wenzl, et al., 2008) strongly

suggests that these macromolecules are involved in silica nucleation and fine scale patterning, or

micromorphogenesis.

The nature of the interaction between polymerized silicic acid species and polyamines,

both natural and synthetic, has been extensively investigated (Sumper et al., 2003; Brunner et al.,

2004; Sumper, 2004; Sumper and Kröger, 2004; Lutz et al., 2005; Sumper and Lehmann, 2006;

Behrens et al., 2007). In the absence of anionic species, polyaminated species apparently

stabilize sols of nanoparticlulate amorphous silica (Sumper, et al., 2003). The introduction of

anionic species (e.g. phosphate, sulfate, citrate, silacidins) induces the separation of the

polyamines from the aqueous phase, forming a porous matrix where preformed silica

nanoparticles grow to their final size, which varies with the molecular weight of the polyamine

utilized, and the concentration of anionic species (Kröger, et al., 1999; Sumper, et al., 2003).

Recent observations that silica deposition during diatom cell wall synthesis is composed of an

initial mineralization step, where a thin version of the new valve is rapidly formed, followed by a

second stage where the valve structure thickens. This suggests that the aggregation processes

investigated by Sumper and co-workers is most applicable to later stages of frustule

development. The organic-silica interface in living diatom cells, as revealed by atomic force

microscopy (Crawford, et al., 2001), is surprisingly smooth, and devoid of discernable
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boundaries between silica nanospheres. The absence of texture implies that the initial stage of

silica deposition is dominated by the surface-directed nucleation of amorphous silica on the

organic component of the cell wall, rather than colloidal aggregation and adsorption.

1.7 Summary

Although traditionally a descriptive science, biomineralization research is currently experiencing

a renaissance, which is due in large part to the emergence of genomics and modern techniques

for extraction and characterization of proteins and macromolecules associated with mineralized

cell walls. These advances point to several emergent frontiers in biosilicification, whose

exploration promises to yield significant advances towards the mechanistic understanding of

silica biomineralization processes. Broadly defined, these areas are: 1) characterization of

biologically-mediated silicon transport pathways; 2) intracellular utilization and storage of

silicon, including participation of silicate species in cellular metabolism; and 3) the roles of

biological macromolecules in controlling the spatial onset of mineralization and guiding pattern

formation.
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2.1. Abstract

As prominent members of phytoplankton assemblages in marine environments, diatoms suppress

the concentration of aqueous silicate in modern oceans far below saturation with respect to

amorphous silica (Racki and Cordey, 2000). Although the ecological success of diatoms places

them alongside calcareous algae as major players in the sequestration of organic carbon in the

surface oceans (Ragueneau et al., 2000), the processes by which siliceous flora mineralize their

cell walls and skeletons have received disproportionately little attention from the

biomineralization community. Studies of silaffin / silacidin proteins (Kröger et al., 1999; Kröger

et al., 2001; Kröger et al., 2002; Wenzl et al., 2008), long-chain polyamines (LCPA) (Kröger et

al., 2000; Sumper et al., 2003) and structural analogs thereof presume that diatom cell wall

formation is driven by aminated functional groups, and that anionic species along the peptide

backbone, and in solution, initiate the hierarchical self-assembly of these macromolecules into a

structural template for silica mineralization. However, the underlying roles of these chemical

moieties in directing silica nucleation remain speculative. To resolve to what extent organic

functional groups work individually or in concert to control the onset of silica mineralization, we

measure the effects of specific functional groups on the rate of surface nucleation. By designing

a novel experimental model of the silica deposition environment, we find that anionic species

work synergistically with their amine counterparts to lower kinetic barriers to silica nucleation,

thereby controlling the spatial onset of mineralization.

2.2 Introduction

Our current understanding of silica biomineralization is derived largely from macroscopic

investigations (Gordon and Drum, 1994; Aizenberg et al., 2005), which provide ample

information about the hierarchical organization of naturally occurring biosilica structures, and

limited insights into the chemical basis of biosilica deposition. Modern investigative probes are

now being employed to isolate and characterize genes involved in silicon deposition and

transport (Hildebrand et al., 1997), and are yielding chemical and structural information about

cell wall associated silaffins and LCPA that direct silica formation in vivo (Kröger, et al., 1999;

Kröger, et al., 2000; Kröger, et al., 2001; Kröger, et al., 2002; Sumper, et al., 2003). Silaffin

proteins are characterized by the presence of specific post-translational modifications to lysine

and serine residues within the peptide backbone. The modified lysine residues are structurally
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similar to their LCPA counterparts, and possess elongated alkane chains, punctuated by amine

moieties in varying states of protonation (Kröger, et al., 1999; Kröger, et al., 2001). Serine

residues are typically phosphorylated, and negatively charged under physiological conditions

(Kröger, et al., 2002). Silacidin proteins are chemically similar to silaffins, but do not possess

modified lysine side chains (Wenzl, et al., 2008). In solution, electrostatic attraction between

silaffins, silacidins, polyamines, and solution-borne anions triggers the self-assembly of these

macromolecules into an organic matrix, which presumably acts as a structural template for silica

deposition within Silica Deposition Vesicles (SDV) (Kröger, et al., 2000; Kröger, et al., 2002).

In spite of these advances, the underlying controls exercised by the functional portions of these

macromolecules on the spatial and temporal onset of silica nucleation remain unresolved.

Although cooperative interactions between organic functional groups strongly influence

the formation of oriented crystals in calcifying systems (Addadi et al., 1987; Aizenberg et al.,

1999), most theoretical and experimental studies of silica biomineralization focus on the intrinsic

ability of aminated compounds to promote the hydrolysis of organosilicate precursors to silicic

acid (Cha et al., 1999; Delak and Sahai, 2006), and to direct the deposition of aqueous and

colloidal silica (Larsen et al., 2000; Coradin et al., 2002; Sumper, et al., 2003; Patwardhan et al.,

2006; Robinson et al., 2007; Groger et al., 2008). Cooperative interactions between adjacent

acidic and basic amino acids in the active site of siliceous sponge proteins (silicateins) can

catalyze the hydrolysis of organosilicate precursors ex vivo (Cha, et al., 1999; Kisailus et al.,

2005); however, because no experimental evidence supporting the conclusion that Si-O-C bonds

exist in diatoms or sponges, the extent to which silicatein filaments may act either as a template

for silica deposition, or promote the hydrolysis of organosilicate species in vivo remains open for

debate. Early studies of the polyamine/silaffin-mediated silica biomineralization system

recognized anionic species as important directors of organic matrix assembly (Kröger, et al.,

1999; Kröger, et al., 2002; Sumper, et al., 2003; Groger, et al., 2008), but did not explore

additional roles that such species may play in triggering the onset of silica deposition at the

molecular level.  To test the notion that solution-borne and peptide-bound anionic species may

work in tandem with amine moieties to control the onset of silica deposition, we designed a new

experimental model system, that allows us to measure the effects of individual surface-bound

functional groups on the rate of surface nucleation. We find that anionic species work in concert

with their amine counterparts to locally reduce the kinetic barriers to silica nucleation and control
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the spatial onset of silica deposition.

2.3 Methods

2.3.1 Substrate Preparation

Evaporated gold on mica substrates obtained from Agilent Technologies were used to produce

ultraflat Au(111) surfaces by the template stripped gold method (Hegner et al., 1993).

Chemically uniform carboxyl and amine-terminated surfaces were produced by immersing the

freshly cleaved gold substrates in 1 mM ethanol-based solutions (200 proof anhydrous, Sigma

Aldrich) of 11-mercaptoundecanoic acid (MUA; 95%, Sigma Aldrich) and 11-amino-1-

undecanethiol, hydrochloride (AUT; 99%, Dojindo Molecular Technologies) for no less than 24

hours, at room temperature.  Mixed surfaces containing both carboxyl and amine moieties were

also produced by this method, but the composition of the ethanol solution was adjusted to be 1

mM with respect to both MUA and AUT. Because MUA and AUT have the same alkyl chain

length, phase separation on these surfaces was minimal, and relatively homogeneous substrates

were produced.

Chemically patterned surfaces with alternating stripes of MUA and AUT were produced

with Micro-Contact Soft Lithography (Wilbur et al., 1994).  The carboxyl-terminated stripes

were deposited by bringing an MUA coated polydimethylsiloxane (PDMS) polymer stamp into

contact with the Au(111) surface for 10 to 15 seconds.  Those regions of the gold substrate left

bare after the stamping procedure were functionalized with amine moieties by immersing the

stamped gold substrate in a 10 mM ethanolic solution of AUT for 20 minutes. All substrates

were thoroughly rinsed with ethanol and water before use.

2.3.2 Preparation of Growth Solutions

For nucleation studies, organic precursors to H4SiO4 are preferable to traditional sodium silicate

sources because the resulting solutions are free of polysilicic acids and supercritical clusters of

SiO2 at the outset of the experiment. Sodium silicate solutions are problematic because they

generally contain a small but significant population of condensed silicate species.(Felmy et al.,

2001) The acid-catalyzed hydrolysis of silicon alkoxides, such as tetramethyl orthosilicate

(TMOS), is rapid and nearly complete at low pH and high water to silicon ratios (Assink and

Kay, 1988; Tejedor-Tejedor et al., 1998), and produces only monomeric silicon species and
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methanol as byproducts.  Supersaturated silicic acid solutions were prepared immediately before

the start of each experimental run by adding a prescribed amount of TMOS (99.5+%, Sigma

Aldrich) to a dilute hydrochloric acid solution at pH ! 2.0.  The pH of these solutions was

adjusted to pH = 5.0 (the experimentally determined pH of the silica deposition environment in

diatoms (Vrieling et al., 1999) by addition of an equal volume of NaOH / NaCl solution. The

resulting solutions contained 0.1 mol/L NaCl (99.9999%, Sigma Aldrich) as background

electrolyte, and variable, but predetermined and controlled concentrations of H4SiO4.  Some

experimental runs also contained 5 mM orthophosphate, which was added as dibasic sodium

phosphate (99.99%, Fluka); consequently, the concentration of Na in solution was also increased

by 10% to 0.11 mol/L in experiments that contained the phosphate anion.

2.3.3 Nucleation Rate Measurements

Substrate specific nucleation rates were measured by tracking the increase in the number of silica

nuclei per unit area of surface as a function of time with Tapping Mode Atomic Force

Microscopy (TM-AFM). The use of tapping mode is paramount in these experiments because the

forces arising from the interaction between the surface and the AFM tip are minimized, and are

far less likely to displace developing nuclei, and to influence interfacial processes than contact

mode AFM. To ensure steady-state conditions, growth solutions were pumped through the AFM

flow cell at a constant rate of 30 ml/hr at ambient temperature, an environment which has been

previously shown to produce non-diffusion limited conditions for calcite growth (Teng et al.,

1998; Teng et al., 2000). Measurements were made over a range of chemical driving force or

supersaturation,

(1)

where [H4SiO4] is the activity of silicic acid in the growth solution, and Ksp is the thermodynamic

solubility product of amorphous silica (10-2.71
 at 25°C).

Under steady-state conditions, the rate of silica formation is expected to be constant;

unfortunately, the metastable nature of the growth solutions ensures that steady-state conditions

are eventually lost as amorphous silica precipitates within the bulk solution. For this reason, our

nucleation rate measurements were determined from data collected shortly after the onset of
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silica deposition, where the increase in silica particle density exhibits a linear dependence on

time. Data used in our analyses were obtained within the first 1 – 2 hours of each experiment.

2.3.4 Contact Angle Measurements

For an isotropic phase such as amorphous silica, spherical clusters are expected, and the free

energy of formation of silica nuclei on a planar substrate is given by:

                                                                                                                                           (2)

where Aln, A sn, !ln, and !sn are the respective areas and energies of the liquid – nucleus and

substrate – nucleus interfaces, !ls is the liquid-substrate interfacial energy, VC is the volume of

the nucleus, " is the molecular volume, kB is the Boltzmann constant, and T is temperature.

Although the macroscopic values of the liquid-nucleus and liquid-substrate interfacial energies

(!ln and !ls respectively) may be determined from contact angle goniometry, a far more useful, but

complex expression for #G can be deduced by invoking the well-known Young equation

(Young, 1805), which relates the cosine of the contact angle between the nucleus and the

underlying substrate to !ln, !ls and !sn.

                                                                                                                                           (3)

Substituting equation (3) into (2), and recasting the volume and interfacial area terms as

functions of $, yields the following expression for #G (Figure 2.1A) (Markov, 2003),

(4)
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All other factors being equal, this new expression depends upon only one interfacial energy term

!ln, and the nucleus – substrate contact angle $. The nucleation work function reaches a

maximum at some critical cluster size that is determined by requiring that:

                                                                                                                                           (5)

The resulting expression is an incarnation of the Gibbs-Thomson relation, which defines the

metastable equilibrium between critical nuclei and the parent solution phase (Gibbs, 1876;

Gibbs, 1878).

(6)

Evaluating the nucleation work function at r = r* produces the following expression for the

height of the thermodynamic barrier to nucleation (Markov, 2003),

                                                                                                                                           (7)

where:

                                                                                                                                          (8)

Figure 2.1. A.The free energy barrier to nucleation as a function of cluster size and substrate-nucleus contact angle. The maximum height of
the thermodynamic barrier occurs at the critical radius of the cluster, r*. B. The behavior of the wetting function f ($) with variations in $. Insets
show how the geometry of the silica-substrate interface changes with $. When $ =180°, bulk solution nucleation is expected.
of the data.
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f ($) is the so-called wetting function, which describes the geometry of the cluster – substrate

interaction as a function of the contact angle $.  The value of f ($) ranges from zero to unity as $

varies from 0˚ for complete wetting, to 180˚ for complete nonwetting or nucleation in bulk

solution (Figure 2.1B).

