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Biogenic silica production occurs at mild conditions with greater control of pore size, shape, and
micropatterning than is possible with typical industrial sol-gel methods, providing inspiration for potential
alternative routes to silica synthesis. Researchers have implicated the amine moieties, histidine and
polylysine, on proteins isolated from sponges and diatoms as catalysts for biogenic silica precipitation.
Different mechanistic roles have been ascribed to the amines, but few systematic, quantitative studies
isolating one effect from another have been conducted. In the present study, we use29Si NMR spectroscopy
to systematically examine the different possible mechanistic roles of mono- and polyamines in catalyzing
silica synthesis at mildly acidic pH (∼5) from an organosilicate starting compound, trimethylethoxysilane
(TMES). TMES has a single organosilicate bond, so there are no competing reactions and the reaction
progress can be followed with little ambiguity. Hydrolysis and condensation (dimerization) of TMES
lead to the products trimethylsilanol (TMSiOH) and hexamethyldisiloxane (HMD). The Refocused
Insensitive Nuclei Enhanced by Polarization Transfer pulse sequence (RINEPT+) provides unambiguous,
quantitative29Si NMR spectra from which the hydrolysis and condensation rates in the presence of each
amine can be obtained. For both mono- and polyamines, the catalytic efficiency scales with the
concentration of conjugate base form and inversely with pKa. Thus, catalysis is most efficient with more
acidic monoamines, such as pyridine and imidazole, as well as for the longer polyamines, where the
most acidic protonation constant is lower than the experimental pH (∼5). We postulate a nucleophile-
catalyzed hydrolysis mechanism where the conjugate base of the amine attacks Si to form a pentacoordinate
intermediate with TMES. Condensation is interpreted as an acid-catalyzed SN2 mechanism. Our findings
potentially explain the evolutionary selection of histidine-containing proteins for biogenic silica synthesis
by sponges and address the chemical mechanisms at work for the precipitation of silica by polylysine-
containing proteins in diatoms. Along with the physical mechanisms suggested by other research groups,
the systematic results from the present study indicate that amines may be employed in more than one
type of mechanistic strategy for catalyzing biogenic and biomimetic silica polymerization.

Introduction

Microorganisms such as sponges, radiolaria, and diatoms
assimilate aqueous silicon from their surroundings to pro-
duced mineralized skeletal elements of exquisitely patterned,
mesoporous amorphous silica that provide rigidity and
strength to the cell.1-4 It is currently possible to synthesize
mesoporous silica, such as MCM-41, but often some form
of deliberate chemical templating, extreme pH, or high
temperature is required.5-7 In contrast, biogenic mesoporous
silica is produced at mildly acidic pH and room tempera-

tures.1,8-11 Biogenic processes have inspired materials sci-
entists to elucidate the underlying chemical mechanisms as
part of a greater effort to identify elegant routes to meso-
porous materials synthesis. Such materials have potential
applications as components of micromachined materials or
as molecular sieves and filters for chemical separations
processes.12, 13

Work carried out to date indicates that biological macro-
molecules are effective in precipitating silica.14-17 Isolation
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and purification of biomolecules is laborious, and many
polymers used thus far must be custom-synthesized. Fur-
thermore, these biomolecules are appropriated into the silica
structure and cannot be retrieved for reuse.4,14,15 Thus,
industrial silica production through the use of large macro-
molecules and/or biomolecules may not prove cost-effective,
though avenues for combinatorial approaches have opened
up with the recent completion of the diatom genome of
Thalassiosira pseudonona.18 It is evident that simpler, less
expensive, and more controlled bioinspired routes are
required rather than attempting direct duplication of natural
processes. As such, deciphering the molecular mechanisms,
of enzyme-catalyzed silica precipitation is worthwhile.

The details of cell physiology and molecular biology that
enable organisms to appropriate aqueous silicon from the
environment are still murky, and the form in which silicon
is stored intracellularly is not known. However, significant
insight has been gained into some of the subsequent steps
involving silica mineralization from stored silicon.8-11,19-22

