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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-sgél 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, %@ D4R 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 (RiNEPdvides unambiguous,
guantitative?®Si 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 fhus, 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 experimentalp). (\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-cataly2es&hanism. 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 turest® 1! 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
processe¥> 13

Work carried out to date indicates that biological macro-

molecules are effective in precipitating sili#a’” Isolation

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 cefi 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 requiréd’ In contrast, biogenic mesoporous

silica is produced at mildly acidic pH and room tempera-
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and purification of biomolecules is laborious, and many ecules with amine functionalities precipitate sili¢a2®
polymers used thus far must be custom-synthesized. Fur-Mizutani showed that, at pH 8.5, longer chain polyamines
thermore, these biomolecules are appropriated into the silicaare significantly more effective at inducing silica precipitation
structure and cannot be retrieved for reti&e!®> Thus, from sodium silicate solutions than their monoamine coun-
industrial silica production through the use of large macro- terparts?® Similarly, in studies carried out at neutral pH,
molecules and/or biomolecules may not prove cost-effective, Coradin showed that while the amino acids proline and lysine
though avenues for combinatorial approaches have openedid in the polycondensation of silicic acid, their polypeptides
up with the recent completion of the diatom genome of do so far more effectively’:2
Thalassiosira pseudonor&lt is evident that simpler, less The mechanism of amine catalysis is not fully understood,
expensive, and more controlled bioinspired routes are and polyamines may be involved in at least two separate
required rather than attempting direct duplication of natural stages of silica biomineralization. Recent in vitro work
processes. As such, deciphering the molecular mechanismssuggests that microscopic phase separations are induced by
of enzyme-catalyzed silica precipitation is worthwhile. the presence of diatom silaffins that direct the formation and
The details of cell physiology and molecular biology that morphology of silica precipitate83 This points to a physical
enable organisms to appropriate aqueous silicon from themechanism for morphological control. In diatoms, silicon
environment are still murky, and the form in which silicon may be stored intracellularly as an organosilicate precdrsor,
is stored intracellularly is not known. However, significant - with the advantage that polymerization rates are slower than
insight has been gained into some of the subsequent stepsvhen silicic acid is used as a precursor, thus allowing a
involving silica mineralization from stored silicén'**1%-22 greater degree of morphological control. As discussed above,
Silicatein, a protein isolated from the sporigethya aurantia.~ amines may also influence the first steps of hydrolysis and
was found to have a large degree of homology with the polycondensation that provide the initial nuclei for precipita-
digestive hydrolase, cathepsihWhen combined with an  tion. Because the relative rates of hydrolysis and condensa-
organosilicate starting material, silicatein catalyzes the tion also influence the size of nuclei and, consequently the
formation of silica®!>?3 Similarly, the silaffins, proteins  final precipitate morpholog¥3233it is important to establish
isolated from the diator®@ylindrotheca fusiformiscatalyze ~ how amine-based compounds influence these rates at mildly
precipitation of silica from aqueous solutions of orthosilicic acidic pH.
acid**+1¢Significantly, silicatein and the silaffins share in  gjjica hydrolysis and condensation kinetic studies are
common the presence of amine-based peptides that have beegenerally carried out at either extreme of the pH scale in an
hypothesized to polymerize aqueous silicon monomers. In effort to substantiate the hypothesizeg@$eactions that take
the case of silicatein, the active site consists of histidine and p|ace at these pH regimé&*3¢ However, silica formation
serine, where the histidine contains an imidazole moiety asj, giatoms takes place in the silica deposition vesicle at
its side chain. Elimination of the histidine through site- anproximately pH 5, suggesting that a different mechanism
directed mutation results in a loss of the protein’s ability to may be at work. ller and Corriu have suggested that, in the
precipitate silicd> Silaffins, in contrast, have not been presence of amines, where nitrogen has a free lone pair of
demonstrated to have a single active site. Instead, theyelectrons, Si expands its coordination sphere to a pentaco-
contain phosphorylated serines on the peptide backbone angdinate intermediate (a structure similar to that found in
polylysine-based side chaifSFragments of silaffins con-  sjlatranes}:”-3Hydrolysis and condensation are enhanced
taining these polylysine-based groups have the capacity t0jn 3 mechanism that includes this pentacoordinate intermedi-
catalyze silica precipitation, as do_simpler long-chain ate and a hexacoordinated transition state. Quantum me-
polyamines isolated from diatom siliéa® chanical molecular orbital calculations have shown that, in
Drawing on the findings detailed above, numerous inves- thjs pentacoordinate intermediate, the-8i bond distances
tigators have successfully shown that large polymer mol- 4e elongated up to 1.7 A, thus providing an opportunity for
water to attack?
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Scheme 1. Trimethylethoxysilane Hydrolysis, Followed by "X C"\ "
Either Water Condensation or Ethanolic Condensation Paths @ \ > O N —
(CH):SIOCH,CH, + H,0 > (CH):SIOH + CH,CH,OH M < "
(@) (b) © (d
(CH;);SiOH + (CH,);SiOH > (CH,);SiOSi(CH); + H,0 (22) (&) N~~~
' f) N N~
(CH3):SiOH + (CH;):8i0CH,CH; > (CH;);SiOSi(CH;); + CH;CH,OH (2b) N