For spherical clusters, the nucleus shape is uniquely defined by radius of the particle and

the angle of intersection between the nucleus and substrate.  The height of the thermodynamic

barrier to nucleation (7) depends only implicitly on particle size, which need not be known

provided #G* has been determined from rate measurements.  The largest unknown is parameter

is the contact angle $, which cannot be measured directly with our AFM-based approach because

the probe radius (30-40 nm) is far larger than the silica nuclei (~ 5 nm in height), and the tip

convolution causes particles to appear many times wider than they actually are. However, f ($)

can be calculated by evaluating the ratio of the heterogeneous and homogeneous nucleation

barriers:

                                                                                                                                         (9)

where #G*
surface  is known from our rate experiments. #G*

solution is easily calculated if one

assumes reasonable values for the molecular volume (") and the silica-water interfacial energy

(!ln).  In our analyses we use a molar volume of 30 cm3/mol, which describes an amorphous

silica phase that is slightly less dense than SiO2 glass, and values of !ln between 46 – 54 mJ/m2,

as previously determined by Iler and Alexander (Iler, 1979). Once the value of f ($) is known,

the silica-substrate contact angle is determined by evaluating equation (8) for $. Calculated

values of f ($) and $ for COOH and NH3
+/COOH-terminated surfaces are displayed in Table 2.1.

2.4 Results and Discussion

2.4.1 COOH-Terminated Surfaces

Nucleation of amorphous silica was observed on carboxyl-terminated surfaces between % = 1.86

– 2.44 (12.5 – 22.5 mmol/L as aqueous SiO2) at pH = 5.0. The silica clusters (figure 2.2A) were

less than 5 nm in height, and contacted the underlying carboxylated surface at 80-100 degrees

(table 2.1). Although the AFM tip convolution caused the silica nuclei to appear many times 2.4

Table 2.1. Experimentally determined values of lnA and B for COOH and NH3
+ / COOH-

terminated surfaces along with calculated values of  f ($) and the silica-substrate contact angle
($.) for a range of silica-water interfacial energies, as determined by previous solubility
measurements of comparably sized colloidal silica particles. Error estimates for LnA and B were
determined with a standard least squares linear regression procedure.
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2.4 Results and Discussion

2.4.1 COOH-Terminated Surfaces

Nucleation of amorphous silica was observed on carboxyl-terminated surfaces between % = 1.86

– 2.44 (12.5 – 22.5 mmol/L as aqueous SiO2) at pH = 5.0. The silica clusters (figure 2.2A) were

less than 5 nm in height, and contacted the underlying carboxylated surface at 80-100 degrees

(table 2.1). Although the AFM tip convolution caused the silica nuclei to appear many times

wider than they actually were, the high value of the silica-substrate contact angle indicated that

the silica particles were hemispherical, with radii roughly equal to the cluster height. Above % =

2.14 (16.6 mmol/L) the surface nucleation rate slowed, indicating that solution-borne nucleation

processes assumed a more significant role in the precipitation mechanism above this

concentration. At lower concentrations, surface nucleation was the dominant process acting to

remove silica from solution.

2.4.2 NH3
+-Terminated Surfaces

In contrast to the COOH-terminated substrates, aminated surfaces failed to induce surface

nucleation under identical solution conditions (Figure 2.2B). This result is surprising given the

attention aminated compounds have received in the literature, but is consistent with the results of

Behrens (Behrens et al., 2007) and Demadis (Demadis and Neofotistou, 2007), who showed that

polyamines do not directly catalyze silicic acid condensation reactions. With these exceptions,

previous studies have employed widely varying, uncontrolled, and aggressive growth conditions,

where multiple, often competing processes such as surface and solution-borne nucleation,

growth, and particle adsorption proceed concurrently. Consequently, the roles individual

functional groups play in directing the initial mineralization step have not be adequately silica in

vivo is not supported by our experimental evidence; rather, such interfaces could act as

stabilizing agents (Demadis and Neofotistou, 2007), enabling the biological system to maintain

supersaturated conditions until such time as controlled environmental changes activate these

surfaces for silica deposition.
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Figure 2.2. AFM phase images of model biosubstrates during in situ

nucleation rate measurements (captured at pH = 5.0, %  = 2.14, and T =

25°C). Prominent silica particles are highlighted with circles. A. COOH-
terminated surface with silica nuclei at early and late experimental stages.

Surface striations, sub-micron pits and islands are features of the underlying
Au(111) surface. B. NH3

+-terminated surface displaying no evidence of

silica deposition nearly two hours after nuclei were first observed on the
carboxylated surfaces. C. COOH and NH3

+ surface displaying a greater

density of silica nuclei than measured on COOH-terminated surfaces after
the same amount of time as A. Dark objects are air bubbles trapped at the
organic-solution interface.
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2.4.3 NH3
+/COOH-Terminated Surfaces

The rate of silica formation on mixed NH3
+ / COOH surfaces exceeded that observed on

carboxyl-terminated films by 5-10x at supersaturations less than 2.14, even though nucleation

was not observed at all on aminated substrates. This is demonstrated by Figure 2.2, which shows

all three surface types at both early and late experimental stages. Prominent silica nuclei have

been highlighted with circles on the late-stage images to more clearly show the density of

particles on NH3
+ / COOH surfaces relative to COOH-terminated surfaces after the same amount

of time. The greater concentration of silica particles on the mixed substrates indicates that silica

formation is promoted by cooperative interactions between NH3
+ and COOH in the interfacial

region.

2.4.4 Kinetic and Thermodynamic Drivers of Surface Nucleation

To obtain information about the thermodynamic and kinetic drivers of silica formation on these

surfaces, we examine the dependence of the substrate-specific nucleation rate on the solution

saturation state. The steady-state nucleation rate may be expressed as (Nielsen, 1964),

                                                                                                                                           (10)

where #G* is the thermodynamic barrier to forming a critically-sized molecular cluster, kBT is the

product of the Boltzmann constant and system temperature, and the pre-exponential factor A is a

kinetic constant, whose value depends upon many physical parameters including diffusional and

steric barriers (Nielsen, 1964). Within the constructs of classical nucleation theory, the

components of #G* (excluding supersaturation) may be grouped into a shape specific constant B,

which is determined directly from experimental surface nucleation rates without direct

knowledge or assumption of the nucleus shape. Rewriting equation (10) in linear form gives:

                                                                                                                                           (11)

Fitting (11) to our data shows that within error, the slope of the kinetic plot is similar for both

NH3
+ / COOH and COOH-terminated substrates within the surface nucleation regime (Figure 2.3

and Table 2.1). Since #G* is directly proportional to B by:
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                                                                     (12)

the height of the thermodynamic barrier to surface nucleation is also similar on these two

surfaces. These findings imply that the 5-10 fold enhancement of the nucleation rate on NH3
+ /

COOH surfaces follows from the existence of more efficient kinetic pathways on these

substrates.

Analysis of the COOH and NH3
+ / COOH nucleation rate data yields #G* values for these

surfaces that are similar (Figure 2.3). Hence, kinetic drivers are responsible for the increased

affinity of amorphous silica for the NH3
+ / COOH over COOH-terminated substrates. Silica

nucleation at these interfaces proceeds via kinetic pathways that may be characterized by: (1)

lower steric barriers and enhanced molecular level attachment kinetics stemming from surface-

directed structuring, orientation and or partial desolvation of silicic acid adsorbates; and (2)

enhanced local supersaturtion state, surface-induced ionization of silicic acid monomers, or

locally elevated pH, leading to increased concentrations of such species near the surface, and

faster rates of H4SiO4 condensation in the interfacial region.  The first of these directly affects the

pre-exponential term (or frequency factor) contained within the nucleation rate equation, and

Figure 2.3. Plot showing the natural log of the substrate-
specific nucleation rate versus the inverse square of
supersaturation at pH=5.0 and T=25°C. The nucleation
field is exhibits two regions where 1) nucleation occurs
concomitantly on the surface and in solution, and 2)
silica nucleation occurs exclusively on the surface. In the
surface-assisted nucleation regime, the slope of the trend
line yields B, which is directly proportional to the work
of nucleus formation #G* (equation 12). Slope and
intercept errors were determined by least squares linear
regression of the data.
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reducing the free energy barrier is not required. The latter condition is perhaps less probable,

since significant perturbation of silicic acid ionization equilibria may also necessitate a

significant near-surface pH gradient. In this situation, kinetic process and thermodynamic drivers

are not physically separable, and some change in the height of the free energy barrier could be

expected.  However, within the resolution of these experiments, #G* is similar for NH3
+ / COOH

and COOH-terminated substrates, indicating that the rate of silica deposition is enhanced by

kinetic processes.

The inability of aminated substrates to direct the formation of amorphous silica nuclei

results from high free energy barriers to nucleation on these surfaces, inhibited kinetic pathways,

or the combined effects thereof. Because the magnitude of #G* is determined from nucleation

rate data, and since silica did not form on the amine-terminated surfaces, the height of the free

energy barrier to nucleation on these substrates cannot be quantified at this time. Therefore, to

what degree the NH3
+ surface passivity is caused by thermodynamic versus kinetic drivers

remains uncertain, although the most likely culprit is #G*, which dominates the nucleation rate

equation as the argument of the exponential term.

2.4.5 Cooperative Interactions Between Surface Groups

To test the idea that that oppositely charged functional groups promote the formation of

amorphous silica through cooperative interactions, two additional types of nucleation

experiments were conducted at % = 2.14 and pH = 5.0.  The first utilized micro-contact

lithography to pattern surfaces with adjoining carboxyl and amine-terminated regions. Figure

2.4A shows the patterned area before and after introducing the growth solution; and clearly

indicates that the initial phase of silica deposition is preferentially localized at the interfaces

between the carboxyl and amine-terminated regions. The second follow-up experiment sought to

activate silica deposition on aminated surfaces through the addition of negatively charged species

to the growth medium. The addition of 5 mM orthophosphate to the solution resulted in the

formation of silica nuclei on the amine-terminated substrates within an hour (Figure 2.4B), albeit

at a much lower density than observed on either COOH or NH3
+ / COOH surfaces after a

comparable period of time.
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2.5 Concluding Remarks

Although these experiments were conducted ex vivo, the results provide meaningful insights into

the environmental and steroechemical requirements for biosilica formation. We demonstrate that

differences between substrate-specific nucleation rates are controlled largely by kinetic factors

rather than thermodynamic drivers, and that amine-terminated surfaces are not capable of

triggering the onset of silica deposition without the synergistic activity of neighboring anionic

species (e.g. carboxyl or phosphoryl groups). For diatom species that possess LCPA exclusively,

high concentrations of silicic acid may be stabilized by the presence of these aminated

Figure 2.4. AFM phase images captured at pH = 5.0, % =
2.14, and T = 25°C. A. Patterned substrate with alternating
stripes of NH3

+ and COOH-terminated area before and after
the introduction of growth solution, showing that the onset
of silica deposition occurs at the COOH / NH3

+ interface. B.

Amine-terminated surface activated for silica deposition by
the presence of 5 mM orthophosphate.
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compounds until anionic species are introduced into the SDV. For species that utilize silaffins /

silacidins, which have high concentrations of phosphate along the peptide backbone, pH

modulation may initiate the assembly of the organic matrix and the onset of silica deposition.

Experiments with patterned aminated and carboxylated regions performed here demonstrate that

the initial phase of silica deposition occurs along the amine-carboxyl interface, where both

positive and negative charge density is localized.  By analogy, sites on the organic matrix that

have phosphate and amine moieties in close proximity are likely to be points of initial silica

deposition.

These findings also provide insights to other systems in which aqueous silicate species

interact with organic interfaces. Of particular interest is the deposition of amorphous silica on

microbial surfaces in modern and ancient environments.  Our findings suggest that when

extracellular polymeric substances contain oppositely charged functional groups in close

proximity, a microscopic environment may be created for silica deposition that bears chemical

similarities to the SDV.  For example, microbially produced polyamines may adsorb to

negatively charged extracellular polymeric substances on the outer cell membrane (Lalonde et

al., 2005; Furukawa and O'Reilly, 2007).  In this situation, silica mineralization could occur on

living membranes, such as found in hydrothermal environments (Konhauser et al., 2004), and

also influence the post mortem preservation of microbes and other organic-walled microfossils

(Westall, 1999; Reysenbach and Cady, 2001; Kempe et al., 2002)  where the organic wall may

retain key chemical features during the early stages of burial diagenesis.  Therefore, the degree

of preservation could be an indicator of the chemical nature of these biological substrates during

fossilization.
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Table A1. Summary of surface nucleation rate measurements (Jn) on COOH and NH3
+ / COOH –

terminated substrates at T = 25°C, pH=5.0, and variable supersaturation (!) as plotted in figure 2.3.