Silicatein, a protein isolated from the spongeTethya aurantia
was found to have a large degree of homology with the
digestive hydrolase, cathepsin.23 When combined with an
organosilicate starting material, silicatein catalyzes the
formation of silica.4,15,23 Similarly, the silaffins, proteins
isolated from the diatomCylindrotheca fusiformis, catalyze
precipitation of silica from aqueous solutions of orthosilicic
acid.3,14,16Significantly, silicatein and the silaffins share in
common the presence of amine-based peptides that have been
hypothesized to polymerize aqueous silicon monomers. In
the case of silicatein, the active site consists of histidine and
serine, where the histidine contains an imidazole moiety as
its side chain. Elimination of the histidine through site-
directed mutation results in a loss of the protein’s ability to
precipitate silica.15 Silaffins, in contrast, have not been
demonstrated to have a single active site. Instead, they
contain phosphorylated serines on the peptide backbone and
polylysine-based side chains.17 Fragments of silaffins con-
taining these polylysine-based groups have the capacity to
catalyze silica precipitation, as do simpler long-chain
polyamines isolated from diatom silica.16,24

Drawing on the findings detailed above, numerous inves-
tigators have successfully shown that large polymer mol-

ecules with amine functionalities precipitate silica.24-28

Mizutani showed that, at pH 8.5, longer chain polyamines
are significantly more effective at inducing silica precipitation
from sodium silicate solutions than their monoamine coun-
terparts.29 Similarly, in studies carried out at neutral pH,
Coradin showed that while the amino acids proline and lysine
aid in the polycondensation of silicic acid, their polypeptides
do so far more effectively.27,28

The mechanism of amine catalysis is not fully understood,
and polyamines may be involved in at least two separate
stages of silica biomineralization. Recent in vitro work
suggests that microscopic phase separations are induced by
the presence of diatom silaffins that direct the formation and
morphology of silica precipitates.30,31This points to a physical
mechanism for morphological control. In diatoms, silicon
may be stored intracellularly as an organosilicate precursor,9

with the advantage that polymerization rates are slower than
when silicic acid is used as a precursor, thus allowing a
greater degree of morphological control. As discussed above,
amines may also influence the first steps of hydrolysis and
polycondensation that provide the initial nuclei for precipita-
tion. Because the relative rates of hydrolysis and condensa-
tion also influence the size of nuclei and, consequently the
final precipitate morphology,1,32,33it is important to establish
how amine-based compounds influence these rates at mildly
acidic pH.

Silica hydrolysis and condensation kinetic studies are
generally carried out at either extreme of the pH scale in an
effort to substantiate the hypothesized SN2 reactions that take
place at these pH regimes.1,34-36 However, silica formation
in diatoms takes place in the silica deposition vesicle at
approximately pH 5, suggesting that a different mechanism
may be at work. Iler and Corriu have suggested that, in the
presence of amines, where nitrogen has a free lone pair of
electrons, Si expands its coordination sphere to a pentaco-
ordinate intermediate (a structure similar to that found in
silatranes).1,37,38Hydrolysis and condensation are enhanced
in a mechanism that includes this pentacoordinate intermedi-
ate and a hexacoordinated transition state. Quantum me-
chanical molecular orbital calculations have shown that, in
this pentacoordinate intermediate, the Si-O bond distances
are elongated up to 1.7 Å, thus providing an opportunity for
water to attack.22
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Currently, there is little quantitative evidence to substanti-
ate these postulated mechanisms. In this study, we use29Si
NMR spectroscopy to measure rates of amine catalysis
quantitatively at mildly acidic to circum-neutral pH condi-
tions and to isolate the different possible mechanistic roles
played by amines. We examine the effects of total chain
length and carbon chain spacing in polyamines, as well as
nucleophilicity, steric effects, and solvation of both mono-
and polyamines on the hydrolysis and condensation rates of
trimethylethoxysilane (TMES, (CH3)3SiOCH2CH3).

Trimethylethoxysilane does not directly reflect naturally
occurring silicon species, since silicon found in nature is
typically coordinated to oxygen and not carbon.1 However,
in contrast to previous studies where the starting silicon com-
pound has been either silicic acid or sodium silicate,3,14,27-29

TMES exhibits an organosilicate functionality. This is
significant because organosilicates are postulated to be a
means by which diatoms store silica in vesicles at concentra-
tions exceeding the saturation level of monosilicic acid. If
this is the case, catalysis of the hydrolysis step becomes a
critical factor in biogenic silica precipitation.