(9) N\/\N/\/\N/\/N
(h) N\/\N/\/"\/\N

Currently, there is little quantitative evidence to substanti- ,
@ N\/\N/\/N\/\N/\/N

ate these postulated mechanisms. In this study, wé%Gse

; ioFigure 1. Amines used in the present study: (a) pyridine, PYR; (b)
NMR .sp.ectroscop.y to m.e.asure _rates of amine Cat"a'ls./SISimidazole, IMI; (c) piperidine, PIP; (d) ethylamine, ET; (e) 1,4-diaminobu-
quantltatlvely at mildly ag|d|c to C|rcum'neUtra| p"! Clond|' tane, DB; (f) spermidine, SPD; (g) spermine, SPM; () triethylenetetramine,
tions and to isolate the different possible mechanistic roles TET; and (i) tetraethylenepentamine, TEP.

played by amines. We examine the effects of total chain

. o . TMSiOH

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 TMES VD

trimethylethoxysilane (TMES, (CHsSIOCH,CHs). | [__10hrs.
Trimethylethoxysilane does not directly reflect naturally 7“ X — 2ors.21mn.

occurring silicon species, since silicon found in nature is I L 8min.21 s.

typically coordinated to oxygen and not cardodowever, 5 — - L r e SS

in contrast to previous studies where the starting silicon com- ppm

pound has been either silicic acid or sodium silicette;” > Figure 2. Time-elapsed NMR spectra for the hydrolysis and condensation

TMES exhibits an organosilicate functionality. This is reactions. Spermidine is the catalyst. Peaks are referenced with respect to
significant because organosilicates are postulated to be aMP (7.3 ppm).
means by which diatoms store silica in vesicles at concentra-| gss than 1 min passed between the mixing of solutions and the
tions exceeding the saturation level of monosilicic acid. If initialization of the NMR experiment. In addition to the experiments
this is the case, catalysis of the hydrolysis step becomes aun with amine catalysts, a control experiment was carried out where
critical factor in biogenic silica precipitation. the sample contained no amine and was prepared by dilution of an
Furthermore, TMES has a single reactive bond with respectaqueous solution of HCI (pH 4.5) with ethanol and water in the
to hydrolysis and dimerization, where the reactions proceed manner described above.
according to Scheme 1. As a consequence, the concentrations All experiments were run using the Refocused Insensitive Nuclei
of only three species need to be tracked during the reaction:Enhanced by Polarization Transf_er (RINEP)Tpulse sequence on
TMES, trimethylsilanol (TMSIOH, (Ch);SiOH), and hex- a Varian UNITY spectrometer with a broad-band probe operating