Figure A1. Selected data for COOH – terminated surfaces showing the dependence of the surface

nucleation rate on the degree of supersaturation (!).
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Figure A2. AFM images
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COOH-terminated surface

! = 1.86, pH = 5.0
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COOH-terminated surface: ! = 1.86, pH = 5.0, elapsed time = 5 minutes
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COOH-terminated surface: ! = 1.86, pH = 5.0, elapsed time = 19 minutes
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COOH-terminated surface: ! = 1.86, pH = 5.0, elapsed time = 50 minutes
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COOH-terminated surface: ! = 1.86, pH = 5.0, elapsed time = 69 minutes
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COOH-terminated surface: ! = 1.86, pH = 5.0, elapsed time = 89 minutes
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COOH-terminated surface: ! = 1.86, pH = 5.0, elapsed time = 120 minutes
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COOH-terminated surface: ! = 1.86, pH = 5.0, elapsed time = 147 minutes
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COOH-terminated surface: ! = 1.86, pH = 5.0, elapsed time = 171 minutes
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COOH-terminated surface

! = 1.92, pH = 5.0
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COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 40 minutes
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COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 62 minutes
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COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 104 minutes
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COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 169 minutes
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COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 265 minutes
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COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 391 minutes
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COOH-terminated surface

! = 1.98, pH = 5.0
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COOH-terminated surface: ! = 1.98, pH = 5.0, elapsed time = 6 minutes
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COOH-terminated surface: ! = 1.98, pH = 5.0, elapsed time = 16 minutes
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COOH-terminated surface: ! = 1.98, pH = 5.0, elapsed time = 35 minutes
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COOH-terminated surface: ! = 1.98, pH = 5.0, elapsed time = 81 minutes
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COOH-terminated surface: ! = 1.98, pH = 5.0, elapsed time = 107 minutes
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COOH-terminated surface

! = 2.04, pH = 5.0
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COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 0 minutes
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COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 5 minutes
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COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 22 minutes
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COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 36 minutes
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COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 59 minutes
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COOH-terminated surface

! = 2.14, pH = 5.0
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 31 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 43 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 52 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 66 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 82 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 97 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 115 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 126 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 140 minutes
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COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 155 minutes



91

COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 170 minutes
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COOH-terminated surface

! = 2.29, pH = 5.0
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COOH-terminated surface: ! = 2.29, pH = 5.0, elapsed time = 6 minutes
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COOH-terminated surface: ! = 2.29, pH = 5.0, elapsed time = 16 minutes
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COOH-terminated surface: ! = 2.29, pH = 5.0, elapsed time = 59 minutes
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COOH-terminated surface: ! = 2.29, pH = 5.0, elapsed time = 83 minutes
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COOH-terminated surface: ! = 2.29, pH = 5.0, elapsed time = 98 minutes
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COOH-terminated surface: ! = 2.29, pH = 5.0, elapsed time = 120 minutes
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COOH-terminated surface: ! = 2.29, pH = 5.0, elapsed time = 162 minutes
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COOH-terminated surface

! = 2.44, pH = 5.0
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COOH-terminated surface: ! = 2.44, pH = 5.0, elapsed time = 7 minutes
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COOH-terminated surface: ! = 2.44, pH = 5.0, elapsed time = 19 minutes
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COOH-terminated surface: ! = 2.44, pH = 5.0, elapsed time = 33 minutes
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COOH-terminated surface: ! = 2.44, pH = 5.0, elapsed time = 40 minutes
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NH3
+ and COOH-terminated surface

! = 1.92, pH = 5.0
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NH3
+ and COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 5 minutes
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NH3
+ and COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 18 minutes
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NH3
+ and COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 40 minutes
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NH3
+ and COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 59 minutes
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NH3
+ and COOH-terminated surface: ! = 1.92, pH = 5.0, elapsed time = 91 minutes
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NH3
+ and COOH-terminated surface

! = 2.04, pH = 5.0
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NH3
+ and COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 6 minutes
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NH3
+ and COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 23 minutes
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NH3
+ and COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 40 minutes
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NH3
+ and COOH-terminated surface: ! = 2.04, pH = 5.0, elapsed time = 60 minutes
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NH3
+ and COOH-terminated surface

! = 2.14, pH = 5.0
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NH3
+ and COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 4 minutes
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NH3
+ and COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 27 minutes
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NH3
+ and COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 47 minutes
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NH3
+ and COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 82 minutes
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NH3
+ and COOH-terminated surface: ! = 2.14, pH = 5.0, elapsed time = 128 minutes
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CHAPTER 3

Electrolyte-promoted hydrolysis of Si – O bonded interactions

ADAM F. WALLACE & PATRICIA M. DOVE

Department of Geosciences, Virginia Tech., Blacksburg, Virginia 24061, USA
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3.1 Abstract

The ability of group IA and IIA electrolytes to accelerate the hydrolysis of the Si-O bond is well

documented for both crystalline and amorphous silica polymorphs (Dove and Crerar, 1990; Dove

and Elston, 1992; Dove, 1994; Dove, 1999; Dove et al., 2005). However, an atomistic model of

this process that is consistent with empirical data derived from experimental measurements of

silica dissolution is yet to emerge. In the present study, reaction pathways leading to the

hydrolysis of the Si-O bond (both water-induced and electrolyte-promoted) are determined at the

B3LYP/6-31G* level. Reaction coordinates involving both inner and outer-sphere adsorption

complexes of Mg2+(6H2O) and Ca2+(6H2O) are investigated. The height of the free energy barrier

to Si-O bond hydrolysis is found to be greatest in the case of outer-sphere cation adsorption,

implying that such species, while presumably abundant at the silica water interface, are not

directly involved in the catalysis of the Si-O bond-breaking reaction. Conversely, the barriers

associated with the inner-sphere hydrolysis reaction are substantially lower than the water-

induced pathway, suggesting that the electrolyte-promoted cleavage of the Si-O bond proceeds

through the formation of inner-sphere adsorption complexes. Although the predicted stability of

the outer-sphere adsorption complexes is slightly greater than the corresponding mono-dentate

inner-sphere species, the free energy barriers separating these states are sufficiently minimal, that

a small population of inner-sphere surface complexes may exist at the silica-water interface. The

degree to which specific cations are able to promote the hydrolysis of Si-O bonds is shown to

depend upon the relative ease to which interfacial water molecules are able to reorganize to

facilitate inner-sphere adsorption.

3.2 Introduction

Silicate mineral phases make up the bulk of continental and oceanic crust, such that the Si – O

bonded interaction is among the most common chemical interactions on Earth’s surface.

Traditional interest in silicate dissolution kinetics originates from a need to quantify weathering

rates of inorganic mineral phases in various geologic settings. However, with the ever-increasing

recognition of the biosphere as a major influence upon global elemental cycles emerges new

interest in understanding the reactivity of these phases, especially those produced by living

organisms.
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Terrestrial plants and marine primary producers generate vast amounts of nanoparticulate

amorphous silica annually. Upon degradation of the silica-associated organic material, these

highly reactive silicate phases enter weathering environments (e.g. marine, hydrothermal, and

low-temperature ground water systems) that are rich in alkali (IA) and alkaline earth (IIA)

cations. Numerous experimental investigations report the ability of these species to accelerate the

silica demineralization rate by up to 100X (Dove and Crerar, 1990; Dove and Elston, 1992;

Dove, 1994; Dove and Rimstidt, 1994; House, 1994; Dove and Nix, 1997; Dove, 1999;

Icenhower and Dove, 2000; Karlsson et al., 2001; Dove, et al., 2005). Experimentally determined

activation energies for this electrolyte-promoted process fall within the range measured in pure

water (~60 – 100 kJ mol-1) (Rimstidt and Barnes, 1980; Knauss and Wolery, 1988; Brady and

Walther, 1990; Dove and Crerar, 1990; House and Hickinbotham, 1992; Gratz and Bird, 1993;

Tester et al., 1994; Walther, 1996), suggesting that the apparent rate of the Si – O hydrolysis

reaction (Si – O – Si + H2O ! 2SiOH) may be controlled by a number of factors which could

affect the reaction frequency (e.g. ion surface coverage, development of surface charge during

adsorption, the rate of cation water exchange, the energetic barriers to reorganization of

interfacial water, and near-surface formation of cation hydrolysis products).

Developing theoretical models of ion complexation at the oxide-water interface are

largely focused upon the determination of equilibrium adsorption coefficients for inner-sphere

(IS) and outer-sphere (OS) species (Sverjensky, 1993; Sahai and Sverjensky, 1997; Sverjensky,

2001; Criscenti and Sverjensky, 2002; Sverjensky, 2005; Sverjensky, 2006), and as such, provide

limited insight into the dynamic processes underlying mineral surface reactivity. Density

Functional Theory (DFT), molecular dynamics, and ab initio molecular orbital calculations are

becoming increasingly important tools for interpreting experimental data and exploring

interfacial processes. The water-induced hydrolysis of the Si – O bonded interaction was among

the first geochemically important reactions to be investigated with these methods (Casey et al.,

1990; Lasaga and Gibbs, 1990), and has been intensely studied ever since (Xiao and Lasaga,

1994; Xiao and Lasaga, 1996; Strandh et al., 1997; Pelmenschikov et al., 2000; Walsh et al.,

2000; Wilson and Walsh, 2000; Pelmenschikov et al., 2001; Laurence and Hillier, 2003; Leed et

al., 2005). Predicted activation barriers for these reactions are strongly dependent upon the

number of siloxane bridges (Si – O – Si) linking the Si surface site to the bulk silica network

(Pelmenschikov, et al., 2000; Pelmenschikov, et al., 2001). Therefore, Si surface sites are
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commonly described by Qn notation, where n is the number of bridging oxygens associated with

a given Si center.

The presumed Si – O hydrolysis mechanism, as determined by these investigations,

involves the nucleophilic attack of a surface bound silicon atom. The approaching nucleophile

(e.g. the oxygen atom on the approaching H2O, H3O
+, or OH- species) provides electrons that

participate in the formation of an additional Si – O bonded interaction. For base catalysis,

dissociation of the Si – O moiety occurs spontaneously upon chemisorption of OH-. However, in

the cases of water-induced and acid-catalyzed Si – O hydrolysis, the increased coordination of

the silicon center is accompanied by the electrophilic attack of a bridging oxygen (Obr) by a

hydrogen atom on the incoming H2O or H3O
+ molecule (Xiao and Lasaga, 1994; Criscenti et al.,

2006).

The role of electrolytes in promoting the Si – O hydrolysis reaction may be analogous to

these electrophilic processes in that the adsorbed ion could withdraw electron density from the Si

– Obr bonded interaction while the Si center undergoes nucleophilic attack by water (Strandh, et

al., 1997). If so, the ability of specific cations to enhance the rate of Si – O hydrolysis may be

intimately tied to the kinetics of cation water exchange (Casey and Westrich, 1992) and inner-

sphere ion adsorption. To test these ideas, we calculated reaction paths leading to the dissociation

of the Si-O bonded interaction in the presence and absence of both inner and outer-sphere Me2+

ion adsorption complexes. Our findings indicate that the acceleration of the Si – O hydrolysis

reaction in electrolyte solutions can be attributed to the formation of inner-sphere adsorption

complexes, and that cation specific effects on the silica demineralization rate reflect variations in

the energetic barriers to reorganization of interfacial water during the adsorption process.

3.3 Computational Details

All calculations were performed with the Gaussian 03 suite of programs (Frisch et al., 2004),

using the B3 hybrid exchange functional (Becke, 1993) in conjunction with the gradient

corrected LYP correlation functional (Lee et al., 1988; Miehlich et al., 1989) and a 6-31G* all

electron basis set. An ultrafine integration grid was used to optimize all molecular geometries to

meet tight convergence criteria as defined by Gaussian 03. Local minima were optimized with

the modified GDIIS algorithm (Csaszar and Pulay, 1984; Farkas and Schlegel, 1999), and first

order saddle points were located using the Synchronous Transit-Guided Quasi-Newtonian
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(STQN) methods for transition state searches (Peng et al., 1996). Normal modes and vibrational

frequencies were determined for each of these structures by calculating the second derivative of

the system energy with respect to the atomic coordinates within the harmonic approximation.

Zero-point energy corrections and thermal contributions to enthalpies and free energies (at

298.15 K and 1 atm), were computed from the results of the normal mode analyses. All reported

vibrational frequencies and energy corrections are un-scaled. Figures were prepared with the

VMD software package (Humphrey et al., 1996).

3.4 Results and Discussion

3.4.1 Water-Induced Hydrolysis

The Si – O hydrolysis reaction has been extensively

studied with ab initio methods and density functional

theory. These studies were briefly reviewed in the

introductory section of this chapter.  We quickly revisit

this issue here for the sole purpose of establishing a

baseline for the energetic barriers associated with this

reaction on our particular model cluster. These results

are used to evaluate the thermodynamic favorability of

hydrolysis pathways involving inner and outer-sphere

surface complexes relative to the water-induced reaction.

A neutral portion of the quartz crystal structure (H8Si6O16) is used to calculate the

enthalpy and free energy of activation associated with the occurrence of the Si – O bond-

breaking reaction at Q3 surface sites. Because our cluster is composed of both Q2 and Q3 sites

(Figure 3.1), two distinct types of siloxane linkages are present (e.g. Q3 – Obr – Q2 and Q3 – Obr –

Q3). The results presented here correspond to the hydrolysis of the Q3 – Obr – Q3 linkage; a

structural motif that closely resembles the Si – Obr – Si bridges that populate the (100) surface of

quartz, for which the ability of electrolytes to enhance the rate of silica dissolution through the

nucleation of vacancy islands was recently demonstrated (Dove, et al., 2005).

The optimized geometries corresponding to stationary points found along the Si – O

hydrolysis path are depicted in Figure 3.2.  In the case of the reactant state geometry, the

approaching water molecule engages in two hydrogen bonds with surface silanol groups (SiOH),

Figure 3.1. Model silica cluster (H8Si6O18) used in
computations. Si atoms are shown in yellow, H atoms
in white.  Oxygens are shown in red (silanol), silver
(Q3 – O – Q2), and black (Q3 – O – Q3).
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resulting in an initial separation between the Si center of the Q3 site and the water oxygen (Ow) of

3.452 Å. At the transition state, the Si-Ow distance is shortened to 1.833 Å, resulting in the

formation of a pentacoordinated Si center, with one of the water bound hydrogen atoms (HW)

positioned adjacent to the bridging oxygen and poised for transfer. The increase in the

coordination of the Si atom is accompanied by increases in the Si – Obr and Ow – Hw distances

from 1.655 to 2.176 Å and 0.970 to 1.039 Å respectively. Subsequent transfer of HW to the

bridging oxygen results in the hydrolysis of the Si – Obr bond, and the stabilization of the product

state. While this reaction mechanism is in qualitative agreement with previous investigations, the

energetic barriers associated with this pathway (Table 3.1) are ~ 20-30 kJ mol-1 higher. The

computational strategy used here is similar, and in some cases identical to the methods employed

in previous studies. Therefore, the elevated height of the reaction barrier relative to earlier

studies is assumed to be a consequence of this particular cluster geometry.