Furthermore, TMES has a single reactive bond with respect
to hydrolysis and dimerization, where the reactions proceed
according to Scheme 1. As a consequence, the concentrations
of only three species need to be tracked during the reaction:
TMES, trimethylsilanol (TMSiOH, (CH3)3SiOH), and hex-
amethyldisiloxane (HMD, (CH3)3SiO(CH3)3). The catalysts
we chose included monoamines pyridine (PYR), imidazole
(IMI), ethylamine (ET), and piperidine (PIP) and the
polyamines 1,4-diaminobutane (DB), spermidine (SPD),
spermine (SPM), triethylenetetramine (TET), and tetraeth-
ylenepentamine (TEP) (Figure 1).

Experimental Methods

TMES (Gelest, twice distilled) is not soluble in water, so a 4 M
TMES solution was prepared in ethanol (Aaper) as the starting Si
solution. Catalyst solutions containing amines (TEP: Aldrich,
technical grade; TET: Aldrich, 98%; PYR: Acros ACS reagent
grade; IMI, PIP: Aldrich 99+%; SPM, SPD, DB: Fluka,g99%)
were first prepared as 18 mM aqueous solutions (H2O, 18 MΩ),
where the pH had been adjusted to pH∼ 4.5 through the addition
of acid or base (HCl, NaOH: Fisher ACS reagent grade). A 1 mL
aliquot of this aqueous catalyst solution was then combined with
445 µL of water and made up to a total volume of 10 mL with
ethanol, yielding an ethanolic catalyst solution that was 8 M in
H2O, 1.83 mM in amine catalyst, and at a H+ ion concentration
that would be equivalent to pH∼ 5.5 in aqueous solution. For each
experiment, the ethanolic catalyst solution was combined with an
equal volume of the silicon starting solution (350 and 350µL,
respectively) in an NMR tube. Thus, the final concentrations of
reagents in the reaction were 4 M H2O, 2 M TMES, and 0.915
mM amine. Mixing was assured by complete inversion of the tube
three times, and the sample was then inserted into the spectrometer.

Less than 1 min passed between the mixing of solutions and the
initialization of the NMR experiment. In addition to the experiments
run with amine catalysts, a control experiment was carried out where
the sample contained no amine and was prepared by dilution of an
aqueous solution of HCl (pH 4.5) with ethanol and water in the
manner described above.

All experiments were run using the Refocused Insensitive Nuclei
Enhanced by Polarization Transfer (RINEPT+) pulse sequence on
a Varian UNITY spectrometer with a broad-band probe operating
at 99.326 MHz on the29Si observe channel and1H decoupling
operating at 499.625 MHz. A detailed explanation of the method
is given elsewhere.39 Temperature was checked with a methanol
standard and found to be typically at 26.3°C.40 Because ethanol
was used as a solvent, the experiment was run without a lock.
Spectra were referenced using HMD as an internal standard (δ )
7.3 ppm)35 and were obtained using two steady-state scans followed
by eight transients. The preacquisition delay was arrayed such that
the delay between the first two spectra was 30 s, and this delay
was then increased from that of the previous delay by 30 s (i.e.,
preacquisition delay increment, 30, 60, 120, and 150 s, etc.).

Data were obtained from spectra through routine integration with
normalization of peak integrals using VNMR software. Concentra-
tions of the material present were then calculated on the basis of
the initial amount of starting material using the normalized integral
values from each spectrum.

Results

The reactions for TMES hydrolysis and condensation are
detailed in Scheme 1. Sample NMR spectra are shown in
Figure 2. To obtain a quantitative ranking of TMES
hydrolysis rates in the presence of each amine, pseudo-rate
constants (khyd) are obtained by fitting straight lines to the
linear portion of the TMES data (Figure 3a). The dimeriza-

(39) Delak, K. M.; Farrar, T. C.; Sahai, N.J. Non-Cryst. Sol., submitted
for publication.

(40) Vangeet, A. L.Anal. Chem.1970, 42, 679.

Scheme 1. Trimethylethoxysilane Hydrolysis, Followed by
Either Water Condensation or Ethanolic Condensation Paths

Figure 1. Amines used in the present study: (a) pyridine, PYR; (b)
imidazole, IMI; (c) piperidine, PIP; (d) ethylamine, ET; (e) 1,4-diaminobu-
tane, DB; (f) spermidine, SPD; (g) spermine, SPM; (h) triethylenetetramine,
TET; and (i) tetraethylenepentamine, TEP.