- . at 99.326 MHz on thé°Si observe channel andH decoupling
amethyldisiloxane (HMD, (CE}sSIO(CH)q). The catalysts o aing at 499.625 MHz. A detailed explanation of the method

we chose included monoamines pyridine (PYR), imidazole g given elsewher& Temperature was checked with a methanol
(IMI), ethylamine (ET), and piperidine (PIP) and the standard and found to be typically at 26G.40 Because ethanol
polyamines 1,4-diaminobutane (DB), spermidine (SPD), was used as a solvent, the experiment was run without a lock.
spermine (SPM), triethylenetetramine (TET), and tetraeth- Spectra were referenced using HMD as an internal standarel (

ylenepentamine (TEP) (Figure 1). 7.3 ppmj® and were obtained using two steady-state scans followed
by eight transients. The preacquisition delay was arrayed such that
Experimental Methods 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.,
TMES (Gelest, twice distilled) is not soluble in wateo,s4 M preacquisition delay increment, 30, 60, 120, and 150 s, etc.).

TMES solution was prepared in ethanol (Aaper) as the starting Si Data were obtained from spectra through routine integration with
solution. Catalyst solutions containing amines (TEP: Aldrich, normalization of peak integrals using VNMR software. Concentra-
technical grade; TET: Aldrich, 98%; PYR: Acros ACS reagent tions of the material present were then calculated on the basis of
grade; IMI, PIP: Aldrich 9%-%; SPM, SPD, DB: Flukaz99%) the initial amount of starting material using the normalized integral

were first prepared as 18 mM aqueous solutiongQ(HL8 MQ), values from each spectrum.
where the pH had been adjusted to pH1.5 through the addition
of acid or base (HCI, NaOH: Fisher ACS reagent grade) mL Results

aliquot of this aqueous catalyst solution was then combined with

445 uL of water and made up to a total volume of 10 mL with The reactions for TMES hydrolysis and condensation are
ethanol, yielding an ethanolic catalyst solution thatsv@&aM in detailed in Scheme 1. Sample NMR spectra are shown in
H,O, 1.83 mM in amine catalyst, and at a kbn concentration Figure 2. To obtain a quantitative ranking of TMES
that would be equivalent to pH 5.5 in aqueous solution. For each hydrolysis rates in the presence of each amine, pseudo-rate
experiment, the ethanolic catalyst solution was combined with an ~qnstants Koo are obtained by fitting straight lines to the

equal volume of the silicon starting solution (350 and 380 linear portion of the TMES data (Figure 3a). The dimeriza-
respectively) in an NMR tube. Thus, the final concentrations of

reagent§ in the. reaction vedt M H,0, 2 M T.MES‘ .and 0.915 (39) Delak, K. M.; Farrar, T. C.; Sahai, N. Non-Cryst. Sol.submitted
mM amine. Mixing was assured by complete inversion of the tube for publication.
three times, and the sample was then inserted into the spectrometer40) Vangeet, A. LAnal. Chem197Q 42, 679.
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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 amikg p
3:00 6:00 9:00 as a measure of amine reactivity. Fromd,pwe calculate
Time (hrs) the concentration of the conjugate base at the start of the
(®) 266F T T T reaction?**2We observe a direct relationship between the
conjugate base concentration and the hydrolysis and con-
densation rate constants. Figure 5 shows plots ofkjag(
and logkeong 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.

(a)

[TMES]

0.265
0.264
0.263

Discussion
0.262

1/[Monomer]

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 thédrgp Furthermore,
0.260F; 1 1 1 other important properties of amines, such as nucleophilicity,
0:00 3:00 6:00 9:00 steric effects, and solvation behavior, are reflected in ks p