3.4.2 Outer-sphere Si – O Hydrolysis

Most information regarding the apparent behavior of light cations adsorbed at the silica-water

interface is inferred from dissolution data rather than spectroscopic evidence. As a consequence,

mechanistic descriptions of the electrolyte-promoted Si – O hydrolysis process are necessarily

Figure 3.2. Optimized reactant, transition state, and product geometries along the water induced Si – O hydrolysis pathway.

Table 3.1. Electronic energies in Hartrees (EH) for stationary points along the water-induced Si – O hydrolysis pathway. Corrections due to the
zero-point energy (ZPE), and thermal contributions to the enthalpy (H) and free energy (G) are tabulated. Activation ("Ea) and reaction energies
("Er) are reported in kJ / mol.
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wrought with suppositions. The issue of whether adsorbed electrolytes accelerate the dissociation

of silica networks directly (e.g. through the formation of one or more bonded interactions with

the underlying surface (inner-sphere complexation)), or indirectly (e.g. through solvent

structuring or surface charge development (outer-sphere complexation)) is very much at the heart

of this controversy.  Our primary objective in this investigation is to calculate reaction pathways

leading to the hydrolysis of Si – O bonded interactions involving both inner and outer-sphere

cation adsorption complexes. Through a comparison of the calculated reaction paths, we aim to

develop a model of the electrolyte-promoted Si – O hydrolysis reaction that is consistent with the

empirical observations of previous experimental studies.

Outer-sphere adsorption minima were located on the H8Si6O16 + H2O cluster (reactant

structure shown in Figure 3.2) through a series of geometry optimizations in which the

Me2+(6H2O) approach path was constrained to lie along an axis running through two bridging

oxygens on opposing Q3 – Obr – Q3 siloxanes. When the system energy was minimized with

respect to the Me2+ – Obr separation distance, all constraints were removed, and the geometry was

optimized to the nearest local minimum. The resulting structures (denoted as MIN1) were used as

starting points from which the Mg2+ and Ca2+ outer-sphere Si – O hydrolysis pathways were

followed. Of the seven waters in the MIN1 cluster, six belonged to the primary hydration shell of

the adsorbed ion. The additional water molecule was used to attack the Q3 associated Si – O

bond. Hydrolysis was induced through a reduction in the Si – OW distance, resulting in a water

approach path similar to that described for water-induced Si – O bond rupture (Figure 3.3).

Multiple attempts to follow the outer-sphere reaction path revealed a strong tendency on the part

of the adsorbed hexaquo-species to fall into inner-sphere coordination as the Si – O bond

weakened. We found that the outer-sphere complex was only stable throughout the hydrolysis

reaction if the process originated from a secondary adsorption minimum (MIN2,OS), in which a

hydrogen atom belonging to a water molecule within the primary ion hydration sphere

participated in a hydrogen bond with the Q3 – Obr – Q3 bridging oxygen. For both Mg2+ and Ca2+,

the transition between the MIN1 and MIN2,OS energy minima proceeded through a low-lying

saddle point (TS1,OS), against minimal free energy barriers (Table 3.2). The free energy of the

system continued to rise from the MIN2,OS state as the Si – OW distance decreased, ultimately

reaching a maximum at the pentacoordinated transition state (TS2,OS) before falling into the

potential well on the product side of the hydrolysis reaction (MIN3,OS). Calculated enthalpies and
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free energies of activation to Si – O hydrolysis from the MIN2,OS structure were significantly

higher for both Mg2+ and Ca2+ (Table 3.2) than predicted for water-induced hydrolysis at this site,

indicting that outer-sphere adsorption complexes do not directly promote the cleavage of Si – O

bonds.

3.4.3 Formation of Inner-sphere Adsorption Complexes

The MIN1 structure was chosen as the starting point for the inner-sphere hydrolysis pathway.

Monodentate inner-sphere adsorption complexes were found by fixing the Me2+ – Obr distance to

a value comparable to the Me2+ – OH2 bond length in the undistorted octahedral hexaquo

complex (~ 2.1 Å for Mg2+ and 2.4 Å for Ca2+). This constraint was released after a short period

of restricted energy minimization, and the resulting structures were fully optimized to their

respective minimum energy configurations (MIN2,IS).

For Mg2+, this procedure resulted in the expulsion of a water molecule from the primary

ion hydration sphere, but failed to produce a bond path between the Mg2+ ion and the bridging

oxygen. The monodentate inner-sphere adsorption complex (MIN3,IS) was successfully located by

reducing the MIN2,IS Mg2+ – Obr separation distance to 2.573 Å. Two first order saddle points

Figure 3.3. Minimum energy and transition state structures identified along the outer-sphere Si – O hydrolysis pathway for Mg2+. Analogous
configurations were also identified along the Ca2+ pathway (not shown).

Table 3.2. Calculated activation energies
in kJ mol-1 for solvent movement (TS1,OS)
and Si-O bond hydrolysis (TS2,OS) for the
outer-sphere reaction pathway



130

were located between MIN1, MIN2, IS, and MIN3,IS, that correspond to the partial desolvation of

Mg2+ during inner-sphere adsorption (TS1,IS), and the formation of the Mg2+ – Obr bond (TS2,IS)

(Figures 3.4 and 3.5). While the activation barriers associated with each of these processes were

substantial (Table 3.3), the partial desolvation of the Mg2+ ion was the most costly step towards

the formation of the inner-sphere adsorption complex.

Shortening of the Ca2+ – Obr inter-atomic distance resulted in the formation of a bidentate

inner-sphere adsorption complex. To find the most direct comparison with the Mg2+ reaction path

as possible, solvent molecules within the primary ion hydration shell were moved to stabilize the

monodentate surface complex (MIN3,IS). As observed for Mg2+, the MIN3,IS Ca2+ – Obr bond path

(2.707Å) was slightly longer than the average Ca2+ – OH2 bond length (~ 2.4 Å). A search

between the MIN1 and MIN3,IS states yielded an additional adsorption minimum (MIN2,IS), and

two first order saddle points corresponding to solvent rearrangements within the primary

hydration sphere (TS1,IS and TS2,IS), and Ca2+ – Obr bond formation (TS2,IS) (Figures 3.4 and 3.5).

In contrast to the Mg2+ inner-sphere adsorption pathway, Ca2+ retained its waters of hydration

during Ca2+ – Obr bond formation, and the barriers to solvent movement were minimal (Table

3.3).

3.4.4 Inner-sphere Si – O Hydrolysis

As in the previous cases of water-induced and outer-sphere hydrolysis, cleavage of the Si – O

bonded interaction is accomplished by shortening the Si – OW distance, and the products of the Si

– O hydrolysis reaction (MIN4,IS) are stabilized after passage through a pentacoordinated

transition state (TS3,IS). For both Mg2+ and Ca2+, the transition from the outer-sphere adsorption

minimum (MIN1) to the monodentate inner-sphere minimum (MIN3,IS) is accompanied by an

  Table 3.3. Activation barriers to solvent reorganization and Si – O hydrolysis for the inner-sphere reaction pathway.
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increase in the Si – Obr bond length, and a decrease in the value of the electron density at the

bond critical point, !(rc). These two changes reflect the weakened state of the Si – Obr bonded

interaction relative to the outer-sphere adsorption minimum and the H8SiO6O16 + H2O cluster

(Table 3.4). As a result, the free energy barriers to Si – O hydrolysis are greatly reduced along

the inner-sphere reaction pathway (Table 3.3 / Figure 3.4). Therefore, the inner-sphere hydrolysis

pathway appears to be consistent with the results of experimental investigations of silica

dissolution kinetics. However, the calculated barriers to the Si – O hydrolysis step imply that the

silica dissolution rate should be faster for Mg2+ than Ca2+, which is contrary to experimental

observations. This apparent discrepancy can be reconciled with consideration of the additional

activation barriers associated with solvent rearrangement during inner-sphere adsorption. All

other factors being equal, the greater amount of energy required to reorganize the Mg2+ hydration

sphere during adsorption relative to Ca2+ indicates that the population density of inner-sphere

complexes at the silica-water interface should be less for Mg2+ than Ca2+. Therefore, the observed

rate of Mg – promoted silica dissolution should be slower than for Ca2+, even though the barrier

to Si – O hydrolysis is lower by ~ 12 kJ mol-1.

3.5 Concluding Remarks

The activation barriers associated with the water-induced and electrolyte-promoted hydrolysis of

Si – O bonded interactions were determined with density functional theory. Analysis of the

calculated reaction paths show that hydrolysis routes involving the formation inner-sphere

adsorption complexes are consistent with the experimental observation that silica dissolution

rates are accelerated in aqueous electrolyte solutions. A corollary of this finding is that the

Table 3.4. Calculated Si – Obr bond lengths and

critical point electron densities for reactant states

along the inner-sphere, outer-sphere, and water
induced hydrolysis pathways.
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dominant factor controlling the overall rate of Si – O cleavage appears to be the magnitude of the

activation barriers to solvent rearrangement and inner-sphere adsorption rather than the actual

hydrolysis step. That is, for ions that hold water tightly (e.g. Mg2+), formation of the inner-sphere

complex requires complete removal of one or more water molecules from the primary ion

hydration shell; consequently, the barriers to inner-sphere complex formation are highest for

small, highly charged cations. Because the formation of the inner-sphere surface complex is

apparently prerequisite to Si – O bond hydrolysis, observed rates are faster for heavier cations

(e.g. Ca2+) whose hydration shells are more flexible (or higher occupancy) and that form

comparatively weak inner-sphere complexes against smaller barriers. In summary, high barriers

to solvent rearrangement reduce the probability of inner-sphere complex formation, which in

turn lowers the observed rate of Si – O hydrolysis. This physical model is in line with the results

of previous empirical measurements of silica dissolution kinetics (Dove and Crerar, 1990; Dove

and Elston, 1992; Dove, 1994; Dove and Rimstidt, 1994; House, 1994; Dove and Nix, 1997;

Dove, 1999; Icenhower and Dove, 2000; Karlsson et al., 2001; Dove, et al., 2005).
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Table B1. Atomic coordinates for optimized structures
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H8Si6O16 + H2O

H2O reactant state

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.022628 1.767129 -3.325788

Si 1.817211 -2.808108 -1.103060

Si -0.627255 -2.579742 -3.016879

Si 1.371623 0.207077 -1.329130

Si 0.344090 0.063969 -4.273260

Si -1.679836 -0.409181 -1.128286

O -2.322533 0.762100 -2.077249

O -0.956723 1.077566 -4.368221

O -1.424106 3.163260 -2.654372

O -3.370604 2.197123 -4.153475

O 1.117687 -3.283006 0.305162

O 3.215307 -3.642526 -1.323546

O 2.187369 -1.204443 -1.133854

O 0.720897 -3.145463 -2.278198

O 1.242435 0.160376 -5.636502

O -2.651224 -0.531211 0.179093

O -1.450210 -3.815332 -3.698120

O -0.184435 -1.477827 -4.154964

O -1.620231 -1.836314 -1.940162

O 2.173227 1.398140 -0.587360

O -0.154311 0.028981 -0.714561

O 1.212479 0.493122 -2.951098

H 1.776662 0.960311 -5.735191

H -2.565008 -1.350250 0.686715

H -3.645606 1.591852 -4.856533

H -1.528655 3.954272 -3.202989

H 3.897187 -3.165536 -1.817358

H 1.705282 -3.281244 1.073909

H -0.929717 -4.608563 -3.884151

H 1.622812 2.218768 -0.488371

O 0.284051 3.341223 -0.376641

H -0.278083 3.334720 -1.180196

H -0.287236 2.971855 0.314540

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)
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H8Si6O16 + H2O

H2O reactant state

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.022628 1.767129 -3.325788

Si 1.817211 -2.808108 -1.103060

Si -0.627255 -2.579742 -3.016879

Si 1.371623 0.207077 -1.329130

Si 0.344090 0.063969 -4.273260

Si -1.679836 -0.409181 -1.128286

O -2.322533 0.762100 -2.077249

O -0.956723 1.077566 -4.368221

O -1.424106 3.163260 -2.654372

O -3.370604 2.197123 -4.153475

O 1.117687 -3.283006 0.305162

O 3.215307 -3.642526 -1.323546

O 2.187369 -1.204443 -1.133854

O 0.720897 -3.145463 -2.278198

O 1.242435 0.160376 -5.636502

O -2.651224 -0.531211 0.179093

O -1.450210 -3.815332 -3.698120

O -0.184435 -1.477827 -4.154964

O -1.620231 -1.836314 -1.940162

O 2.173227 1.398140 -0.587360

O -0.154311 0.028981 -0.714561

O 1.212479 0.493122 -2.951098

H 1.776662 0.960311 -5.735191

H -2.565008 -1.350250 0.686715

H -3.645606 1.591852 -4.856533

H -1.528655 3.954272 -3.202989

H 3.897187 -3.165536 -1.817358

H 1.705282 -3.281244 1.073909

H -0.929717 -4.608563 -3.884151

H 1.622812 2.218768 -0.488371

O 0.284051 3.341223 -0.376641

H -0.278083 3.334720 -1.180196

H -0.287236 2.971855 0.314540

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)

H8Si6O16 + H2O

H2O transition state

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 3.204427 -0.669776 0.625244