Figure 2. Time-elapsed NMR spectra for the hydrolysis and condensation
reactions. Spermidine is the catalyst. Peaks are referenced with respect to
HMD (7.3 ppm).
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tion reaction can occur through two pathways, in which either
water or ethanol are produced. (eqs 2a,b in Scheme 1). In
general, the water-producing pathway is favored,35 but
for the kinetic analyses of dimerization rates, the total
monomer concentration must be taken into account.36 A
representative plot of the inverse concentration of total
monomer{1/([TMSiOH] + [TMES])} with spermidine as
a catalyst, is shown in Figure 3b. The data are approximately
linear, indicating a second-order character for the condensa-
tion mechanism. Rate constants from all the analyses are
collected in Table 1. In general, hydrolysis rates are orders
of magnitude larger than dimerization rates, in agreement
with previous results obtained for strong acid/base catalysis.36

The effects of polyamine chain length on hydrolysis and
condensation rates are shown in Figure 4, where the
logarithms of the rate constantskhyd and kcond are plotted
against the number of amines in the polyamine. In general,
catalytic efficiency scales with the polyamine chain length,
thus reinforcing the findings of Mizutani.29 This effect may
be due to a cooperative, steric interaction between neighbor-
ing or alternate amine groups on longer chains, or due to

the optimal (“carbon spacer”) distance between neighboring
amine groups. Alternatively, the greater efficiency of longer
polyamines may also be simply due to a stoichiometric effect
relating to a larger total amine concentration. To separate
out stoichiometric effects from polyamine chain length, we
examined the effects of increased total monoamine and
diamine concentration on both reaction rates. In the case of
ethylamine, increased concentration has no effect. Results
for decreased concentrations of tetraethylenepentamine are
more variable, while a doubled concentration of diaminobu-
tane yields results similar to the tetramine spermine. Thus,
the data show that changes in the total amine concentration
do not consistently affect catalysis.

As an alternative method of analysis, we use amine pKa

as a measure of amine reactivity. From pKa, we calculate
the concentration of the conjugate base at the start of the
reaction.41,42 We observe a direct relationship between the
conjugate base concentration and the hydrolysis and con-
densation rate constants. Figure 5 shows plots of log(khyd)
and log(kcond) versus the negative log of the conjugate base
concentration (- log(B)), and correlation coefficients are
0.9554 and 0.9109 for hydrolysis and condensation, respec-
tively.

Discussion

Our analysis of the influence of amines on TMES
hydrolysis and condensation are complicated by the fact that
amines are weak acids or bases and that they exist at different
degrees of protonation depending on their pKas. Furthermore,
other important properties of amines, such as nucleophilicity,
steric effects, and solvation behavior, are reflected in the pKas
of the amines. For these reasons, we have used pKa as a
combined measure of amine reactivity in solution.

The pKas used in our analyses reflect protonation constants
in aqueous systems. The solvent system used here is a mixed
ethanol-water system, in which the corresponding pKa

values would not apply directly. However, the overall relative
ranking for amine pKas is typically retained for mixed
ethanol-water systems,43-45 so the use of the aqueous pKa

is an appropriate quantitative reflection of the characteristics
listed above. For monoamines, there is only a single pKa,
and for polyamines, the number of pKas is related to the
number of amine groups in the molecule (Table 2).41,42,46

The pKas are used to calculate the overall concentration of
conjugate base present for a given amine. This compensates
for any variability in pH encountered during sample prepara-
tion. Overall, we observe a linear log-log relationship
between the concentration of conjugate base and the hy-
drolysis and condensation rates (Figure 5).

The effect of polyamine chain length on catalysis becomes
more clear when examined in the context of the most acidic

(41) De Robertis, A.; Foti, C.; Giuffre, O.; Sammartano, S.J. Chem. Eng.
Data 2001, 46, 1425.

(42) De Stefano, C.; Foti, C.; Gianguzza, A.; Sammartano, S.Anal. Chim.
Acta 2000, 418, 43.

(43) Oszczapowicz, J.; Czurylowska, M.Talanta1984, 31, 559.
(44) Kilic, E.; Gokce, G.; Canel, E.Turk. J. Chem.2002, 26, 843.
(45) Kilic, E.; Koseoglu, F.; Basgut, O.Anal. Chim. Acta.1994, 294, 215.
(46) Parkhurst, D.User’s Guide to PHREEQC: A Computer Program for

Speciation, Reaction-Path, AdVectiVe-Transport, and InVerse Geochem-
ical Calculations; U. S. Geological Survey: Lakewood, CO, 1995.