Time (hrs) of the amines. For these reasons, we have usgdap a
Figure 3. Representative graph showing hydrolysis kinetics as the decreasecombined measure of amine reactivity in solution.
I TMES fﬂ‘;[enqgﬁg%’;r?‘(g tf'nT: \(A";‘% e?g"'[nfgr?gﬁgsrﬁtg&)tgggibas the ~ The [K.s used in our analyses reflect protonation constants
CH] + [(CH3)sSIOH] (b). In this case, the catalyst is spermidine. The 1N @aqueous systems. The solvent system used here is a mixed
pseudo-zero-order hydrolysis rate consthigh, is obtained from a straight-  ethanot-water system, in which the correspondinglap
'r'gtz fétoﬁost?fd:niafs %%rtt;?:egff:';; iaf;'elpﬁtigﬁﬂgdégg?r condensation values would not apply directly. However, the overall relative
ranking for amine RS is typically retained for mixed

tion reaction can occur through two pathways, in which either ethanot-water system$;™% so the use of the aqueouk
water or ethanol are produced. (egs 2a,b in Scheme 1). IniS @n appropriate quantitative reflection of the characteristics

0.261

general, the water-producing pathway is favotedut listed above. qu monoamines, there i; only a sindlg p
for the kinetic analyses of dimerization rates, the total @nd for polyamines, the number oKys is related tlo Tﬁe
monomer concentration must be taken into accéum. number of amine groups in the molecule (Table"2}:

representative plot of the inverse concentration of total The Kas are used to calculate the overall concentration of
monomer{ L/((TMSIOH] + [TMES])} with spermidine as  conjugate base present for a given amine. This compensates
a catalyst, is shown in Figure 3b. The data are approximatelyfor any variability in pH encountered during sample prepara-
linear, indicating a second-order character for the condensa-fion. Overall, we observe a linear legog relationship

tion mechanism. Rate constants from all the analyses arePetween the concentration of conjugate base and the hy-
collected in Table 1. In general, hydrolysis rates are orders drolysis and condensation rates (Figure 5).

of magnitude larger than dimerization rates, in agreement 1 he effect of polyamine chain length on catalysis becomes
with previous results obtained for strong acid/base catai§sis. More clear when examined in the context of the most acidic

The effects of polyamine chain length on hydrolysis and : : :
condensation rates are shown in Figure 4, where the“%) gethggf'ij'l;4':2%t" C.; Giuffre, O.; Sammartano,JSChem. Eng.
. ! ata ) .
logarithms of the rate constanks,q and keong are plotted (42) De Stefano, C.; Foti, C.; Gianguzza, A.; Sammartanér@l. Chim.
inst the number of amines in th lyamine. In general Acta200Q 418, 43.
aga S.tt e. u ber of a .es the po ya} e . gene a’(43) Oszczapowicz, J.; Czurylowska, Malanta1984 31, 559.
catalytic efficiency scales with the polyamine chain length, (44) Kilic, E.; Gokce, G.; Canel, ETurk. J. Chem2002 26, 843.
thus reinforcing the findings of Mizuta#f?.This effect may Eigg glllck,hE.; Kosaoglu, l(:3 _E;asgug |_(|2‘F\€r|15<':1EI- QCChm;- é’\cta1994 594, 215.f
- P - : 1 arkhurst, ser's Guide to . omputer Program for
_be duetoa coopera_tlve, steric interaction between neighbor SpeciationReaction-PathAdvective-Transportand Irverse Geochem-
ing or alternate amine groups on longer chains, or due to ical Calculations U. S. Geological Survey: Lakewood, CO, 1995.
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Table 1. Rate Constants from Kinetic Experiments with Monoamine and Polyamine Catalysts, and thelfas@ of the Amines Listed in Order of

Increasing Hydrolysis and Condensation Rates

no. of Khyd Keond conjugate base
name catalyst functional groups Ka (10“4molL"1sY) (108L moltsY)  concnP(10®mol LY

HCI (control) 0 0.96+ 0.04 1.6+0.1 0.0063 (OH)
polyamines

DB 1,4-diaminobutane 2 9.1 0.470.09 0.5+ 2.8¢ 0.54

SPD spermidine 3 7.82 ®22 21+5 4.01

SPM spermine 4 7.18 2¥ 2 43+ 7 35.8

TET triethylenetetramine 4 2.38 20314d 1100+ 100 1200

TEP tetraethylenepentamine 5 1.88 418.0.44 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 44d 2000+ 1000 550
multiple amine concns