Si -2.391867 1.022586 -0.714196

Si -0.677839 -1.476541 -1.575326

Si -0.476662 1.004000 1.691955

Si 0.501458 -1.955825 1.224528

Si 1.406826 0.593349 -1.440727

H -0.510272 -3.753814 2.055275

H 2.717327 1.635065 -2.906101

H 4.788136 -2.227746 0.415866

H 3.695984 0.304764 2.591421

H -4.415957 0.089069 -0.717233

H -2.661419 2.640967 -2.190067

H -1.046618 -2.440088 -3.549104

H -1.884782 1.384359 3.368965

H 1.068320 2.100106 0.721913

H 1.781012 1.615654 2.055000

O 2.854851 0.052090 -0.791794

O 2.120849 -1.860455 0.946134

O 3.163276 0.518719 1.810266

O 4.717141 -1.300130 0.682356

O -1.956970 2.330891 -1.603505

O -4.044174 0.981854 -0.713246

O -1.868081 1.186642 0.841864

O -1.909589 -0.421352 -1.343980

O 0.260656 -3.205046 2.253740

O 1.811997 1.711523 -2.574588

O -1.127542 -2.664684 -2.612005

O -0.339330 -2.232739 -0.151734

O 0.654279 -0.705782 -2.152014

O -0.944431 1.527535 3.194460

O 0.452072 1.149959 -0.270108

O 0.042646 -0.535399 1.898048

O 0.973280 2.124245 1.756699

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)
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H8Si6O16 + H2O

H2O product state

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 3.076585 0.054608 -0.406551
Si -2.846607 0.530572 -0.423767
Si -0.806168 1.171251 -2.644292
Si -0.688874 -1.591801 0.547205
Si 0.908362 -1.355385 -2.163459
Si 0.951859 2.395142 -0.308211
H 2.122176 -2.830866 -3.290045
H 1.982810 4.273409 0.316950
H 5.272763 0.061800 -0.152921
H 2.176317 -0.904970 1.396887
H -4.743762 -0.102002 -1.416329
H -3.321445 2.533245 0.492615
H -0.465929 2.074684 -4.660251
H -1.118267 -3.772284 0.668875
H -0.891077 2.130372 1.002602
H 0.203605 0.215494 1.547392
O 2.315715 1.510741 -0.257944
O 2.330119 -0.749947 -1.636951
O 3.064462 -0.775693 0.999258
O 4.638107 0.289008 -0.846429
O -2.654889 1.837430 0.588703
O -4.455462 0.255092 -0.564457
O -2.032792 -0.683642 0.284211
O -2.235814 0.828620 -1.914999
O 1.192141 -2.576564 -3.216000
O 1.290893 3.999124 -0.300821
O -1.194627 1.920947 -4.043415
O 0.038370 -0.199514 -2.939520
O 0.080698 2.139522 -1.666437
O -1.061099 -3.013152 1.265130
O 0.066828 1.908498 1.014023
O 0.019307 -1.906572 -0.899364
O 0.324695 -0.765171 1.547311

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)
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Mg2+(7H2O) H8Si6O16

MIN1

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.071827 1.494116 -3.326895
Si 2.303615 -2.478480 -0.865479
Si -0.073531 -2.623246 -2.915861
Si 1.482633 0.429811 -1.300276
Si 0.618312 0.163622 -4.203561
Si -1.486840 -0.588788 -1.196927
Mg 0.285223 0.470993 3.129796
O -2.384624 0.394925 -2.130104
O -0.837417 0.934671 -4.241505
O -1.645545 2.884963 -2.509503
O -3.379321 1.862364 -4.209945
O 1.684394 -2.826288 0.647654
O 3.737647 -3.231073 -0.944770
O 2.414994 -0.837171 -0.880746
O 1.282010 -2.964558 -2.046792
O 1.521875 0.465982 -5.508279
O -2.198343 -0.748931 0.311595
O -0.720976 -3.933355 -3.606566
O 0.308605 -1.435212 -3.978670
O -1.226052 -2.043304 -1.870617
O 1.991673 1.720751 -0.408600
O -0.071576 0.131702 -0.813796
O 1.470625 0.716002 -2.899409
O -1.217591 -0.313742 4.439552
O 1.998789 1.138635 2.198411
O 0.084166 2.147017 4.434037
O -0.038321 -1.307952 2.117421
O -1.031501 1.485793 1.869687
O 1.596359 -0.352015 4.589197
H 1.180241 0.318056 -6.400920
H -3.095654 -1.122517 0.323221
H -3.615553 1.344687 -4.992712
H -1.808359 3.697988 -3.015703
H 4.168815 -3.392349 -1.796144
H 1.793719 -3.752249 0.918873
H -0.225981 -4.452532 -4.255508
H 1.344380 2.468706 -0.430438
H -1.793144 0.237959 4.993328
H -1.667588 -1.162584 4.302156
H 2.074870 1.350899 1.224437
H 2.854719 1.352926 2.598819
H 0.747031 2.430398 5.084459
H -0.392269 2.943391 4.149075
H -0.815445 -1.311016 1.519679
H 0.654761 -1.839298 1.644789
H -1.656961 0.897833 1.400317
H -0.750374 2.152591 1.189131
H 2.436989 -0.802668 4.406082
H 1.159939 -0.860399 5.293152
O -0.266902 3.244292 -0.143619
H -0.811702 3.121226 -0.965578
H -0.265669 4.201217 0.026621

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



145

Mg2+(7H2O) H8Si6O16

TS1,OS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -1.980018 1.568164 -3.400667
Si 2.239707 -2.582057 -0.884923
Si -0.237473 -2.649227 -2.878043
Si 1.425320 0.321161 -1.231025
Si 0.597398 0.087020 -4.184187
Si -1.580850 -0.562249 -1.192338
Mg 0.318976 0.544374 3.195719
O -2.298883 0.522238 -2.164949
O -0.811978 0.925335 -4.351683
O -1.456031 2.940540 -2.610779
O -3.295498 1.980643 -4.251737
O 1.779346 -2.948673 0.676289
O 3.638260 -3.362657 -1.135612
O 2.385182 -0.940601 -0.865781
O 1.081884 -3.002743 -1.960207
O 1.614237 0.323005 -5.418442
O -2.364977 -0.645299 0.270971
O -0.892059 -3.957954 -3.564435
O 0.213932 -1.493523 -3.951841
O -1.416071 -2.019390 -1.894179
O 1.939877 1.615960 -0.348523
O -0.109008 -0.024207 -0.693984
O 1.356175 0.635829 -2.822165
O -1.134765 -0.521681 4.322393
O 2.005289 1.367655 2.318845
O 0.003630 2.187978 4.481049
O 0.247753 -1.174722 2.036725
O -1.079752 1.436933 1.920510
O 1.696898 -0.191065 4.619409
H 1.317885 0.228451 -6.334403
H -3.258278 -1.025450 0.275929
H -3.556607 1.475289 -5.034855
H -1.495157 3.750171 -3.145731
H 3.991211 -3.489866 -2.027496
H 1.921409 -3.872017 0.939659
H -0.392226 -4.497017 -4.192892
H 1.291525 2.363443 -0.379635
H -1.858546 -0.186685 4.874977
H -1.407314 -1.386123 3.973424
H 2.114635 1.399749 1.327167
H 2.518767 2.106700 2.679743
H 0.434947 2.377946 5.329366
H -0.667873 2.872359 4.331558
H -0.300451 -1.020132 1.246218
H 0.933686 -1.818907 1.721100
H -1.738193 0.853597 1.488252
H -0.816969 2.088777 1.220269
H 2.630890 -0.320313 4.385936
H 1.467751 -0.872354 5.272216
O -0.297715 3.181857 -0.123305
H -0.794417 3.099193 -0.980597
H -0.278143 4.134334 0.069253

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)
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Mg2+(7H2O) H8Si6O16

MIN2,OS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -1.943196 1.590505 -3.423536
Si 2.221225 -2.623877 -0.899877
Si -0.314809 -2.660321 -2.829956
Si 1.404151 0.286754 -1.194174
Si 0.561686 0.044880 -4.169905
Si -1.608207 -0.541593 -1.147058
Mg 0.345908 0.557374 3.216297
O -2.223948 0.548127 -2.179388
O -0.799744 0.943817 -4.404216
O -1.404642 2.961630 -2.642773
O -3.280457 1.995928 -4.243852
O 1.814947 -3.021462 0.665206
O 3.613487 -3.388455 -1.223313
O 2.360158 -0.979292 -0.842956
O 1.030626 -3.013175 -1.951237
O 1.637827 0.221418 -5.363480
O -2.470372 -0.541970 0.267026
O -0.997616 -3.968623 -3.488692
O 0.110021 -1.514709 -3.926908
O -1.459110 -2.014783 -1.816968
O 1.934149 1.588336 -0.333626
O -0.121304 -0.059971 -0.599748
O 1.280191 0.586114 -2.781717
O -1.084150 -0.643247 4.224411
O 2.003908 1.475799 2.365755
O -0.053441 2.150117 4.531115
O 0.406624 -1.077615 1.955001
O -1.070022 1.425561 1.940124
O 1.720877 -0.154080 4.650399
H 1.365153 0.179040 -6.290729
H -3.406459 -0.792997 0.214363
H -3.542545 1.501220 -5.033510
H -1.439821 3.771594 -3.177325
H 3.927745 -3.501398 -2.131403
H 1.961576 -3.949411 0.908378
H -0.521604 -4.513013 -4.130886
H 1.288615 2.338713 -0.372065
H -1.839418 -0.390305 4.778587
H -1.333331 -1.447281 3.738835
H 2.138968 1.454148 1.379435
H 2.444310 2.275138 2.693201
H 0.337383 2.320600 5.402913
H -0.767349 2.793280 4.395293
H 0.070345 -0.808672 1.073261
H 1.038789 -1.808825 1.745841
H -1.727877 0.834895 1.513943
H -0.821825 2.080532 1.239485
H 2.666543 -0.212522 4.435970
H 1.520530 -0.878307 5.265453
O -0.291004 3.174458 -0.126523
H -0.777088 3.103632 -0.990565
H -0.259081 4.126086 0.068663

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)
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Mg2+(7H2O) H8Si6O16

TS2,OS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.164925 1.444119 -3.510483
Si 1.901236 -2.426149 -0.791061
Si -0.012805 -2.587107 -3.163790
Si 1.031513 0.672156 -1.016805
Si 0.555519 0.315600 -4.109494
Si -1.959332 -0.872744 -1.426280
Mg 0.452717 0.738201 3.356161
O -2.552579 0.306234 -2.383521
O -0.967299 0.836837 -4.459987
O -1.636119 2.742388 -2.604002
O -3.430518 1.948476 -4.388406
O 1.188861 -2.876092 0.651383
O 3.460835 -2.893282 -0.724147
O 1.734069 -0.802332 -0.762112
O 1.162290 -3.060846 -2.104814
O 1.684535 0.899659 -5.112763
O -3.036522 -1.373866 -0.311221
O -0.532254 -3.815804 -4.079546
O 0.569504 -1.322182 -4.035970
O -1.308072 -2.079511 -2.285754
O 2.257041 1.561810 -0.254107
O -0.744938 -0.148099 -0.493014
O 0.899678 0.920937 -2.610079
O -1.177679 -0.088427 4.389080
O 2.113916 1.567920 2.422267
O 0.570267 2.213680 4.875369
O 0.070542 -0.802715 2.032043
O -0.730020 2.109407 2.291602
O 1.866012 -0.347610 4.479520
H 1.624560 0.744257 -6.065933
H -3.837992 -1.830557 -0.608323
H -3.644629 1.520301 -5.229686
H -1.750110 3.607231 -3.030081
H 3.898923 -3.182390 -1.537527
H 1.243673 -3.819246 0.872132
H 0.067823 -4.276067 -4.682358
H 3.119156 1.142105 -0.422944
H -1.639221 0.155266 5.206853
H -1.606059 -0.880562 4.025252
H 2.198528 1.592040 1.424577
H 2.431666 2.428784 2.738368
H 1.093141 2.165669 5.691839
H 0.182024 3.102223 4.829392
H -0.450945 -0.634388 1.210608
H 0.611864 -1.589649 1.769339
H -1.698558 2.156610 2.333957
H -0.474529 2.345936 1.366400
H 2.782928 -0.349391 4.157016
H 1.740520 -1.162563 4.991874
O -0.153656 2.000590 -0.411555
H -0.883894 1.026176 -0.351526
H -0.496666 2.535300 -1.180316

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)
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Mg2+(7H2O) H8Si6O16

MIN3,OS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.060154 1.488480 -3.339202
Si 1.855674 -2.240472 -0.724698
Si -0.138408 -2.571316 -2.940039
Si 1.425642 0.866657 -1.088133
Si 0.694899 0.321817 -4.033178
Si -2.418567 -1.039955 -1.385326
Mg 0.490365 0.763697 3.270197
O -2.515096 0.218729 -2.429356
O -0.758292 1.057014 -4.242394
O -1.598796 2.657650 -2.229121
O -3.231888 2.152775 -4.238447
O 1.436848 -2.844364 0.771944
O 3.467610 -2.184414 -0.967564
O 1.351074 -0.681657 -0.592511
O 1.060628 -3.049194 -1.894717
O 1.716165 0.594280 -5.257953
O -3.849934 -1.665209 -0.950716
O -0.581436 -3.778544 -3.925696
O 0.440644 -1.264528 -3.740914
O -1.446988 -2.174508 -2.048791
O 2.692518 1.624606 -0.331849
O -1.746074 -0.423425 0.016783
O 1.436057 0.981590 -2.698186
O -1.158139 -0.073270 4.275635
O 2.226921 1.641805 2.415460
O 0.613170 2.279790 4.754428
O 0.052860 -0.849557 2.055955
O -0.622026 2.112939 2.143272
O 1.932943 -0.252509 4.415656
H 1.415846 0.539791 -6.175547
H -4.274802 -2.319355 -1.524338
H -3.426199 1.830047 -5.129525
H -1.711064 3.574414 -2.527905
H 3.917243 -2.931179 -1.389369
H 1.205386 -3.785167 0.819136
H 0.049476 -4.163261 -4.549944
H 3.581369 1.472071 -0.692728
H -1.733479 0.123162 5.030811
H -1.471969 -0.892703 3.857732
H 2.501373 1.638409 1.463571
H 2.417510 2.534561 2.748454
H 0.976832 2.157890 5.646465
H 0.105891 3.107700 4.759180
H -0.635674 -0.793425 1.342358
H 0.655287 -1.566832 1.741878
H -1.592921 2.094465 2.124411
H -0.328581 2.135490 1.197295
H 2.855452 -0.134424 4.132833
H 1.872313 -1.117534 4.851833
O 0.074210 1.632414 -0.463827
H -1.226138 0.382359 -0.185718
H -0.435768 2.195584 -1.119192