Figure 3. Representative graph showing hydrolysis kinetics as the decrease
in TMES concentration over time (a) and condensation kinetics as the
decrease in 1/[monomer] vs time, where [monomer]) [(CH3)3SiOCH2-
CH3] + [(CH3)3SiOH] (b). In this case, the catalyst is spermidine. The
pseudo-zero-order hydrolysis rate constant,khyd, is obtained from a straight-
line fit to the linear portion of the data. The second-order condensation
rate constant,kcond, is obtained from a linear fit to the data.
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polyamine pKa and the overall conjugate base concentration
of the polyamine. For the polyamines studied here, the most
acidic pKa decreases with both increasing polymer chain
length and the length of the carbon spacer between amines.47 As such, the five-amine chain of TEP is the most acidic (pKa

) 1.88), followed by TET (pKa ) 2.38),42 SPM (pKa )
7.18),42 SPD (pKa ) 7.82),42 DB (pKa ) 9.1),41 and ET (pKa

) 10.63). So TEP, which is one repeat unit longer than TET,
(47) Koper, G. J. M.; van Duijvenbode, R. C.; Stam, D. D. P. W.; Steuerle,

U.; Borkovec, A.Macromolecules2003, 36, 2500.

Table 1. Rate Constants from Kinetic Experiments with Monoamine and Polyamine Catalysts, and the pKas a of the Amines Listed in Order of
Increasing Hydrolysis and Condensation Rates

name catalyst
no. of

functional groups pKa

khyd

(10-4 mol L-1 s-1)
kcond

(10-8 L mol-1 s-1)
conjugate base

concnb (10-6 mol L-1)

HCl (control) 0 0.96( 0.04 1.6( 0.1 0.0063 (OH-)
polyamines

DB 1,4-diaminobutane 2 9.1 0.77( 0.09 0.5( 2.8 c 0.54
SPD spermidine 3 7.82 12( 2 21( 5 4.01
SPM spermine 4 7.18 27( 2 43( 7 35.8
TET triethylenetetramine 4 2.38 203( 1 d 1100( 100 1200
TEP tetraethylenepentamine 5 1.88 418.0( 0.4d 1497( 5 1830

monoamines
PIP piperidine 1 11.24 0.46( 0.02 4( 1 0.0031
ET ethylamine 1 10.63 0.43( 0.03 2.9( 0.6 0.014
IMI imidazole 1 6.95 42( 9 230( 30 68
PYR pyridine 1 5.63 419( 4 d 2000( 1000 550

multiple amine concns
2 × ET ethylamine 1 10.63 0.53( 0.07 3( 3 0.030
4 × ET ethylamine 1 10.63 0.38( 0.01 2.2( 0.6 0.072
2 × DB 1,4-diaminobutane 2 9.1 20( 2 55( 2 1.53
0.5× TEP tetraethylenepentamine 5 1.88 430( 2 600( 300 1470
0.8× TEP tetraethylenepentamine 5 1.88 376( 3 2309( 90 915

a Most acidic pKa for polyamines and imidazole.b Conjugate base concentrations calculated on the basis of published pKa
41,42values using PHREEQC.46

c The exceptionally large error of the sample is due to a significant amount of noise in the data, which made linear fits difficult.d Hydrolysis was mostly
complete by the time the first data point was acquired, so the value was calculated using a starting concentration of 3.76 M (starting concentration based on
the y-intercept from other analyses) and the first point from this data set.

Figure 4. (a) Hydrolysis (khyd) and (b) condensation rate constants (kcond)
as a function amine number (n). The graph shows variable concentrations
of ethylamine (crosses), diaminobutane (triangles), and tetraethylenepen-
tamine(diamonds), in addition to the polyamines spermidine (open ciricle),
spermine (crossed square), and triethylenetetramine (square). The straight
line shows the log-normal relationship between the number of amines on
the chain and the rates of hydrolysis and condensation (r2

hyd ) 0.9466;
r2

cond ) 0.8849), but this relationship is insufficient to explain the
nonstoichiometric effects of some amines on catalysis. Units forkhyd and
kcond are (mol L-1 s-1) and (L mol-1 s-1), respectively.