2x ET ethylamine 1 10.63 0.53 0.07 3+3 0.030

4x ET ethylamine 1 10.63 0.38 0.01 2.2+ 0.6 0.072

2x DB 1,4-diaminobutane 2 9.1 282 55+ 2 1.53

0.5x TEP tetraethylenepentamine 5 1.88 43Q2 600+ 300 1470

0.8x TEP tetraethylenepentamine 5 1.88 e 2309+ 90 915

aMost acidic (X, for polyamines and imidazolé.Conjugate base concentrations calculated on the basis of publighét*pvalues using PHREEQ€®.
¢ The exceptionally large error of the sample is due to a significant amount of noise in the data, which made linear fits $ifyclitilysis 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 concsadration ba
the y-intercept from other analyses) and the first point from this data set.

(a) 0 [T T T T TP ] (a) 0 - , . I I -
® TEP
-1k s @
0.5 TEP & 0.8 TEP g
TET
3 2t .
a3
=g SPD 208 3
o -3F £
3
o)
Control [e]
[ - -
+ET 4xET +
'5 ol L 1 1 'w
1 2 3 4 5
Amine Number
®) ,p . . . :
0.8 TEP Tep
-5} 4
0.5 TEP
¢ ®) . . —
2
S 2xDB
-~ SPM
g ] St
......................... T
Control - T 6
¥8
9h ) \ i D
o -7k
1 2 3 4 5 = -
Amine Number Control
Figure 4. (a) Hydrolysis knyd) and (b) condensation rate constariks) -8
as a function amine numben)( The graph shows variable concentrations
of ethylamine (crosses), diaminobutane (triangles), and tetraethylenepen- DB
tamine(diamonds), in addition to the polyamines spermidine (open ciricle), -9t L 1 1 1 -
spermine (crossed square), and triethylenetetramine (square). The straight 2 4 6 8

line shows the log-normal relationship between the number of amines on
the chain and the rates of hydrolysis and condensatitgq (= 0.9466;
r2ona = 0.8849), but this relationship is insufficient to explain the
nonstoichiometric effects of some amines on catalysis. Unit&dfarand

Keong @re (mol L1 s71) and (L mot? s1), respectively.

-log(B)

Figure 5. (a) Hydrolysis knyd) and (b) condensation rate constaris)

as a function of the negative logarithm of the conjugate base concentration
(—=log(B)): monoamines (filled symbols), polyamines (open symbols), and
HCI control (dashed line). The straight line shows the log-normal relation-

| . dth I . te b trati ship between thelfy and the reaction rate, wittf = 0.9554 for hydrolysis
polyamine (X, an € overall conjugate base concentralion ,nqr2 = 0.9109 for condensation. Units férya and keong are (mol L2

of the polyamine. For the polyamines studied here, the mosts-1) and (L mol! s%), respectively.

acidic K, decreases with both increasing polymer chain

length and the length of the carbon spacer between arfiines. As such, the five-amine chain of TEP is the most acidi,(p
= 1.88), followed by TET (K. = 2.38){2 SPM (Ka =