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)
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Mg2+(7H2O) H8Si6O16

TS1,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 3.484235 -0.348386 -3.579138
Si -1.999228 -0.182762 -0.307849
Si -0.879552 -1.621689 -2.899783
Si 0.957595 0.520119 -0.361229
Si 1.886356 -2.137209 -1.554389
Si 0.726238 0.856828 -3.482411
H 2.748896 -4.213655 -1.203277
H 0.327562 2.492091 -5.025747
H 4.412743 -1.657573 -5.200422
H 5.229420 0.710240 -2.661778
H -2.748431 -1.759981 1.163911
H -3.849407 0.985635 -0.870955
H -1.962425 -3.421145 -3.773950
H 2.558888 1.987271 0.126135
H -2.509828 2.686758 0.227419
H -1.465677 3.274389 1.251827
Mg -0.795298 4.476352 -0.818480
H 0.116142 7.035715 -0.507358
H 0.670684 6.142110 0.647596
H 0.994487 2.991597 1.171738
H 0.568906 4.101287 2.197765
H -1.237450 2.938942 -3.101153
H -2.220935 2.458233 -1.968900
H -2.650622 6.505105 -1.119613
H -2.761562 5.487547 -2.300750
H 1.827191 3.858575 -1.530977
H 0.844099 3.692824 -2.722799
O 2.123286 0.392689 -4.167705
O 3.013828 -1.587887 -2.618988
O 4.266428 0.834292 -2.701566
O 4.509541 -0.810226 -4.743273
O -2.896408 1.167587 -0.789799
O -2.877149 -0.842459 0.882793
O -0.588241 0.501628 0.190878
O -1.734136 -1.193828 -1.551540
O 2.365770 -3.451154 -0.748097
O 0.261884 2.355965 -4.065111
O -1.757972 -2.490089 -3.939052
O 0.491594 -2.364540 -2.403193
O -0.483273 -0.212137 -3.679018
O 1.784278 1.576718 0.589179
O -2.038690 3.507179 0.497319
O 1.598825 -0.969312 -0.420397
O 0.952634 1.153103 -1.888602
O -0.073268 6.250494 0.033172
O 0.491021 3.842623 1.264482
O -1.720937 3.237421 -2.301055
O -2.150716 5.853769 -1.639430
O 0.950020 4.166611 -1.872242
H 4.159557 3.469027 -0.878527
H 3.685942 2.277770 -1.776804
O 3.372153 2.954537 -1.123856

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)
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Mg2+(7H2O) H8Si6O16

MIN2,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 2.121752 3.738371 1.945602
Si -0.360034 -0.087425 -2.544544
Si 1.755376 2.287822 -2.389975
Si 0.001280 0.423439 0.410329
Si 2.958889 1.222488 0.284034
Si 0.031588 3.510869 -0.235995
H 5.125479 0.554901 0.444343
H -1.369457 5.271985 -0.603545
H 2.840378 5.770933 2.684176
H 1.860039 2.862737 4.014506
H 0.713549 -1.701791 -3.749176
H -2.211730 0.247360 -3.789966
H 3.231406 3.387528 -3.723784
H -0.964353 0.453021 2.417398
H -3.025077 -0.248609 -1.501758
H -3.407302 -1.009557 -0.140450
Mg -4.026283 1.546110 0.203583
H -4.992972 0.686289 2.671088
H -4.254371 -0.498186 1.895250
H -2.199381 -1.436788 1.623269
H -3.160491 -2.700101 1.638330
H -2.684240 3.277570 -1.332244
H -2.809451 1.922884 -2.123258
H -6.749959 1.769717 0.021037
H -6.109447 2.663163 -1.094116
H -2.497952 2.594449 2.173738
H -2.631140 3.614297 0.990963
O 0.878898 4.217926 0.960417
O 2.992909 2.569269 1.223350
O 1.296180 3.127006 3.268611
O 3.150261 4.932529 2.313926
O -1.935471 0.427524 -2.874000
O -0.163693 -1.399868 -3.471994
O -0.427069 -0.410654 -0.931369
O 0.716364 1.092363 -2.823478
O 4.214887 0.239865 0.533197
O -1.426134 4.320728 -0.409104
O 2.443988 2.825895 -3.746121
O 2.814981 1.715448 -1.280943
O 0.840875 3.464734 -1.643685
O -0.889716 -0.175519 1.657203
O -3.583504 -0.209826 -0.695821
O 1.600550 0.366828 0.678257
O -0.449625 2.006678 0.201456
O -4.648028 0.409979 1.808641
O -3.117803 -1.749714 1.441331
O -3.272295 2.504427 -1.477118
O -5.917049 2.168524 -0.280141
O -3.101641 2.882686 1.440587
H -1.501724 1.958475 4.247341
H -0.372512 2.482187 3.303242
O -1.240156 1.999079 3.311804

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



151

Mg2+(7H2O) H8Si6O16

TS2,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 1.959688 3.685350 1.999923
Si -0.333824 -0.145080 -2.533690
Si 1.777384 2.247201 -2.371211
Si -0.053194 0.435486 0.410713
Si 2.955118 1.297986 0.284333
Si -0.068999 3.465520 -0.228372
H 5.093398 0.564432 0.534068
H -1.310744 5.282739 -0.795695
H 2.507740 5.689278 2.944755
H 1.645996 2.585754 3.949472
H 0.770594 -1.804560 -3.644339
H -2.106002 0.226008 -3.883636
H 3.213445 3.351009 -3.740618
H -0.893727 0.284416 2.483632
H -3.144505 -0.257838 -1.598851
H -3.510050 -0.968989 -0.220948
Mg -3.918605 1.630438 0.131698
H -3.031793 1.049053 2.537392
H -3.695137 -0.258975 1.953731
H -2.139365 -1.652758 1.448026
H -3.313224 -2.710761 1.527926
H -2.695780 3.287744 -1.557889
H -2.730876 1.863339 -2.238995
H -6.512111 1.571330 -0.727167
H -6.500111 2.397142 0.603530
H -3.021701 3.256085 2.062334
H -2.792089 3.971810 0.689351
O 0.738281 4.176393 0.992753
O 2.944506 2.649733 1.218816
O 1.101093 2.901041 3.208967
O 2.885163 4.900268 2.531692
O -1.877703 0.393101 -2.952116
O -0.113915 -1.487365 -3.410671
O -0.490717 -0.414331 -0.915904
O 0.796528 0.994079 -2.777245
O 4.169451 0.291326 0.625731
O -1.457267 4.358696 -0.527974
O 2.386882 2.847930 -3.738416
O 2.914583 1.759117 -1.297142
O 0.803510 3.348931 -1.588781
O -0.824661 -0.270003 1.677670
O -3.695400 -0.181352 -0.792380
O 1.552477 0.486819 0.601387
O -0.637143 1.991148 0.241825
O -3.758131 0.729307 1.964609
O -3.098375 -1.792759 1.292431
O -3.207672 2.455522 -1.611778
O -5.936987 1.914119 -0.023415
O -3.391236 3.354766 1.165952
H -1.672953 1.880519 4.360157
H -0.664391 2.365050 3.280491
O -1.527884 1.894832 3.398288

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



152

Mg2+(7H2O) H8Si6O16

MIN3,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 1.904129 3.641108 2.033162
Si -0.296144 -0.142025 -2.638581
Si 1.767995 2.239655 -2.357177
Si -0.194115 0.420157 0.337924
Si 2.881231 1.373182 0.277003
Si -0.235421 3.345360 -0.187838
H 4.899612 0.369640 0.582819
H -1.189322 5.269325 -0.883755
H 2.268302 5.689758 2.965520
H 1.880618 2.598165 4.034437
H 0.761496 -1.819854 -3.762808
H -2.068367 0.275336 -3.969257
H 3.197855 3.426116 -3.655005
H -0.811028 0.075517 2.456130
H -3.005550 -0.263263 -1.528892
H -3.425776 -0.899974 -0.120020
Mg -3.573282 1.755503 0.166780
H -2.873711 1.269893 2.670909
H -3.545095 -0.038968 2.082363
H -2.218070 -1.663783 1.535382
H -3.501255 -2.581359 1.680455
H -2.774184 3.363320 -1.745864
H -2.756349 1.907772 -2.344106
H -6.257976 1.479679 0.680174
H -6.101231 1.953974 -0.795992
H -4.261875 4.079524 1.379375
H -2.880666 4.286938 0.623327
O 0.561083 3.918213 1.101815
O 2.974541 2.725651 1.204424
O 1.246817 2.821932 3.332793
O 2.689559 4.998537 2.436132
O -1.819482 0.451373 -3.044909
O -0.114890 -1.484104 -3.524468
O -0.467994 -0.431687 -1.023973
O 0.890241 0.946097 -2.863738
O 3.947242 0.230066 0.686634
O -1.481404 4.395061 -0.572405
O 2.321018 3.016722 -3.658969
O 2.953486 1.786063 -1.317303
O 0.699057 3.179896 -1.497597
O -0.818366 -0.414659 1.592658
O -3.501784 -0.102538 -0.703274
O 1.368957 0.769532 0.542994
O -1.005195 1.907147 0.182197
O -3.561117 0.947981 2.045429
O -3.193854 -1.694959 1.427868
O -3.247625 2.509084 -1.736443
O -5.659480 1.942218 0.070030
O -3.468786 3.628218 1.049069
H -1.215907 1.105617 4.552833
H -0.430990 1.990939 3.536233
O -1.167379 1.336957 3.609927

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



153

Mg2+(7H2O) H8Si6O16

TS3,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 1.900525 3.690159 2.075498
Si -0.389989 -0.143987 -2.249664
Si 1.553020 2.252410 -2.208827
Si -0.017248 0.181641 0.875694
Si 2.918990 1.444370 0.354879
Si -0.434199 3.416850 -0.015861
H 5.029512 0.619811 0.534556
H -1.156077 5.477172 -0.666751
H 2.148240 5.755836 3.015890
H 1.888617 2.574950 4.084419
H 0.644476 -1.991101 -3.096371
H -2.101289 0.090447 -3.691804
H 2.787446 2.961346 -3.981701
H -0.046493 -1.404893 2.482253
H -3.101301 -0.096288 -1.469584
H -3.444587 -0.763468 -0.069714
Mg -3.405623 1.917741 0.197868
H -3.944977 1.260295 2.876285
H -3.542592 -0.065240 2.084257
H -2.113212 -1.824391 1.465333
H -3.520596 -2.520721 1.615737
H -2.741336 3.543263 -1.784583
H -2.721346 2.073276 -2.345086
H -6.134768 1.445508 0.067474
H -5.691836 2.400722 -1.065859
H -4.526110 4.183076 1.127817
H -3.011103 4.449523 0.765856
O 0.541218 3.951790 1.191983
O 2.999293 2.831784 1.229160
O 1.300269 2.722334 3.325067
O 2.634970 5.024559 2.611346
O -1.894766 0.390179 -2.789119
O -0.228154 -1.626221 -2.889987
O -0.581668 -0.153342 -0.618883
O 0.807837 0.859953 -2.693079
O 4.100831 0.394432 0.691024
O -1.533975 4.624135 -0.394201
O 2.002303 3.174842 -3.457764
O 2.802044 1.821785 -1.233281
O 0.446166 3.113005 -1.351635
O -0.310495 -1.308075 1.552773
O -3.600552 0.029928 -0.635269
O 1.502999 0.707957 0.812320
O -1.314391 2.130406 0.464496
O -3.598546 0.921542 2.036625
O -3.085539 -1.671500 1.431847
O -3.219637 2.692023 -1.765656
O -5.527520 2.177339 -0.132868
O -3.640109 3.785180 1.121790
H -1.131389 1.725473 2.115920
H 0.276096 1.596010 2.883037
O -0.483859 1.046223 2.460762