Figure 5. (a) Hydrolysis (khyd) and (b) condensation rate constants (kcond)
as a function of the negative logarithm of the conjugate base concentration
(-log(B)): monoamines (filled symbols), polyamines (open symbols), and
HCl control (dashed line). The straight line shows the log-normal relation-
ship between the pKa and the reaction rate, withr2 ) 0.9554 for hydrolysis
and r2 ) 0.9109 for condensation. Units forkhyd and kcond are (mol L-1

s-1) and (L mol-1 s-1), respectively.
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is slightly more acidic because of its longer chain length,
and TET is more acidic than SPM, because of smaller carbon
chain spacing between the amine groups (two for TET, two
and three for SPM). The effect of polyamine chain length
on catalysis is then simply a result of the pKa and the
corresponding conjugate base concentration, as seen in
(Figure 5). The correlation between catalytic efficiency and
conjugate base concentration explains why the effect of
concentration on rates in not seen for ET and TEP. For
instance, ET (pKa ) 10.63) is an ineffective catalyst because
it exists exclusively in the protonated form at the experi-
mental pH. The results for DB and 0.8× TEP are simply
minor deviations from the trend rather than stoichiometric
effects.

The effect of amine pKa on catalysis extends to monoam-
ines as well. Overall, we observe that more acidic monoam-
ines, such as PYR and IMI, are more effective catalysts for
organosilicate hydrolysis and condensation than basic
monoamines (ET and PIP).

Recent studies of biogenic silica formation have attributed
a catalytic role to silaffins, the polyamine-containing proteins
found in diatoms. The proteins are postulated to catalyze
silicic acid polymerization through predominantly physical
mechanisms, whereby silica precipitates on the external
surface of small protein or polyamine globules, whose
aggregation is induced by the presence of phosphate.30,31At
near-neutral pH, the positively charged polyamines are
attracted to negatively charged polysilicate oligomers that
form when the concentration of silicic acid is greater than 2
mM. Regions of high polysilicate concentrations occur
proximate to the interface between the protein and the
aqueous surroundings, accelerating silica precipitation.27,28

These physical mechanisms are inappropriate for describ-
ing our system. First, the use of a monofunctional organo-
silicate as a starting material precludes formation of nega-
tively charged polysilicates, while providing a proxy for the
reactivity of an organosilicate precursor. Second, the inter-
mediate product, TMSiOH, has a pKa of 12.7 and is neutrally
charged in the pH regime studied here. Taken together, these
two factors eliminate the consideration of electrostatically
driven condensation while providing the appropriate environ-
ment necessary to examine the chemical mechanisms.

On the basis of the observed relationship in Figure 5
whereby the increased presence of the conjugate base
enhances catalysis, we postulate a mechanism for hydrolysis
(Scheme 2a), which incorporates aspects of peptide bond
hydrolysis by chymotrypsin as well as the nucleophile-
catalyzed mechanism of R3SiX hydrolysis put forth by
Corriu.37,38,48In our scheme, the conjugate-base form of the

amine acts as a nucleophile toward the Si center in TMES,
forming a pentacoordinate reactive intermediate with a direct
Si-N bond (Scheme 2a).37 This would result in a labilized,
longer Si-O(C2H5) bond which is more susceptible to
hydrolysis. In the next step, a second amine group H-bonds
to a H2O molecule, which encourages the H2O to attack the
pentacoordinated Si intermediate, forming a hexacoordinated
Si transition state. The second amine group at this point
abstracts the H+ from H2O, forming R3NH+. Finally, the
R3NH+ group interacts with the-OC2H5 leaving group, thus
helping formation of C2H5OH and the R3NH+ reverts to R3N.
In the analogous chymotrypsin-catalyzed hydrolysis of a
peptide bond, the serine-OH group in chymotrypsin is the
nucleophile that attacks the trigonal planar carbon center in
the peptide to form a tetrahedral intermediate. Subsequently,
histidine from chymotrypsin H-bonds to water, which
promotes the water molecule to attack the tetrahedral acyl
carbon intermediate.48 Thus, the histidine in chymotrypsin
is analogous to the second amine group in our mechanism.
In principle, our proposed mechanism is very similar to the
one suggested previously for the hydrolysis of tetraethy-
lorthosilicate by silicatein, but differs in the details.

For the condensation step, consistent with the second-order
rate law (e.g., Figure 3b), we propose an acid-catalyzed SN2
mechanism, as is appropriate for the experimental pH
(Scheme 2b). Typically, base-catalyzed condensation is
the favored mechanism for silica polymerization between
pH 2 and 7 once silica particles have nucleated.1 This is
because surface silanol groups are deprotonated and can act
as nucleophiles when the pH is above the isoelectric point
of silica (i.e. pH> 2). In our experiment, the pH condi-
tions do not favor formation of TMSiO-, so we exclude base
catalysis as an option. Furthermore, we do not expect that
condensation is the direct result of amine catalysis primarily
because the formation of a hexacoordinated transition state(48) Stryer, L.Biochemistry; W. H. Freeman and Co.: New York, 1988.