(47) Koper, G. J. M.; van Duijvenbode, R. C.; Stam, D. D. P. W.; Steuerle, 7'18)?2 SPD (Ka = 7'8_2)’4_2 DB (pKa = 9'1)_’41 and ET (Ka
U.; Borkovec, A.Macromolecule003 36, 2500. = 10.63). So TEP, which is one repeat unit longer than TET,
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Table 2. Polyamine s Scheme 2. Amine-Catalyzed Mechanism for Hydrolysis of
polyamine Kar PKaz PKas PKaa PKas TMES and S\2 Acid-Catalyzed Condensation of (TM)SiOH
DB 10.54 9.1 @ HeeoNR, H\J\:NR3
SPD 10.8 9.58 7.82 B CHs Hac (5_H HsC, }6‘—H
SPM 10.7 9.7 8.31 7.18 H3C—§|-OCH2CH3 — RgN—5i—OCH;CH3 —3 R;N —SI—OCHZCH3
TET 9.67 8.87 6.11 2.38 L A ;
TEP 0.83 9.01 7.73 3.91 1.88 3 3 3 HC CHs
a Derived from refs 41 and 42. H3C, /‘H P‘+ H3C, OH M
— R3N—S|—OCH2CH3 —» R3N —s-\ +R3N:
is slightly more acidic because of its longer chain length, HsC' NcHs CH3 , CHaCHs
and TET is more acidic than SPM, because of smaller carbon
chain spacing between the amine groups (two for TET, two s _‘?H o ! o
. . —Sj— G .
and three for SPM). The effect of polyamine chain length ~ — 8" A3+ CHsCH0H — HyC=0i—CHs +R3N:
o . HsC™ “CHs CH3
on catalysis is then simply a result of th&pand the
corresponding conjugate base concentration, as seen in
(Figure 5). The correlation between catalytic efficiency and
: . : (b) CH3f*H +\H CH3
conjugate base concentration explains why the effect of >4 H

) . H3C——-5l—OH — H3C-S5i—
concentration on rates in not seen for ET and TEP. For Hs by 1

instance, ET (K, = 10.63) is an ineffective catalyst because - s HzoW/H CHs

it exists exclusively in the protonated form at the. experi- mc-&-o@ L _+O/H__’ (H3C)3s.o‘-?---5u-’--‘!- Shiz

mgntal pH. The results for DB and 0:8 TEP are S|mply . Hs (L-Hs Hae' CHs

minor deviations from the trend rather than stoichiometric s CHs

effects. _ _ — H3c—s'i—o—.<',i—CH3 +H30+
The effect of amine I§, on catalysis extends to monoam- &HB éH3