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



154

Mg2+(7H2O) H8Si6O16

MIN4,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 1.804801 3.202332 2.371231
Si -0.259826 -0.245528 -2.246723
Si 1.343992 2.423976 -2.073429
Si 0.546912 -0.529857 0.791844
Si 3.069577 1.328770 0.257389
Si -0.517922 3.606749 0.247843
H 5.338409 1.237915 0.232485
H -0.964388 5.780507 -0.267619
H 2.090790 5.016847 3.721456
H 1.657230 1.767594 4.130375
H 0.990171 -1.576178 -3.611118
H -2.193482 -0.511712 -3.370740
H 2.490898 3.328483 -3.811869
H 1.183084 -2.682646 1.178082
H -2.900129 -0.211948 -0.975326
H -3.260828 -0.433795 0.564191
Mg -3.742989 2.150313 0.027989
H -4.377687 2.329756 2.675639
H -3.936193 0.838671 2.367524
H -1.958808 -0.449745 2.406784
H -3.090997 -1.467213 2.811875
H -3.036982 3.151513 -2.471163
H -2.730715 1.605629 -2.405418
H -6.391642 1.651380 0.131597
H -6.066798 1.853698 -1.377986
H -4.782795 4.690875 0.106813
H -3.205344 4.761496 0.312645
O 0.506537 3.721609 1.498857
O 2.896047 2.504335 1.387096
O 1.116545 2.051221 3.374967
O 2.569014 4.387060 3.164559
O -1.893649 -0.007079 -2.595073
O 0.196077 -1.575657 -3.057902
O -0.278226 -0.451918 -0.623834
O 0.593892 1.075240 -2.659715
O 4.548856 0.678319 0.240077
O -1.415176 4.974667 0.030059
O 1.706863 3.463242 -3.260724
O 2.640012 1.958778 -1.199600
O 0.247478 3.188964 -1.114693
O 0.543690 -2.010674 1.457266
O -3.442129 0.120441 -0.231100
O 2.025210 0.106520 0.613026
O -1.699084 2.477582 0.609601
O -4.323957 1.659709 1.976234
O -2.918420 -0.645943 2.321766
O -3.275149 2.329545 -2.014904
O -5.792296 2.108761 -0.481754
O -3.996304 4.178167 0.348384
H -1.309384 1.686877 1.071090
H 0.129651 0.871413 2.545182
O -0.384867 0.420987 1.821180

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



155

Ca2+(7H2O) H8Si6O16

MIN1

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.066855 1.577585 -3.323546
Si 2.311278 -2.389450 -0.815623
Si -0.099174 -2.547824 -2.862074
Si 1.426884 0.508365 -1.201807
Si 0.601397 0.200555 -4.155434
Si -1.529889 -0.499206 -1.147078
Ca 0.289403 0.381078 3.236902
O -2.377925 0.511389 -2.098673
O -0.847456 0.980530 -4.236067
O -1.619040 2.982916 -2.545993
O -3.379869 1.935674 -4.203079
O 1.789064 -2.824413 0.712332
O 3.765474 -3.090070 -0.982831
O 2.379373 -0.744318 -0.746907
O 1.254329 -2.843240 -1.971605
O 1.553477 0.518421 -5.422040
O -2.329299 -0.692584 0.308253
O -0.731104 -3.890898 -3.501688
O 0.280590 -1.402761 -3.971542
O -1.254526 -1.943054 -1.839340
O 1.963114 1.807924 -0.354683
O -0.119010 0.193455 -0.695163
O 1.404947 0.723927 -2.811573
O -1.390260 -0.593117 4.697320
O 2.382065 0.541900 2.049633
O 0.131988 2.605438 4.177781
O -0.302786 -1.672714 2.130987
O -1.238354 1.583450 1.806164
O 1.920149 -0.267065 4.907672
H 1.232489 0.406834 -6.327648
H -3.253045 -0.988353 0.244946
H -3.631751 1.396909 -4.966392
H -1.762788 3.785160 -3.074510
H 4.176957 -3.189830 -1.853158
H 2.052727 -3.723593 0.969246
H -0.259241 -4.390120 -4.182590
H 1.311704 2.551144 -0.333458
H -1.986186 -0.260319 5.387223
H -1.631453 -1.523475 4.556710
H 2.429674 1.166049 1.283461
H 2.817297 -0.257943 1.706737
H 0.639842 3.118966 4.825923
H -0.619278 3.161688 3.915181
H -1.080340 -1.615995 1.539493
H 0.378066 -2.188130 1.634368
H -1.859837 0.991578 1.338010
H -0.955714 2.247091 1.128069
H 2.869675 -0.100995 4.789156
H 1.830405 -0.716492 5.763171
O -0.301612 3.356942 -0.145213
H -0.808509 3.248750 -0.991657
H -0.280199 4.313604 0.024514

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



156

Ca2+(7H2O) H8Si6O16

TS1,OS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -1.974743 1.639396 -3.417432
Si 2.163774 -2.626847 -0.944687
Si -0.370051 -2.619084 -2.897711
Si 1.372340 0.275139 -1.195544
Si 0.523279 0.061811 -4.194614
Si -1.628119 -0.499633 -1.160026
Ca 0.511213 0.673988 3.387965
O -2.251934 0.635371 -2.140868
O -0.840923 0.966393 -4.389804
O -1.427276 3.033501 -2.685750
O -3.316997 2.027173 -4.240214
O 1.740252 -3.086666 0.598883
O 3.545561 -3.405294 -1.286240
O 2.332941 -0.988902 -0.834467
O 0.972905 -2.962547 -2.012836
O 1.594524 0.287556 -5.385781
O -2.471488 -0.562681 0.264638
O -1.064744 -3.936645 -3.527308
O 0.065650 -1.507516 -4.025258
O -1.505843 -1.945657 -1.895032
O 1.930841 1.593746 -0.381914
O -0.146030 -0.048866 -0.600645
O 1.249370 0.542656 -2.792597
O -0.923832 -0.921314 4.564519
O 2.430892 1.492614 2.257536
O -0.300737 2.614106 4.573794
O 0.244984 -1.335519 2.062038
O -1.134470 1.587086 1.856061
O 1.870155 -0.178572 5.199747
H 1.324944 0.222647 -6.312627
H -3.388067 -0.879712 0.231519
H -3.583314 1.511082 -5.014514
H -1.486085 3.829345 -3.238858
H 3.862725 -3.486326 -2.196679
H 1.902607 -4.019864 0.809778
H -0.618840 -4.455380 -4.211018
H 1.291197 2.350460 -0.412686
H -1.686546 -0.950917 5.163458
H -1.004997 -1.679952 3.959347
H 2.402431 1.519302 1.263633
H 3.343084 1.703376 2.507978
H -0.045065 3.111075 5.367297
H -1.086908 3.058048 4.215701
H -0.281366 -1.101742 1.275119
H 0.879794 -2.009705 1.708966
H -1.790064 0.992102 1.438128
H -0.889267 2.228268 1.143175
H 2.798821 -0.147713 5.479829
H 1.439102 -0.837803 5.768414
O -0.235840 3.262065 -0.215144
H -0.732864 3.205507 -1.073966
H -0.130102 4.212399 -0.041424

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



157

Ca2+(7H2O) H8Si6O16

MIN2,OS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -1.946865 1.651323 -3.423308
Si 2.160892 -2.660007 -0.967094
Si -0.416313 -2.627286 -2.869854
Si 1.363674 0.244654 -1.169761
Si 0.501528 0.037211 -4.180521
Si -1.636258 -0.493084 -1.127018
Ca 0.516826 0.686540 3.415603
O -2.186191 0.652680 -2.137428
O -0.831765 0.976997 -4.418109
O -1.393514 3.049189 -2.704730
O -3.308991 2.025949 -4.219641
O 1.783332 -3.140123 0.579526
O 3.534417 -3.425353 -1.366151
O 2.327260 -1.021396 -0.832228
O 0.940866 -2.974714 -2.009013
O 1.610650 0.227143 -5.343322
O -2.526704 -0.503420 0.265620
O -1.128366 -3.941554 -3.486640
O 0.005208 -1.519186 -4.007459
O -1.532278 -1.945955 -1.850623
O 1.929903 1.564502 -0.365081
O -0.144763 -0.089621 -0.536016
O 1.196282 0.514576 -2.760550
O -0.941687 -0.970014 4.454965
O 2.412456 1.580769 2.292039
O -0.357702 2.584963 4.621510
O 0.384916 -1.266328 2.007168
O -1.124754 1.589472 1.871301
O 1.853603 -0.173445 5.240820
H 1.358735 0.193408 -6.276846
H -3.461728 -0.753547 0.198260
H -3.575680 1.515308 -4.997485
H -1.460750 3.844721 -3.257147
H 3.822362 -3.491201 -2.287420
H 1.948916 -4.075547 0.776795
H -0.695178 -4.465488 -4.174526
H 1.293315 2.324147 -0.404126
H -1.718953 -1.040837 5.031105
H -1.004199 -1.687876 3.799915
H 2.403329 1.551263 1.299035
H 3.298194 1.880242 2.547042
H -0.148133 3.062702 5.439906
H -1.136020 3.023983 4.240768
H -0.006966 -0.971917 1.158840
H 0.990515 -1.994104 1.722990
H -1.784650 0.992465 1.461820
H -0.883510 2.225525 1.153440
H 2.780160 -0.119118 5.524699
H 1.447045 -0.866367 5.786986
O -0.221547 3.252193 -0.220026
H -0.712792 3.206658 -1.082720
H -0.101255 4.200263 -0.043432

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



158

Ca2+(7H2O) H8Si6O16

TS2,OS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.115563 1.487275 -3.550864
Si 1.810976 -2.558038 -0.874732
Si -0.083093 -2.597586 -3.215850
Si 1.016216 0.590255 -1.014300
Si 0.585981 0.295047 -4.112511
Si -1.973111 -0.816647 -1.447265
Ca 0.439573 0.843712 3.597226
O -2.531621 0.373908 -2.405749
O -0.924603 0.843616 -4.483088
O -1.575541 2.786825 -2.659065
O -3.371126 1.987453 -4.447131
O 1.089487 -3.018852 0.558514
O 3.368990 -3.035568 -0.805927
O 1.641973 -0.939878 -0.857506
O 1.074630 -3.186802 -2.198373
O 1.735919 0.862058 -5.103129
O -3.062480 -1.298796 -0.336586
O -0.708721 -3.756420 -4.157897
O 0.561378 -1.344394 -4.059591
O -1.323840 -2.030432 -2.292295
O 2.278540 1.342621 -0.176317
O -0.755171 -0.109816 -0.488661
O 0.918902 0.887629 -2.608273
O -1.288660 -0.515845 4.570356
O 2.229492 1.943619 2.439687
O 0.303590 2.492003 5.379051
O 0.019382 -0.957367 2.045927
O -0.863076 2.297110 2.185350
O 2.337064 -0.148842 4.724935
H 1.693473 0.685201 -6.053455
H -3.875899 -1.732092 -0.636047
H -3.568562 1.554472 -5.290023
H -1.651932 3.645645 -3.104713
H 3.803801 -3.318542 -1.623249
H 1.158569 -3.961333 0.777766
H -0.140813 -4.280819 -4.739232
H 3.078451 0.794791 -0.258753
H -1.900110 -0.555298 5.322470
H -1.501303 -1.268281 3.992360
H 2.283193 1.818515 1.452284
H 2.576041 2.833439 2.610229
H 0.766938 2.482291 6.232577
H -0.175908 3.336264 5.355362
H -0.510799 -0.740007 1.247041
H 0.524667 -1.748529 1.733389
H -1.797381 2.556777 2.165238
H -0.513457 2.471042 1.277763
H 3.224617 0.091116 4.410474
H 2.462786 -0.890216 5.338994
O -0.074888 2.015831 -0.446402
H -0.867649 1.037767 -0.351710
H -0.396410 2.537847 -1.227440

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



159

Ca2+(7H2O) H8Si6O16

MIN3,OS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.002732 1.530686 -3.426500
Si 1.746075 -2.259291 -0.636085
Si -0.147807 -2.565938 -2.999414
Si 1.379328 0.825074 -1.048261
Si 0.724546 0.287505 -4.064578
Si -2.465792 -1.009170 -1.502156
Ca 0.477924 0.771397 3.496618
O -2.493780 0.269725 -2.526924
O -0.692664 1.079013 -4.308714
O -1.542114 2.691059 -2.306977
O -3.143331 2.218654 -4.349053
O 1.176088 -2.932987 0.775622
O 3.375450 -2.274753 -0.744572
O 1.294664 -0.687195 -0.446641
O 1.050807 -2.968845 -1.926585
O 1.818494 0.599811 -5.216797
O -3.924930 -1.636545 -1.176478
O -0.566633 -3.831595 -3.921524
O 0.414424 -1.305699 -3.884682
O -1.462046 -2.134841 -2.136114
O 2.670003 1.620395 -0.373374
O -1.875360 -0.437972 -0.051450
O 1.410083 0.848207 -2.660741
O -1.156184 -0.514370 4.674990
O 2.388782 1.836253 2.379286
O 0.474745 2.554198 5.159166
O -0.327285 -1.080173 2.150535
O -0.758599 2.279500 2.101456
O 2.463285 -0.146399 4.512542
H 1.576523 0.550189 -6.151895
H -4.298137 -2.299202 -1.775319
H -3.326669 1.894740 -5.242042
H -1.608136 3.608524 -2.616747
H 3.805901 -2.969144 -1.264332
H 1.035968 -3.892650 0.779819
H 0.045795 -4.176677 -4.586069
H 3.528342 1.514384 -0.814979
H -1.742541 -0.610337 5.440658
H -1.368482 -1.226352 4.043283
H 2.627357 1.742331 1.424022
H 2.593246 2.760918 2.595909
H 0.877592 2.549772 6.042942
H -0.029908 3.382497 5.109535
H -0.988317 -0.942600 1.424609
H 0.240268 -1.805535 1.793848
H -1.696943 2.524072 2.071868
H -0.457886 2.233190 1.162365
H 3.295268 0.181812 4.132292
H 2.700904 -0.865399 5.119497
O 0.026420 1.615875 -0.468648
H -1.314252 0.353687 -0.181691
H -0.450933 2.182228 -1.144447