Table 2. Polyamine pKasa

polyamine pKa1 pKa2 pKa3 pKa4 pKa5

DB 10.54 9.1
SPD 10.8 9.58 7.82
SPM 10.7 9.7 8.31 7.18
TET 9.67 8.87 6.11 2.38
TEP 9.83 9.01 7.73 3.91 1.88

a Derived from refs 41 and 42.

Scheme 2. Amine-Catalyzed Mechanism for Hydrolysis of
TMES and SN2 Acid-Catalyzed Condensation of (TM)SiOH
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involving two trimethylsilyl groups seems sterically prohibi-
tive. Acid catalysis, where water acts as the proton-transfer
agent (because of its much higher concentration than the
amines), remains the only plausible mechanism for the
condensation reaction. The parallel trend seen between the
hydrolysis and condensation rates is then merely a reflection
of the rates at which TMSiOH is produced.

The acid-catalyzed condensation mechanism operates in
stark contrast to the postulated physical mechanism for
polysilicate precipitation on positively charged amine sur-
faces.28,30 The complementary charge attraction that acts to
foster silica precipitation cannot be taken advantage of here,
because of the neutral charge on TMSiOH. If the mechanism
of complementary charge attraction holds in natural systems,
we would expect silica precipitation to be rapid once silicate
clusters have formed.

The chemical mechanisms suggested above are only
postulated, and we are carrying out calculations to validate
these hypothesized scenarios. Our results are significant
because they suggest that histidine, with its imidazole
functionality, was the evolutionary choice for silicatein
because the amine can exist in the conjugate base form under
the mildly acidic conditions where silica deposition takes
place.9,11 Furthermore, the efficient catalysis of silica forma-
tion by long-chain polyamines and silaffins has less to do
with the absolute polyamine chain length and more to do
with the increased presence of amine groups existing in the
conjugate base form, a direct byproduct of the “smearing
out” of the amine pKas that occurs with large polyelectro-
lytes.47,49 Our observation of chemically catalyzed organo-
silicate hydrolysis and condensation does not discredit the
possibility that longer chain polyamines such as those found
in diatom proteins contribute to silica precipitation through
a combination of electrostatic and cooperative phase-separa-

tion effects once polysilicate clusters have been formed. More
likely, both mechanisms may be involved in different stages
of silica precipitation, with the chemical mechanism domi-
nating the early stages of hydrolysis of the putative Si(OR)4

precursor and the physical mechanisms controlling the later
stages (condensation) of Si(OH)4 and aggregation of silica
nanospheres.

Conclusions

Our experiments show that there is a direct correlation
between the concentration of the amine conjugate base and
its ability to catalyze hydrolysis and condensation of TMES.
The ability of the mildly acidic amines to catalyze at the
experimental pH suggests a nucleophile-driven reaction
mechanism for hydrolysis that differs from conventional
base-catalyzed SN2 mechanisms.

We conclude that amines may act in biogenic and
biomimetic silica polymerization in a number of redundant
catalytic pathways. The quantitative29Si NMR approach
taken here combined with the use of a starting compound
with a single reactive bond has thus allowed us to separate
out some of these pathways and to identify the properties of
the amines which control the rates of some of these pathways,
as a first step toward controlled amine catalysis of biomimetic
silica synthesis.

Acknowledgment. We thank Prof. Robert West and Prof.
Thomas Farrar, of the UW Department of Chemistry, and Dr.
Charles Fry, of the UW Chemistry Magnetic Resonance Facility,
for help with instrumentation and numerous helpful discussions.
We also thank Dr. Young Lee for assistance in polyamine
speciation calculations. Funding was provided by NSF Grant
EAR 020836 and Faculty “Startup Grants” to N. Sahai. NMR
Spectrometer funding support: NSF Grant CHE 9629688, NSF
Grant CHE 8813550, and NIH Grant 1 S10 RR04981-01.

CM048355V(49) Manning, G. S.Q. ReV. Biophys.1978, 11, 179.

Biogenic and Biomimetic Silica Polymerization Chem. Mater., Vol. 17, No. 12, 20053227