ines as well. Overall, we observe that more acidic monoam-
ines, such as PYR and IMI, are more effective catalysts for amine acts as a nucleophile toward the Si center in TMES,
organosilicate hydrolysis and condensation than basic forming a pentacoordinate reactive intermediate with a direct
monoamines (ET and PIP). Si—N bond (Scheme 2&.This would result in a labilized,
Recent studies of biogenic silica formation have attributed longer Si~O(C;Hs) bond which is more susceptible to
a catalytic role to silaffins, the polyamine-containing proteins hydrolysis. In the next step, a second amine group H-bonds
found in diatoms. The proteins are postulated to catalyze to a HO molecule, which encourages the®to attack the
silicic acid polymerization through predominantly physical pentacoordinated Si intermediate, forming a hexacoordinated
mechanisms, whereby silica precipitates on the externalSi transition state. The second amine group at this point
surface of small protein or polyamine globules, whose abstracts the Hfrom H,O, forming RNH™. Finally, the
aggregation is induced by the presence of phosplatét RsNH™ group interacts with the-OC;Hs leaving group, thus
near-neutral pH, the positively charged polyamines are helping formation of GHsOH and the BNH™ reverts to BN.
attracted to negatively charged polysilicate oligomers that In the analogous chymotrypsin-catalyzed hydrolysis of a
form when the concentration of silicic acid is greater than 2 peptide bond, the serineOH group in chymotrypsin is the
mM. Regions of high polysilicate concentrations occur nucleophile that attacks the trigonal planar carbon center in
proximate to the interface between the protein and the the peptide to form a tetrahedral intermediate. Subsequently,
aqueous surroundings, accelerating silica precipit&fiéh.  histidine from chymotrypsin H-bonds to water, which
These physical mechanisms are inappropriate for describ-promotes the water molecule to attack the tetrahedral acyl
ing our system. First, the use of a monofunctional organo- carbon intermediat. Thus, the histidine in chymotrypsin
silicate as a starting material precludes formation of nega- is analogous to the second amine group in our mechanism.
tively charged polysilicates, while providing a proxy for the In principle, our proposed mechanism is very similar to the
reactivity of an organosilicate precursor. Second, the inter- one suggested previously for the hydrolysis of tetraethy-
mediate product, TMSIOH, has &pof 12.7 and is neutrally  lorthosilicate by silicatein, but differs in the details.
charged in the pH regime studied here. Taken together, these For the condensation step, consistent with the second-order
two factors eliminate the consideration of electrostatically rate law (e.g., Figure 3b), we propose an acid-catalyz@d S
driven condensation while providing the appropriate environ- mechanism, as is appropriate for the experimental pH
ment necessary to examine the chemical mechanisms. (Scheme 2b). Typically, base-catalyzed condensation is
On the basis of the observed relationship in Figure 5 the favored mechanism for silica polymerization between
whereby the increased presence of the conjugate basgH 2 and 7 once silica particles have nucledtéthis is
enhances catalysis, we postulate a mechanism for hydrolysidecause surface silanol groups are deprotonated and can act
(Scheme 2a), which incorporates aspects of peptide bondas nucleophiles when the pH is above the isoelectric point
hydrolysis by chymotrypsin as well as the nucleophile- of silica (i.e. pH> 2). In our experiment, the pH condi-
catalyzed mechanism of 3RiX hydrolysis put forth by  tions do not favor formation of TMSIQ so we exclude base
Corriu373848|n our scheme, the conjugate-base form of the catalysis as an option. Furthermore, we do not expect that
condensation is the direct result of amine catalysis primarily
(48) Stryer, L.Biochemistry W. H. Freeman and Co.: New York, 1988. because the formation of a hexacoordinated transition state
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involving two trimethylsilyl groups seems sterically prohibi- tion effects once polysilicate clusters have been formed. More
tive. Acid catalysis, where water acts as the proton-transfer likely, both mechanisms may be involved in different stages
agent (because of its much higher concentration than theof silica precipitation, with the chemical mechanism domi-
amines), remains the only plausible mechanism for the nating the early stages of hydrolysis of the putative Si(OR)
condensation reaction. The parallel trend seen between thegrecursor and the physical mechanisms controlling the later
hydrolysis and condensation rates is then merely a reflectionstages (condensation) of Si(OHnd aggregation of silica
of the rates at which TMSIOH is produced. nanospheres.

The acid-catalyzed condensation mechanism operates in
stark contrast to the postulated physical mechanism for Conclusions
polysilicate precipitation on positively charged amine sur-

faces?®**The complementary charge attraction that acts 10 poqyeen the concentration of the amine conjugate base and

foster silica precipitation cannot be tak_en advantage of h_ere,its ability to catalyze hydrolysis and condensation of TMES.
because of the neutral charge on TMSIOH. If the mechanism The ability of the mildly acidic amines to catalyze at the

of complementary charge attraction holds in natural systems
we would expect silica precipitation to be rapid once silicate mechanism for hydrolysis that differs from conventional
clusters have formed. base-catalyzed\@ mechanisms.

The chemical mechanisms suggested above are only \ye conclude that amines may act in biogenic and
postulated, and we are carrying out calculations to validate o mimetic silica polymerization in a number of redundant

these hypothesized scenarios. Our results are significantcatawc pathways. The quantitativéSi NMR approach

because they suggest that histidine, with its imidazole (ayen here combined with the use of a starting compound
functionality, was the evolutionary choice for silicatein | i 4 single reactive bond has thus allowed us to separate
because the amine can exist in the conjugate base form undeg + some of these pathways and to identify the properties of
the mildly acidic conditions where silica deposition takes o amines which control the rates of some of these pathways,

9,11 101 i ili - . . . . . .
place™™ Furthermore, the efficient catalysis of silica forma- 55 5 first step toward controlled amine catalysis of biomimetic
tion by long-chain polyamines and silaffins has less to do gjjic4 synthesis.

with the absolute polyamine chain length and more to do
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Our experiments show that there is a direct correlation

‘experimental pH suggests a nucleophile-driven reaction