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



160

Ca2+(7H2O) H8Si6O16

TS1,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si -2.185605 1.452500 -3.219662
Si 2.383223 -2.317700 -0.837151
Si 0.039595 -2.503827 -2.925935
Si 1.324506 0.519159 -1.058724
Si 0.568976 0.343294 -4.020394
Si -1.537297 -0.661799 -1.090375
Ca 0.164831 0.450565 3.010559
O -2.353279 0.511955 -1.871437
O -1.003863 0.815889 -4.162001
O -1.767540 2.940927 -2.599300
O -3.565430 1.651125 -4.048151
O 1.982568 -2.629660 0.770278
O 3.834023 -3.019145 -1.021187
O 2.431653 -0.675404 -0.889083
O 1.250921 -2.878932 -1.865730
O 1.517264 0.895380 -5.207742
O -2.365860 -1.129655 0.269159
O -0.494548 -3.800753 -3.728584
O 0.600392 -1.297518 -3.890626
O -1.246875 -1.938326 -2.059827
O 1.790358 1.734024 -0.065210
O -0.121979 -0.076070 -0.497369
O 1.138710 0.983803 -2.605993
O -1.694277 -0.234016 4.421325
O 2.396500 -0.043755 2.125409
O 0.712471 2.551182 4.073455
O -0.377359 -1.731863 2.154131
O -1.321832 1.881256 1.763353
O 1.726314 -0.114657 4.826337
H 1.339713 0.674618 -6.132792
H -3.206722 -1.591835 0.119270
H -3.775706 1.075590 -4.797418
H -1.973980 3.689255 -3.182707
H 4.225177 -3.160510 -1.895000
H 2.344277 -3.474136 1.090510
H 0.076661 -4.288033 -4.338118
H 1.237045 2.543321 -0.164945
H -2.283679 0.227252 5.039339
H -1.911645 -1.177743 4.496846
H 2.726824 0.611392 1.479408
H 2.512842 -0.914434 1.689355
H 1.381821 2.579148 4.776200
H 0.327457 3.440132 4.023976
H -1.157045 -1.734306 1.556010
H 0.328933 -2.206924 1.664872
H -2.226347 1.605858 1.544589
H -1.047902 2.498507 1.034201
H 2.608339 -0.287061 4.454782
H 1.708540 -0.521525 5.706886
O -0.378367 3.454292 -0.267212
H -0.866773 3.301558 -1.118511
H -0.339156 4.418971 -0.157190

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



161

Ca2+(7H2O) H8Si6O16

MIN2,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 2.100548 3.379559 2.184578
Si -0.189723 0.151206 -2.841149
Si 1.898807 2.456928 -2.272001
Si -0.054040 0.320874 0.175952
Si 2.993830 1.176375 0.239164
Si -0.071387 3.337737 -0.023123
Ca -4.044600 1.259880 0.407078
O 0.749911 3.758265 1.316083
O 3.097641 2.468301 1.256143
O 1.484681 2.527766 3.477545
O 2.869996 4.675315 2.783711
O -1.705988 0.808640 -3.172001
O -0.034497 1.063477 -3.904389
O -0.326488 0.364189 -1.282107
O 0.988915 1.265287 -2.962110
O 4.118296 0.048176 0.518456
O -1.381046 4.326890 -0.241195
O 2.539064 3.455255 -3.370260
O 3.016407 1.734694 -1.308717
O 0.889085 3.364695 -1.336224
O -0.838793 0.547814 1.329984
O -0.741244 1.838470 0.153778
O 1.525154 0.474496 0.511343
O -5.531464 3.199647 0.143201
O -3.517594 0.278283 -1.364594
O -3.533749 0.883994 1.450406
O -3.277611 2.696557 -1.430961
O -3.096379 2.239624 2.388371
O -6.289549 0.349297 0.584346
H 5.059210 0.242029 0.402934
H -1.197079 5.269625 -0.381746
H 3.632830 5.049602 2.320166
H 2.059138 2.511427 4.260229
H 0.828522 1.455819 -4.100175
H -1.903366 0.845881 -4.124224
H 3.296591 3.185400 -3.908127
H -0.730945 0.136665 2.225938
H -6.144078 3.773154 0.629759
H -5.357511 3.636255 -0.708100
H -3.445052 1.232942 -1.210221
H -2.947321 0.071434 -2.136960
H -3.866941 1.359743 2.226423
H -2.562131 1.051036 1.408811
H -2.682906 3.424189 -1.137971
H -2.794717 2.254363 -2.157608
H -3.190850 3.152610 2.700169
H -2.303555 1.873299 2.856858
H -6.558211 0.582873 0.610808
H -7.080531 0.843734 0.317131
O -0.853626 1.084367 3.533405
H -0.032324 1.644484 3.549430
H -0.944393 0.728527 4.433444

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



162

Ca2+(7H2O) H8Si6O16

TS2,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 1.997347 3.376551 2.152146
Si -0.227485 -0.107028 -2.799655
Si 1.587739 2.463006 -2.275182
Si -0.092933 0.159771 0.215940
Si 2.916721 1.271645 0.131482
Si -0.338474 3.153168 0.091459
Ca -3.595964 1.674604 0.293723
O 0.541788 3.581620 1.390941
O 3.004844 2.484253 1.233627
O 1.536440 2.547086 3.528710
O 2.769064 4.767164 2.460931
O -1.765963 0.349875 -3.299063
O 0.164797 -1.343606 -3.769039
O -0.430679 -0.541155 -1.218222
O 0.804201 1.147343 -2.881342
O 4.084287 0.166668 0.299309
O -1.718535 4.056112 0.014273
O 2.008028 3.513453 -3.427981
O 2.851751 1.929521 -1.375276
O 0.509911 3.240250 -1.288713
O -0.679694 -0.765059 1.435182
O -0.947624 1.611226 0.259558
O 1.475746 0.508494 0.396611
O -4.954432 3.730382 0.632696
O -3.639133 -0.259053 -1.313405
O -3.399423 -0.580823 1.385883
O -3.093077 2.544754 -1.944893
O -2.933015 2.261420 2.575559
O -5.836642 0.791261 -0.094280
H 5.017744 0.413141 0.227919
H -1.647404 4.995077 0.245023
H 2.388378 5.441104 3.040594
H 2.254115 2.359709 4.156137
H 1.072929 -1.667553 -3.852634
H -1.924725 0.185184 -4.244945
H 2.851282 3.430626 -3.895225
H -0.537099 -0.341224 2.319701
H -5.536771 3.951024 1.377294
H -5.290616 4.249498 -0.116071
H -3.453189 -1.054517 -0.786570
H -3.080755 -0.306380 -2.117388
H -3.987118 -1.025974 2.015579
H -2.485655 -0.912074 1.541398
H -2.631263 3.396616 -2.007856
H -2.679990 1.952083 -2.606721
H -2.915265 3.157264 2.944618
H -2.192955 1.777388 3.017316
H -6.783402 0.981817 -0.017403
H -5.731315 0.145536 -0.815070
O -0.702853 0.906499 3.623308
H 0.088611 1.503456 3.643252
H -0.773323 0.533389 4.518397

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



163

Ca2+(7H2O) H8Si6O16

MIN3,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 1.970294 3.487534 2.128333
Si -0.260406 -0.057742 -2.774855
Si 1.569263 2.499565 -2.296493
Si -0.159953 0.301135 0.247674
Si 2.871598 1.358798 0.148679
Si -0.365711 3.267865 0.054207
H 4.946127 0.442758 0.285433
H -1.402651 5.236950 -0.171216
H 2.343832 5.558056 3.007016
H 2.210752 2.506908 4.147933
H 1.064867 -1.635656 -3.763817
H -1.918532 0.259745 -4.266131
H 2.845362 3.443777 -3.921395
H -0.622075 -0.219887 2.352565
H -3.191654 -0.400494 -2.207574
H -3.607317 -1.271514 -0.969453
Ca -3.692751 1.321759 0.321605
H -3.416547 2.686338 3.010533
H -2.270892 1.608824 3.111764
H -2.513130 -1.179698 1.445815
H -3.987260 -1.460590 1.914943
H -2.844686 3.301780 -1.911311
H -2.708239 1.869034 -2.529157
H -6.195041 0.274869 -0.786254
H -6.911728 1.053794 0.353271
H -5.015737 4.208543 0.451562
H -3.458180 4.180311 0.591109
O 0.529739 3.690865 1.342956
O 2.990446 2.595081 1.219707
O 1.500534 2.659920 3.502859
O 2.738608 4.878773 2.442982
O -1.792598 0.375969 -3.308338
O 0.146942 -1.342596 -3.672842
O -0.499512 -0.410508 -1.179470
O 0.785796 1.182099 -2.900928
O 4.005105 0.223280 0.345569
O -1.661511 4.304306 -0.077281
O 2.003877 3.539640 -3.453341
O 2.821760 1.971127 -1.377661
O 0.485177 3.288683 -1.326895
O -0.765710 -0.621702 1.455872
O -3.755661 -0.416467 -1.408158
O 1.407135 0.644515 0.431734
O -1.021299 1.754836 0.279434
O -3.071471 1.877487 2.603125
O -3.458957 -0.996430 1.246811
O -3.160609 2.388123 -1.831260
O -6.038737 0.841373 -0.011936
O -4.274651 3.670805 0.772179
H -0.669521 0.543934 4.583552
H 0.075827 1.578915 3.672350
O -0.681364 0.939799 3.695826

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



164

Ca2+(7H2O) H8Si6O16

TS3,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 2.227754 3.383966 2.251119
Si -0.362792 -0.100058 -2.155053
Si 1.308481 2.550924 -2.114408
Si 0.001587 0.152712 0.842036
Si 2.930380 1.392308 0.130459
Si -0.344695 3.500084 0.402534
H 4.995683 0.455302 0.030731
H -1.040439 5.665979 0.235877
H 2.663171 5.331739 3.354582
H 2.290626 2.091032 4.145415
H 1.287568 -1.602348 -2.645553
H -1.780942 -0.471186 -3.868119
H 2.357655 3.400632 -3.939333
H 0.232609 -1.710675 2.128636
H -3.314614 -0.618111 -2.004633
H -3.999362 -1.425638 -0.858600
Ca -3.448168 1.425346 0.209253
H -4.291011 2.868195 2.433798
H -4.904482 1.620676 3.138060
H -2.195453 -1.268964 1.434351
H -3.045310 -0.569173 2.529113
H -2.643074 3.162810 -2.314277
H -2.616411 1.647279 -2.693703
H -5.858529 0.527393 -1.042980
H -6.705826 1.591777 -0.277265
H -4.636433 4.398620 0.261466
H -3.109691 4.398235 0.622675
O 0.846045 3.822116 1.492569
O 3.216159 2.560527 1.242338
O 1.670275 2.307964 3.429741
O 3.083842 4.601027 2.880863
O -1.828847 -0.084407 -2.976932
O 0.336826 -1.528795 -2.480798
O -0.850118 0.053302 -0.579924
O 0.540617 1.171780 -2.608384
O 4.057139 0.230329 0.111741
O -1.407342 4.779844 0.382136
O 1.596397 3.543873 -3.359392
O 2.676790 2.082785 -1.333152
O 0.305948 3.345160 -1.090239
O -0.185639 -1.427336 1.300293
O -3.953751 -0.544239 -1.262900
O 1.508894 0.652293 0.562572
O -1.188295 2.178669 0.842720
O -4.194529 1.902045 2.539765
O -2.893799 -0.595483 1.570436
O -2.953857 2.287835 -2.034718
O -5.818088 1.210476 -0.351206
O -3.936944 3.858600 0.662201
H -0.840001 1.616715 2.261294
H 0.565200 1.247752 2.968133
O -0.261634 0.818360 2.539080

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)



165

Ca2+(7H2O) H8Si6O16

MIN4,IS

COMPUTATIONAL METHOD B3LYP / 6-31G*

ATOM TYPE x y z
Si 1.665648 2.135111 2.605890
Si 1.630635 -1.790090 -2.091983
Si 2.597222 1.158224 -1.716199
Si 1.406979 -1.826844 0.987385
Si 3.708904 0.376228 1.059381
Si 0.020342 2.132210 -0.088808
H 5.865351 0.609225 1.725057
H -0.583776 4.167994 -0.903273
H 1.374067 4.052550 3.800432
H 1.101957 0.813633 4.362058
H 3.608729 -2.778410 -2.634498
H 0.520738 -2.553678 -3.904054
H 4.068003 2.170304 -3.115487
H 2.255936 -3.826876 1.661024
H -1.248611 -2.580173 -2.201013
H -1.966528 -2.974574 -0.871040
Ca -2.910293 -0.239478 -1.034370
H -4.760830 1.636044 0.111052
H -5.319946 0.526801 1.061828
H -1.626884 -1.644036 1.453866
H -3.107433 -2.109105 1.625266
H -1.282729 0.933682 -3.490079
H -0.839455 -0.548686 -3.278877
H -4.318245 -2.258372 -2.592354
H -5.587564 -1.360654 -2.450638
H -3.786670 2.612836 -2.286630
H -2.624333 2.771522 -1.247964
O 0.657065 2.509868 1.359134
O 3.060696 1.521522 2.034085
O 0.833506 0.940725 3.437324
O 2.043544 3.408634 3.531214
O 0.309539 -2.044664 -3.103188
O 2.706917 -2.982648 -2.348556
O 0.960073 -1.880503 -0.597718
O 2.247333 -0.312064 -2.381060
O 5.202047 -0.059230 1.502004
O -0.977817 3.311542 -0.674729
O 3.141440 2.193998 -2.837336
O 3.648539 0.929515 -0.488231
O 1.183774 1.782511 -1.160912
O 1.453783 -3.285222 1.695316
O -2.083477 -2.476192 -1.697554
O 2.780726 -0.980971 1.143208
O -1.020472 0.846958 0.095880
O -4.698471 0.692194 0.336947
O -2.483164 -1.740058 0.980711
O -1.512194 0.117133 -3.021966
O -4.650440 -1.428089 -2.211803
O -3.366056 2.184340 -1.524616
H -0.641277 0.181905 0.729053
H 0.346767 -0.481508 2.509738
O 0.123862 -0.999963 1.690960

SYSTEM COMPOSITION:

CONFIGURATION:

ATOMIC COORDINATES (Å)


